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Abstract. Printing applications using classical halftoning need to
resample the original image to a screen lattice. This resampling can
cause undesirable moiré artifacts in the screened image. Some
printing techniques, e.g., gravure printing, are highly susceptible to
moiré, not only because of the low resolution screen lattices they
employ but also because the degree of freedom in constructing half-
tone dots is limited by the physical constraints of the engraving
mechanism. Current resampling methods compute new samples by
simple interpolation techniques that cannot prevent sampling moiré
very well. Therefore precautions against moiré have to be made in
the prepress phase, which is not practical and sometimes not fea-
sible. A novel technique is presented to adaptively resample an im-
age on the screen lattice using a local estimate of the risk of alias-
ing. The purpose is to suppress moiré while maintaining the
sharpness of the image. Experimental results demonstrate the fea-
sibility of the proposed approach. © 2000 SPIE and IS&T.
[S1017-9909(00)01904-8]

1 Introduction

Moire patterns arise from the interaction between two simi-
lar periodic pattern$=® In some applications they can be
used positively for the creation of special effects or for

measuring small displacements. However, in the printing
industry they are usuallyvery) undesirable because they
are visually very disturbing.

The majority of today’s printing techniques, including
gravure printing, are binary processes: they produce bilevel
images® Halftoning techniques are required to create the
illusion of continuous-tone images. These techniques rely
on the human visual system that integrates small bilevel
features to achieve an illusion of the original contone.
There are essentially two classes of halftoning techniques.
Most recently, frequency modulation is based on a stochas-
tic distribution of small similar dots. Classical halftoning or
amplitude modulation, on the other hand, places dots of
varying sizes on a regular screen lattice. In particular, gra-
vure printing is an example of classical halftoning with
pure amplitude modulation. Each halftone dot corresponds
with a little notch in the printing plate, engraved with a
computer-driven diamond. The depth of such a notch de-
termines the size of the corresponding halftone dot. The
low resolution of the screen lattice renders gravure printing
very susceptible to moirormation: interaction of the pe-
riodic screen lattice with the contents of the original image
may lead to sampling moireaused by aliasing in the re-
sampling processThe regular dot shape due to pure am-
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clusively dependent on the resampling stage. In addition,
high printing plate preparation costehich make gravure
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to prevent moireo avoid wasting printing plates.
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Current resampling techniques use simple interpolation g
techniques like bilinear interpolation, which cannot prevent
sampling moirewhen the original image contains high fre-
quency components® Of course, moirepatterns can be
prevented by smoothing the original image since they ar
caused by aliasing. As is well known, smoothing corre-
sponds to low-pass filtering in the frequency domaiim
the case of gravure printing, suppressing moeguires a
degree of smoothing that unacceptably blurs the image.
One tactic to avoid moirevould be to selective blur the
image in the high frequency regions. This selective blurring
needs to be supervised at least in part by a human befort
resampling(i.e., in the prepress phas&uch an approach is
time consuming, expensive and risky given the high cost of
gravure printing plate production. Additionally, the re-
quired blurring depends on the gravure printing settings
which are not always known in the prepress stage.

Several researchers have proposed halftoning tech
nigues, that attempt to deal with the problem of sampling
moire. For instance, Roetlif§ proposes a halftoning
method with moiresuppression. In this method, the average
gray value of each halftone cell is kept identical to the
average value of the corresponding part of the original im-
age. In the case of gravure printing, where only the size but
not the shape of a halftone dot can be changed, such an
approach is similar to a slight smoothing, which neither
suppresses moireor preserves edges very well. Defe  gpg sampling theory. We use lower case bold letters for

switches between a smoothing and a median filter to resaytwo-dimensional vectors while uppercase bold letters re-
mple an image from an orthogonal lattice to another or- fer to matrices.

thogonal lattice with halved resolutions. The switching . .

scheme, based on heuristics, and the type of median filte-1 ~Lattices and Sampling

are dependent on the specific source and target latticeA two-dimensional lattice can be characterized by tlim-

which constitutes a major drawback. early independentvectorsr; andr,. Each lattice site is
We present a novel technique to adaptively resample arrepresented by the vector

image to an arbitrary target lattice. This technique locally

combines two suitable linear resampling filters: the weight fmn=mMri+nr,,  where m,neZ

Fig. 1 Example of simulated gravure printing halftone.

factors in this local linear combination are dependent on an m

estimate of the risk of aliasing. This estimate is based on =(r1|r2)( n)

general frequency analysis of the Nyquist areas of the in-

volved lattices. The weight factor changes gradually to =Rm, where meZ72. )
avoid abrupt transitions between one resampling filter and

the other. Thus the lattice is described by the matRxit can also be

The paper is organized as follows. First some essentialdescribed by the so-called Voronoi cell of the lattie
theory about lattices and resamp”ng is introduced in Sec. 2_Wh|Ch is defined as the set of all points that are closer to the
Section 3 then describes the new technique for the riskorigin (0 0)" than to any other site of the lattice. The
estimation and applies this technique to a novel resamplingvVoronoi cell is often represented by its indicator function
scheme. Experimental results using this new scheme areer(X)
presented in Sec. 4. Because this paper is not printed using )
gravure printing, the resampled images are halftoned using 1, xeVoronoicell,

a specially developed method that simulates gravure print-XR(X): 1/k, xonedge Voronoicell, 2)
ing halftoning on common desktop printers. Figure 1 shows
an example of this simulated gravure printing halftoning
technique. The enlarged part clearly shows how gravure\yherek equals the number of lattice sites to whighis

cells are constituted. equidistant. Note that the Voronoi cell, when periodically
copied onto all the lattice sites, covers the complete plane

0, X ¢ Voronoi cell,

2 Resampling > xr(X—Rm)=1, VxeRZ ©)
m

In the case of classical halftoning, the image is resampled

from its source lattice to a target lattice, namely the screenlt is said that the Voronoi cell tiles the plane. The reciprocal
lattice. During this process, moingatterns can arise. To lattice is defined as the lattice with mati= (R™1)T; its
study this phenomenon, we now introduce lattice theory importance will become clear soon.
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Consider an imageé(x)=i(X;,x,) in the domainR?.
The spectrumi (f) of i(x) is its two-dimensional Fourier
transform

1(f) = FI (0} (F) = Li(x)e‘izwf’xdx. @

Sampling the image(x) on a latticeR is equivalent to
“taking out” the values ofi(x) for x on the sampling lat-
tice. However, it is convenient to introduég(x), a func-
tion which is still defined for alk and not only forxe R.
The so-called “sampled imagei's(x) is then nonzero only
on the lattice sites. This “point source” representation is
mathematically modeled using Dirac impuls&)

is(x)=i(x)§m) S(x—Rm). (5)

Note that although the point sourcé&&—Rm) are infinite,
the integrated value over the ar& associated with the
Voronoi cell around the lattice site &m is still the origi-
nal image value(Rm)

fGis(y)dyzi(Rm). (6)

The advantage of using the sampled imagl) is that it
allows us to relate the spectrum of the sampled imag®

to the original spectrum(f). In particular, due to the sam-
pling, the spectruni(f) is replicated in the frequency do-
main according

E
1s() = rgerryr & (- Fn), @

where F is the reciprocal matrix oR. If the “replicas”
I (f—Fm) in Eq. (7) overlap, aliasing occurs and high fre-

Fig. 2 Gravure printing halftoning split into two stages.

where 1f is the horizontal and vertical resolution of the
image. On the other hand, the screen lattice is not rectan-
gular but semiregular hexagonal, i.e., its lattice mawix
and reciprocal matrixV are

0O b

a a2’
For the type of gravure printing we consider, the values of
a andb are 0.2 and 0.12 mm. Consequently the numerical

values of the reciprocal matrices of the original lattice and
the screen lattice are

( —1/(2b)
V= 9

1/b
1/a '

0

300 0 .

F= 0 300 dpi, (10
-105.8 211.6

L o | i (11)

Figure 3 shows the Voronoi cells of these lattices and the
corresponding reciprocal lattices, the corresponding indica-
tor functions are:

e yr(X): spatial Voronoi cell of the source lattice,

* xe(f): reciprocal Voronoi cell of the source lattice,
e yv(X): spatial Voronoi cell of the target lattice,

* xw(f): reciprocal Voronoi cell of the target lattice.

2.3 Linear Resampling

quency patterns are mapped onto low frequency regionsResampling computes new samples on a target lattice from

Overlap does not occur whdiff) is nonzero only for the
Voronoi cell of F. The Voronoi cell of the reciprocal sam-
pling lattice is also called the Nyquist area.

2.2 Gravure Printing Lattices

the original samples on the source lattice. Conceptually, it
can be viewed as a two-step process. First a continuous
image is reconstructed by interpolating the samples of the
original image. In the particular case of linear resampling,

The halftoning process involved in gravure printing can be
conceptually split into two stages. First the image is re-
sampled from the original lattice to the screen lattice. Sec-
ond each sample is used to engrave the corresponding
notch in the printing plate. Figure 2 shows the result after

art
NS

each of these two stages. Yr
The lattice of the original digital image is orthogonal: its
matrix R and reciprocal matri¥ are Yy e

0
1k

Fig. 3 The Voronoi cells in the spatial and the spectral domain in
the case of gravure printing halftoning.

)
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cubic B-spline
interpolation fu

1) A 0 1 > 3 4 5 6 7 8  source
lattice

~
z

target

max( vy ,Vy) lattice

Fig. 4 A 7X7 support is obtained when applying the principle of “surface projection” to the cubic
B-spline interpolation function for our gravure printing settings.

the continuous image is calculated by convolving the this reconstructed image, an additional conceptual step is
sampled imageg(x) with the interpolation functiory(x) incorporated: the reconstruction is averaged over the target
lattice’s Voronoi cell around the target sample in order to
* obtain extra low-pass characteristics adapted to the target
(is®g)(x)= E ig(Rm)g(x—Rm). (12 lattice. Mathematically the values of the target samples can
m then be written as

Next the reconstructed image is sampled on the sites of the
new latticeV, which results in a resampled image, nonzero p, vk :CJ i<®8) (X VK — x)dx 14
only at the target lattice sites s(Vk) m( s29)(X)xv( )ax, (14

. . wherec=1/|det(V)| is a normalization term, which equals
hs(x)= (|S®g)(x); S(x=Vk). (13 the inverse of the surface arfet(V)| of the Voronoi cell.
Equation(14) can be written in the form of Eq13) by

Two frequently used and well known interpolation definingg(x)=(d® xv)(X).
methods are nearest neighbor interpolatipixel skipping The best results for moirsuppression for our choice of
and sample-and-holaénd bilinear interpolatioh® The first  screen lattice are obtained by using the cuBispline in-
one simply assigns the value of the nearest original samplaerpolation functioR®'® together with the principle of
to a target sample. This corresponds to the special choice‘syrface projection.” Figure 4 shows in the upper part how
g(x)=xr(x) in Eg. (12). The second interpolation tech- the cubicB-spline interpolation function is placed upon
nique uses the distances to the neighboring original latticeevery sample of the source lattice. The extra averaging us-
sites as linear weighting factors of the original samples. Foring the target lattice’s Voronoi cellower part of Fig. 4
an orthogonal lattice this corresponds to the interpolationfyrther extends the support. The values gfandv, can be

function g(x) =(xr®xr)(x) In Eq. (12). The results in  calculated using geometry
Sec. 4 show these resampling techniques are not adequate:

clearly visible moirepatterns arise in high frequency re- 4b%+ a2 a

gions of an image. V=, Uy==. (15)
Fortunately interpolation can prevent moitee to re- 8b 2

sampling to some degree when the interpolation function

has a low-pass spectrum. The reconstruction of #8&) In total 7X 7 original samples contribute to a target sample

can be viewed as a filter operation by the interpolation for our particular lattice settings. The results in Sec. 4 will

function: according to the convolution theorem the Fourier show moireis well suppressed but the global smoothing

transform Fis®g}(f) of the left-hand side of Eq(12) unacceptably degrades image quality.

equals the Fourier transform of the sampled imagd)

times G(f). If the spectrumG(f) has sufficient low-pass . ]

characteristics, high frequency patterns are suppressed i§ Nonlinear Resampling

the reconstructed image and mofoemation is prevented.  Choosing the optimal linear filter involves trading off anti-

“Surface projection” is a class of interpolation functions aliasing against blurring. Currently, bilinear interpolation is

that incorporates low-pass filtering fitted to the target lat- the most widely used technique in gravure printing. We

tice. Consider a particular interpolation functiai(x) present a novel resampling scheme that performs selective

which is used to reconstruct a continuous image from thesmoothing automatically. Our resampling scheme estimates

sampled image as is done in EG2). Instead of sampling the risk of aliasing and uses this estimate to adapt the de-
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Table 1 Several window functions w,, . T T T T T T T T T T Tequare e
Bartlett ------—
Welch -
L. Hann
Definition 1
Square Wy,=1
1 m— NI2
Bartlett Wy,= N2
Welch 1 (_mfNIZ)Z
Wm=2"\ N2
1—cos(2mmIN)
Hann szf

gree of smoothing. We will first explain how the risk is
estimated in a generic way and then how it can be applied ST T T T ) T —
to obtain better resampling quality. g

Welch -
Hann

3.1 Estimation of the Risk of Aliasing

This section introduces our technique to estimate the risk
that aliasing will occur in the vicinity of a given pixel when
the original image is resampled on the target lattice. This
risk is a numerical value in the intervidd,1] that should be
high in regions where moirpatterns appear and low else-
where. The technique is based on frequency analysis. Since
we are in particular interested in local frequency character-
istics, we compute the local spectrum using a windowed
Fourier transfornmshort-time Fourier transform in the case e
of time signal$. In this technique, a window dfi X N pix- (b)

els slides over the image and the discrete Fourier transform

(DFT) is computed on this window. Section 3.1.1 will first Fig. 5 (a) Different window functions w,, and (b) their frequency
derive the risk of frequencies that can occur in such a win- response [W(f)|.

dow. Next, Sec. 3.1.2 will apply these results to the whole

image.
with

3.1.1 Derivation of the risk matrix
A digital image is composed of different frequency compo- ()= 2 S(x—Rm)e 127wy dx
nents, each of which contributes differently to the risk of omeA
aliasing. We first compute the risk for a single frequency
component and we will deal with the general case after- = > e izmtRmy
wards. meA

Consider an imagg(x) consisting of a single sinusoidal N-1 N-1
component of frequencly; thus its spectrum equalgf) _ 2 eizmmifryy 2 g~ i2mmyf- r2W (18)
= §(f—"fp). When this image is windowed and sampled on m;=0 m,=0

the lattice sites,, ,= Rm of anN X N window (the window
indices are ,n)eA={0,1,... N—-1}x{0,1,...N Note that when we repladeby f—Fk, we obtain the same

— 1}), one can write result due to (— Fk) . r1=f-rl— k- (1 O)T and (f— Fk) Iy
=f-r,—k-(01)". As a consequence, it is clear tha(f) is

] ) ) periodic on the reciprocal lattide of the original sampling

Is(X)=I(X)rZ,A S(X=Rm)wp,=i(X)W(x), (16) lattice R

_ _ 72
where the functionw(x) contains Dirac impulses with W =W(f=Fk), VkeZ" (19

weightswy, and is thus the sampling and window function. rigyre 5 shows several window functions and their fre-

The window functionsw,, we consider are separable and quency response according to Eig). The horizontal axis
real valued:wp,=Wwp Wp,,. Table 1 shows the window in Fig. 5b) corresponds to the frequency bin number. All

functions we examine later dfi. the window functions have oscillatory lobes. This results in
According to the convolution theorem, the spectrum of “frequency leakage” from one frequency bin to another:
Eq. (16) equals indeed, because of the convolution BY(f) in Eq. (17)
different window functions lead to different frequency re-
Is(F)=(1aW)(f) a7 sponses, and thus to different leakage characteristics. Sev-
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Table 2 Risk matrix Y for N=16 and Hann window.

dpi 0 18.75 150
0 0.00 0.00 0.00 0.00 0.00 0.14 0.69 1.00 1.00
18.75 0.00 0.00 0.00 0.00 0.03 0.27 0.78 1.00 1.00
0.00 0.00 0.00 0.05 0.30 0.71 0.96 1.00 1.00

0.00 0.00 0.08 0.38 0.79 0.97 1.00 1.00 1.00

0.02 0.12 0.46 0.84 0.99 1.00 1.00 1.00 1.00

0.29 0.56 0.89 0.99 1.00 1.00 1.00 1.00 1.00

0.85 0.94 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

150 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

eral figures of merit exist to numerically evaluate different to know to calculate and store the risk matrix are the lattice

windows® We will use a criterion that is better suited for arrangements, the value f, and the window function.

our application in Sec. 3.1.2. Table 2 showsY for the caseN=16 and a Hann window.
We define the risk of aliasing for a frequency component The borders show the horizontal and vertical frequencies to

fo when it is resampled to the target latti¢eas the fraction  which the risk coefficients correspond.

of the energy of 4(f) outside the Nyquist area of the target

lattice V (or in other words outside the Voronoi cell of the

reciprocal target lattige SinceW(f) is periodic, computing ~ 3.1.2  Using the risk matrix to estimate the risk of

this proportion over the whole plane is the same as over aliasing
one period. Consequently, this risk can be written as Now consider alNx N window which slides over the im-
> age pixel by pixel. The total risk of aliasing associated with
o(fg) = fXF|W (f=fo)[ (1= xw(f))df 20 any given pixel is computed as follows:
0)=

201
S WA(F=fo) | df 1. Compute the windowed DFT.

In general, the original image contains more than one 2 Calculate the periodogram by putting every DFT co-

frequency component and these components can be com- efficiently to the square.
puted using a DFFY1® The DFT coefficients estimate the 3. The risk of aliasing for the considered pixel is then
spectrum at the frequencies defined as the proportion of the weighted energy co-
efficients(by the risk matrixY) to the total energy
kf,+1f, 5
KITTN (21) ~ Znealiitonion

Zhealk)
where the reciprocal lattice 5= (f,|f,). The correspond-

ing DFT coefficients, | are where the® operator unfolds the risk matrix again to

the four quadrants as follows:

e =1ls(fir) K, 0<k<N/2
KON= N—k, N/2<k<N-1. (25)
= | 1(HW(f,—f)df

In Eq. (24 A stands for the set of indices

N-1 N-1 _ _ {0,1,...N—-1}x{0,1,... N—1} of the DFT coef-
= D i(rpae 12mmiNy e izmiNy (22) ficients.
m=0 n=0

It is important to subtract the dc component from the

The risksu(fy |) = vy | associated with each of the corre- pixels in the input window. Since pixel values are given in
sponding components can be computed using(#g). and a positive interval, dc components—representing the aver-
then arranged in a matriX. In gravure printing, the sym- age window value—are relatively large compared to other
metry of y(f) and yy(f) (see Fig. 3 around both axes of frequency components and disrupt the proportion of Eg.
the frequency domain reduces the calculation of the risks to(24). Note that this must be done in advance of step 1, since

one quadrant. The matrix the window function(except the implicit square windgw
spreads a large dc component over several neighboring fre-
Y=(vy ), klI=0,...N/2 (23 guency bins.

The risks of the different pixels of the image can be
is called the risk matrix. Notice that this matrix is device arranged in a so-called “risk image” which has the same
dependent but does not depend on the image. All we needlimensions as the original image. We will display such risk
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Fig. 6 (a) “Edge” test image and (b) the risk values in the neighborhood of the edge.

images as grayscale images with the convention that blackhe target lattice’s Nyquist area as a criterion, we should
and white gray values correspond to unity and zero risk, ideally expect the risk to be 1 outside the Nyquist area, and
respectively. 0 inside the Nyquist area, as it is shown in Fi§a)7 Figure

Several parameters need to be fixed before the risk val-8 shows the risk images using the different window func-
ues of an image can be calculated. First of all, the value oftions. The risk image using the square window clearly
N determines the window size. A larger value increasesshows blocking artifacts. The Bartlett and Welch windows
computation time(since the window for which the DFT is  perform slightly better. The Hann window provides a
computed slides pixel by pixeland decreases the spatial smooth transition. Figure 9 shows the absolute difference
accuracy. On the other hand, it improves frequency resolu-between the risk images and the ideal response of fiy. 7
tion. In our experiments, we fix the window size Kt The Nyquist area of the target lattice is best approached for
=16 based on experiments with=8,16,32. Further re- the Hann window. Also, a numerical measure such as the
search could give more information about the influence of
N. For example, the tradeoff between window size and
computation time could be relaxed by a larger step of the
window in the spatial domain.

A second even more important issue is the selection of
the window function. The window functions are evaluated
based on two criteria: “edge response” and “zoneplate
response.”

The “edge response” criterion expresses that the risk
should be high in regions of high frequency patterns, but
not on edges since we do not want to smooth them like high
frequency patterns. Figure(@ shows a test image (256
X 256) with a sharp vertical edge atcoordinate 128. Fig-
ure Gb) shows a horizontal crosscut of the risk image
around the edge position. It appears that most window 1 .

Square

functions, including the square window, have a maximum 0| Batett
risk of about 7,,=0.3 in the neighborhood of edges. fiann

These high risk values are found at a distanchl(f pixels *r

from the actual edge. In that situation, an edge inside the
window does not appear as an edge anymore, but as i 06
single impulse at the border of the window. The Hann win-
dow is our best choice because it has the weakest respons
on edges, especially at the border. The maximum value
max Stays below 0.06.

0.7

risk

05 -

04

03

The “zoneplate response” criterion examines the risk o2 "

images for the “aneplaten and compares them to an 01 N i ol M/ha.‘:{i
“ideal” response. Figure &) shows the zoneplate, which . . 9 o i e ; .
0 25 50 75 100 125

is a synthetic test image with increasing frequencies in both ©
directions. The top left corner corresponds to the zero spa-

tial frequency, the right and bottom border correspond to Fig. 7 (a) “Zoneplate” test image, (b) the “ideal” zoneplate re-
the frequencies at the border of the Nyquist area. Since theponse, and (c) the risk values in the horizontal crosscut on top of
elements of the risk matrix in E¢20) are computed using  the risk images.

frequency [dpi]
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(b) Bartlett

(c) Welch

(d) Hann

Fig. 8 Estimation of the risk of aliasing for “zoneplate” using differ-

ent window functions (a)—(d).

150 . .
125 n=0.2
n=0.4
100
5 =06
= w
50 1=0.8
n=1
25 B
PASSBAND \ \ i \
. | | . ] ‘
0 25 50 75 100 125 150

1 ldpi

Fig. 10 Half amplitude (—6 dB) contour in the frequency plane of
the combined interpolation filter for various values of the risk of
aliasing 7.

The Bartlett window and the Welch window do not im-
prove this result much, while the Hann window again
shows satisfactory results.

Both the “edge response” and the ‘“zoneplate re-
sponse” criterion prefer the Hann window. A low response
on and near edges will instruct the resampling scheme of
Sec. 3.2 not to use a moigppressingsmoothing resa-
mpling filter, and will thus preserve edges. A good resem-

mean-squared error between the risk images and the idealjance of the zoneplate risk image to the ideal response
response gives the best results for the Hann window. Figuresnsyres the risk behaves as our initial criterithve Nyquist
7(c) considers a horizontal crosscut at the top of the differ- 5104 of the target lattigémposed.

ent risk images. These rgsults clearly indicate the square The current risk estimation scheme can not be applied as
window has large fluctuations where they are not expectedgych to “natural” images. The proportion of E(4) is not

(a) Square (b) Bartlett

1
/ i /‘
(c) Welch (d) Hann

N\

/

e

Fig. 9 Absolute difference between the risk images of Fig. 8 and the

“ideal” response of Fig. 7 (b).

robust when its denominator is low. If that occurs, the es-
timate of the risk becomes inaccurate and dependent on
noise. In practice, it is sufficient to put the risk to zero when
the denominator is below the threshold value ofNF.1
This value was determined experimentally and its value
does not have a strong influence. The results in Sec. 4 will
show how this adjustment modifies the risk images.

Our final scheme can now be summarized. Nix N
windows slides pixel by pixel across the original image.
For each window, the windowed DFT coefficients are com-
puted after the dc coefficient is removed from the input
data. Next, the proportion between the weighted peri-
odogram, using the risk matrix, and the total periodogram
energy is used as an estimate of the risk of aliasing for the
central pixel of the window. If the denominator of the risk
is below a certain threshold value, the risk is zeroed.

3.2 A Novel Resampling Scheme

Our goal is to use the estimate of the risk of aliasing to
obtain a better resampled image. For that purpose we vary
the amount of low-pass filtering according to the estimate
of the risk. Thus smoothing can be restricted to the areas
where it is needed. Specifically the new resampling scheme
computes a weighted filter as a linear combination of the
bilinear interpolation functiofiwhich is good as the edge-
preserving(EP) filter and should be used in areas not sus-
ceptible to moirg and the surface projected culBespline
filter [which suppresses moif@1S) but also blurs edgés
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(a) Original image

(c) Bilinear interpolation

(e) Risk image

w =

Fig. 11 (a) Original image “shirt” with (b)—(d) linear resampled versions, (e) risk image, and (f) result

after nonlinear resampling.
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(b) Nearest neighbor

(d) Surface projection

(f) Non-linear resampling
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(a) Original image (b) Nearest neighbor
TP e Aoy e
’ ‘}'1"2;;4&,
-j f”i;;f’ifﬁgf’*m

(e) Risk image (f) Non-linear resampling

2

Fig. 12 (a) Original image “zoneplate” with (b)—(d) linear resampled versions, (e) risk image, and (f)
result after nonlinear resampling.
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(a) Original image (b) Nearest neighbor

hloge ocloge
opp. 211 cpp 2it

(c) Bilinear interpolation  (d) Surface projection

(f) Non-linear resampling

Fig. 13 (a) Original image “horloge” with (b)—(d) linear resampled versions, (e) risk image, and (f)
result after nonlinear resampling.
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()

Fig. 14 Estimation of the risk of aliasing: (a) uncleaned version, (b) low energy part, (c) cleaned
version.

h(Vm,n): 77(Vm,n)hMS(Vm,n)"’(1_ 77(Vm,n))hEP(Vm,n)- 4 Results

(26) Figures 11a), 12(a), and 13a) show three test images and
several resampled versiorib)—(d) making use of linear
resampling techniques. The figures (@ are the original
images, reproduced as well as possible by the printing pro-
cess used for this paper. The figutes—(d) are resampled
versions on the screen lattice of gravure printing and are
thus reproduced by our simulation for gravure printing half-
nearest the lattice site 6% 10 Vi p . toning. The first image “shirt”(Fig. 11 is a natural “pho-

Thelocal frequency characteristics of the linear adaptive :[‘ographlc ”plct_ure(25_6>< 256 plxe_ls)_. The second 'mage
filter can be easily investigated using the linearity of the ~Zoneplate” (Fig. 12 is a synthetic imag€256x 256 pix-
Fourier transform: els), and has already been introduced in Sec. 3.1.2. In prin-

ciple the original images should be free of aliasing. How-
FarQus(X) + az0ef(X)} = a1Gys(f ) + axGel ). (27) ever it is likely that the printing process used to reproduce

this paper will introduce some moir@ Fig. 12a). The
Figure 10 shows the half amplitude 6 dB) contour in the  third image “horloge” (Fig. 13 is again a “photographic”
two-dimensional frequency plane for various values of the example (25& 256), showing some fabrics and fine text
risk ». It is apparent forp=0 that most frequencies areal- details.
most unattenuated by the bilinear interpolation filter. For ~ Obviously nearest neighbor and bilinear resampling
higher values ofy, the passband narrows because the filter [Figs. 11-13 partgb) and (c)] are not adequate: clearly
shifts towards the surface projected culiicspline; as a  visible moirepatterns arise in the high frequency regions of
consequence, a typical low-pass filter is created. all three images. These artifacts are not exceptional for this

\ \

(The low resolution of the gravure printing screen lattice

makes bilinear interpolation a good choice as the edge-
preserving filter. Note that the risk values were calculated

on the source latticR instead of on the target lattidg, but

that in Eq.(26) values on the target lattice are needed; in

practice n(vy, ) is estimated as(r /) wherer, ., is

(a) (b) (c)

v ¥
ey o

Fig. 15 Estimation of the risk of aliasing: (a) uncleaned version, (b) low energy part, (c) cleaned
version.
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(a) Original image (b) Nearest neighbor

(c) Bilinear interpolation

(e) Risk image (f) Non-linear resampling

Fig. 16 (a) Additional test image “car” with (b)—(d) linear resampled versions, (e) risk image, and (f)
result after nonlinear resampling.

kind of gravure printing. Fabrics in clothes, heavy textures although the moirgatterns of Fig. 1(t) are suppressed as
such as burlap material, and dot and line patterns fromwell. The “zoneplate” also gives a good result thanks to

grills could easily give rise to moire the smoothness of the risk image in the neighborhood of the
The results of Figs. 1#), 12(d), and 13d) show thata  Nyquist criterion. Finally, the “horloge” also gives good
linear resampling filter can also suppress moiree im- results. The fine details such as the wristwatch and the tex-

ages were resampled using a cuBiespline interpolation  tual information are preserved well, while the mojet-
function combined with the surface projection principle. terns of the striped clothes are suppressed. Figure 16 shows
Unfortunately, the extra low-pass filtering also significantly an additional test image “car” with a grill containing high
blurs the image. Such global smoothing is mostly unaccept-frequency components. Visual inspection shows the nonlin-
able. ear resampling scheme combines the sharpness of bilinear

Figures 14 and 15 show the risk images for “natural” interpolqtion(e.g., in the wheels and the headlightgth
images. The risk images of Figs. (&and 1%a) were ob- the moiresuppressing properties of surfaced projected cu-
tained by not checking the denominator of the risk against abic B spline(in the grill). Additionally, an objective quality
threshold value. Almost the whole risk image is having a measure confirms these results by computing a numerical
high risk value: most of the “background” is risky as well. value for the degree of sharpness and aliasing in the half-
Figures 14b) and 15%b) show only that part of the risk toned results’
image where the denominator gfis below the threshold
value. The final corrected risk images are shown in Figs. )
14(c) and 15c). 5 Conclusion

Figures 11f), 12(f), and 13f) show the images re- Image resampling is needed for a variety of applications in
sampled by the novel nonlinear approach based on the riskmage processing. This paper considered the case of gra-
images in Figs. 1), 12(e), and 13e). Comparing these  vure printing where the image is resampled on a screen
results with the resampled images using bilinear interpola-lattice which can introduce undesirable mquatterns. Pre-
tion and cubid spline must show we combined the best of cautions against such sampling mohrave to be made in
both. For example, the face in “shirt” is clearly sharper the prepress phase, which is not practical and sometimes
than when using only surface projection as in Fig(dll  also not feasible. Currently, simple resampling filters like

546 / Journal of Electronic Imaging / October 2000/ Vol. 9(4)
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bilinear interpolation are employed but these are unsatisfac-15. M. Unser, A. Aldroubi, and M. Eden, “B-spline signal processing,”
tory because they do not adapt to the local image content; , \*£5 Trans. Signal Processd, 821-848(1993.
. . 0 . W. Pres&t al, Numerical Recipes in CCambridge University Press,
when linear filters are sufficiently low pass to prevent = campridge(1992.
moire, they unacceptably blur the image. We presented ai7. D. Van De Ville, K. Denecker, W. Philips, and I. Lemahieu, “On
novel technique to adaptively resample an image from its  the measurement of aliasing and sharpness in halftones,” in
source lattice to an arbitrary target lattice. The output of g”"?med'a 2000F. Broeckx and L. Pauwels, Eds., pp. 311-316,
. . . . . - . ociety for Computer Simulation International, Antwerp, Belgium,
two suitable linear resampling filters, i.e., bilinear interpo- (May 2000.
lation and cubid spline, are locally weighted according to
an estimate of the risk of aliasing. This new resampling
scheme aims at joint antialiasing and edge preserving capa
bilities.

The proposed technique makes use of a windowed DFT.
Several window functions were compared regarding two
criteria which are important for this application: the “edge
response” and the “zoneplate response.” The Hann win-
dow showed the best properties of the considered windows
This technique can also be adapted for other resampling
problems(e.g., such as those used in desktop printers
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