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Abstract

The halftone quality of an error diffusion halftone
depends on the error filter response. Apart form the
magnitude response being a low pass, it is desirable to
have a zero phase response. In this paper we propose
the iterative error diffusion halftoning algorithm that
allows use of non-causal error filter (such as zero phase
error filter). We present simulation results showing
that the proposed halftoning scheme is substantially
better, specially in retaining the sharpness of the edges
and in truthfullness.

1 Introduction

Error diffusion [1] is regarded as a breakthrough
in digital image halftoning. The solid lines in Figure 1
show the block schematic of error diffusion. The input
to the quantizer ym, (1, j) = F(3, 1) +{hT (k, ) xem (i, )}
is 1-bit quantized to a halftone gn, (¢, j), where % de-
notes convolution. The two components of the in-
put are f(7,7), the input gray value, and the filtered
(diffused) error. The quantization error em(i,j) =
ym(%,§) — gm(3,4) is filtered through an error filter
h*(k,l) to obtain this component. The error filter is
causal FIR with A*(0,0) = 0 such that a sequential
single-pass algorithm results.

The performance of error diffusion depends pri-
marily on the error filter. It is recognized that the
magnitude response of the error filter should be low
pass, since this would result in the low frequency spec-
tram of the halftone resembling the image spectrum.
We further recognize that the error filter should prefer-
ably be zero phase, so that the error feedback is added
to the input image in phase to retain the sharp edges.
Some earlier work on halftoning provides indirect ref-
erence to phase response; examples are [2] in the con-
text of error diffusion, and [3] in the context of iterative
Fourier transform halftoning. We propose here a modi-
fication to the error diffusion halftoning algorithm that
may use a zero phase error filter and improve the qual-
ity of the output.
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2 Iterative error diffusion

Since a zero phase error filter is not causal, it is
not possible to be realized in a single-pass algorithm.
We propose an iterative error diffusion (multi-pass)
where the quantization error of one iteration (pass) is
collected and used during the next iteration as quanti-
zation error of the future pixels. Figure 1 (both solid
and dashed lines) shows one iteration of the iterative
error diffusion. The ervor filter h(k,!) is realized us-
ing two parts, a strictly causal part ht(k,l) and the
remaining part h~(k,l). The subscript m denotes the
iteration number. The quantization error is convolved
with h(k,!) and added to the input image. While past
quantization errors from the same iteration, e, (i, ),
are used by A*(k,l), quantization errors taken from
the previous iteration, e,,_1(%, §), are used by h~(k,{).
Thus, the input to the quantizer in the mth iteration
is

ym(i,7) = f(i,5) + {ht(k,1) x em (i, 5)}
+{h™ (k1) xem-1(3,))}. (1)
Since the error filter h(k,!) may be non-causal, a zero
phase error filter may be used with the iterative error
diffusion halftoning.

Now we derive an expression for the halftoning
noise spectrum. Since e, (2, j) = ym(%,7) — gm(7, ), it
follows that

En(wg,wy) = Flwg,wy) — Gm(wz,wy)

H (02,0,) B (102,

H (w5, 0) Emmi (2,0)- (2)
where E,, Epp_1, F, Gy, Ht and H™ are the Fourier
transforms of e,,, em-1, f, gm, AT and A~ in that

order. The halftoning noise is the difference between
the input and the halftone,

nm(Z)]) = f(i’j)—gm(ivj) (3)

in the mth iteration. If N,, denotes its Fourier spec-
trum, then

Ne(wz,wy) = (1= HY (we,wy)) Em(we,wy)
—~H™ (e, wy) Em-1(wz, wy). (4)



If the algorithm converges after M iterations then

Ep(wg,wy) & Epr(we,wy) Ym > M.

(5)
This leads to

Nin (W, wy) = Ep(we,wy)(1 — H(wz,wy)) Ym > 12/[)

6
where H is the transfer function of the error filter.
This is identical to what happens in conventional error
diffusion [4].

In practice, a convergence is achieved when a
resulting halftone has no perceptual difference from
the previous halftone. At convergence, let the differ-
ence between two consecutive halftones be 7y, (¢, 7) =
Im-1(%,7) —gm(7, 7). A perceptual convergence occurs
when the halftoning noise spectrum changes by some
fixed amount during each iteration after M iterations,

Em(wz,wy) = Bm—1(wz,wy) & E(ws,wy) Ym > M.
(7)
It follows that

Ny (We,wy) = E(we,wy)(1 — H(wg,wy)) Ym > M
) (®)
where N, is the Fourier spectrum of #i,,. Since (1 —
H(we,wy)) has a high pass filter response, after a few
initial iterations, the change in halftones is limited to
high frequency regions shaped by 1 — H(wz,wy), and
therefore perceptually unimportant.

One advantage of a zero phase error filter is ob-
served from the above expression. If H(w,,wy) is
a zero phase (real) low pass, then 1 — H(wy,wy) is
a zero phase high pass filter having complementary
magnitude response to that of H(wy,wy). However, if
the error filter is not zero phase (complex response),
1— H(wg,wy) is a nonzero phase high pass whose mag-
nitude response is no longer an exact complement of
the error filter magnitude response. Thus, while in
general both the magnitude and the phase response
of the error filter decides the noise spectrum (which
is not easy to determine), in case of zero phase error
filters only the magnitude response decides the noise
spectral shape (which is just its complement).

The iteration is initialized with an error image
eo(7,j), containing some starting quantization error
for all pixels. We have observed that the starting set
of quantization error values, if taken from the quanti-
zation error of any actual halftoning algorithm (than,
say, a random noise), achieves faster convergence. The
quantization error is updated on the error image on a
pixel-by-pixel basis. The error filter we use is a zero
phase (opposite quadrant symmetry) low pass filter
with unity gain at zero frequency, derived from the
desired shape of the halftoning noise. h(0,0) should
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Figure 1: Schematic for conventional and iterative er-
ror diffusion

be zero, since having a nonzero h(0,0) means total
error is not diffused, leading to a halftoning noise hav-
ing considerable low frequency energy. The iterations
are continued until a convergence criterion is satis-
fied. The convergence criterion used in our iterative
error diffusion is the energy of the difference between
two consecutive halftones, which is compared with a
threshold.

3 Simulation results

Figure 2 shows the halftone obtained from the con-
ventional error diffusion using the following 3 x 5 error
filter:

00 .00 .00 .15 .10

h(k,) = | .06 .10 .15 .10 .06
03 .06 .10 .06 .03
0<k<2 —2<I<2 (9)

Figure 3 shows the halftone obtained after a single it-
eration of iterative error diffusion using error diffusion
errors as the starting error values, with the following
5 x 5 gero phase error filter (derived from the earlier



Figure 2: Conventional error diffusion

error filter):

.015 .030 .050 .030 .015
.030 .050 .075 .050 .030
hik,l) = .050 .075 .000 .075 .050
.030 .050 .075 .050 .030
.015 .030 .050 .030 .015

-2<k<2, -2<I<2 (10)

Figure 4 shows the halftone obtained after 10 itera-
tions. Observe that even a single pass of the itera-
tive error diffusion produces superior results. All the
regions which have fine details, such as the lines and
folds in the hat (which were all missing in figure 2), are
very clear in figure 4. Zero phase error filter is more
truthful in reproducing the fine details of the actual
image.

Figures 5 and 6 show the halftoning noise mag-
nitude spectrum for the halftones of figure 2 and 4.
While the error diffusion noise spectrum is not high
pass in all directions due to nonzero phase nature of
the error filter, the iterative error diffusion noise spec-
trum takes the shape of the complement of the error
filter magnitude response in accordance to our deriva-
tion. Figure 7 compares the radially averaged absolute
phase error for three halftones. Consistently low level
of phase error is obtained by the zero phase error filter.

Phase response of the error filter in error diffusion
halftoning is important for the halftone quality, and
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Figure 3: Iterative error diffusion, after 1 iteration

: Iterative error diffusion, after 10 iterations
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Figure b: Halftoning noise for figure 2

————Horizontal Frequency———->

Figure 6: Halftoning noise for figure 4
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Figure 7: Phase errors of halftones

should ideally be zero phase. We have proposed an
iterative error diffusion halftoning algorithm that al-
lows use of non-causal error filter. Thus, zero phase
error filters may be used with the proposed algorithm.
From the simulation results, we conclude that itera-
tive error diffusion using a zero phase error filter pro-
duces substantially better halftones that retains all the
edges and their sharpness. Few iterations are needed
for perceptual convergence, and even a fixed number
of iterations (say, one) improves the halftone quality.
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