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Abstract — Feature-preserving Multiscale Error Diffusion 
(FMED) algorithm is a digital halftoning method to convert a 
gray scale image into a binary image.  This technique is superior 
to conventional MED methods in a way that it can preserve more 
image features and provide an output halftone image of good 
blue noise characteristics. In practice, a printer is not able to 
produce square ink dots and hence dots may overlap with each 
other and cover the gird area of neighboring pixels. This dot-
overlap effect darkens an image when it is printed. In this paper, 
a dot compensation scheme is proposed to work with FMED.  It 
compensates for the dot-overlap effect introduced by a printer.  
Features can be preserved and there is no biasing in the emulated 
gray scale of the printed image. 

Keywords- Multiscale error diffusion; dot compensation;dot-
overlap; halftoning;printing. 

I.  INTRODUCTION  
Digital halftoning is a process that converts a continuous-

tone image to a bilevel picture for binary display applications 
such as printing [1].  Several algorithms based on multiscale 
error diffusion (MED) such as [2], [3] have been proposed in 
the past decade.  MED is a two step iterative algorithm. In each 
iteration, it searches for a location in the output plane to assign 
a dot via ‘maximum intensity guidance’ based on the input 
image and then diffuses the quantization error. Iterations repeat 
until the total energy of the output is equal to that of the given 
input image. This technique is superior to conventional error 
diffusion methods in a way that the error diffusion does not 
follow a predetermined sequential order. Besides, the 
quantization error can be diffused with a noncausal filter to 
avoid directional hysteresis. In [4], MED was modified to 
improve the output image quality. It preserves the image 
feature and eliminates pattern noise by locating the most 
critical locations via ‘extreme intensity guidance’ instead of the 
‘maximum intensity guidance’ adopted in conventional MED, 
and flexibly putting dots of different nature to highlight the 
local feature of an image. As a result, it can generate a halftone 
of good blue noise characteristic and at the same time preserve 
the local feature details of the original image in the resultant 
halftone. This improved algorithm is referred to as feature-
preserving MED (FMED) [4]. Its superior performance was 
verified through a number of simulation results presented in 
various reports[4,5].  

A halftoning algorithm generally bears an assumption that 
the printing lattice of a printer is rectangular with horizontal 

and vertical spacing of T units. However, in practice a real 
printer is not able to produce a square dot. Instead, it produces 
roughly circular dots the size of each of which is larger than the 
pixel grid such that dots can overlap with each other. When an 
isolated black dot is put on a pixel grid, the dot covers some 
area of neighboring pixel grids and introduces the so-called 
dot-overlap effect as shown in Fig. 1[6].  This dot-overlap 
effect makes the actual printed image appear to be darker.  
Figs. 2(b) and (c) show the difference between an ideal FMED 
output and its emulated printing output. One can see that the 
printing output is darker and most of the image feature is 
covered by the overlapped dots. 

 
Fig. 1  Circular dot-overlap model 

To compensate for the dot-overlap effect, a printer model is 
suggested in [6] such that one can estimate the area to be 
covered by an ink dot in neighboring pixel grids and then take 
it into account in the error diffusion process. The basic idea of 
the compensation is that the energy of a pixel should also be 
reduced if it is partially covered by an ink dot. Furthermore, the 
amount of reduction should be proportional to the area covered 
by the dot.  In other words, when a pixel is assigned a black 
dot, its neighbors’ energy should also be adjusted. Note that 
this adjustment is nothing related to the error diffusion step. It 
is solely for the compensation of the dot-overlap effect.  

In conventional binary halftoning algorithms, pixels are 
sequentially processed. When assigning a black dot to a pixel, 
the affected neighbors are fixed and the pattern of the pixels 
that were processed is also fixed. The compensation is hence 
straight-forward. However, in FMED, there is no pre-defined 
path to process the image and the dot assigned to a selected 
pixel location can be either white or black. The affected 
neighbors that are required to adjust vary from case to case. 
Hence the situation to be handled by the compensation is much 
more complicated.  

In this paper, a dot-overlap compensation scheme for 
FMED is proposed to produce a FMED output such that, when 



it is printed, the produced hardcopy is not darkened even 
though a printer of large dot gain is used. 

II. ALGORITHM 
As mentioned in Section I, the objective of our proposed 

scheme is to compensate for the dot-overlap distortion to be 
introduced by a printer when the halftone to be printed is 
generated with FMED. In particular, we suggest applying a 
compensation process to the affected pixels before diffusing 
the quantization error of the pixel at the selected location in 
each iteration of FMED. The first part of this section presents 
how to realize FMED with the compensation scheme, and the 
remaining part of this section presents the details of the 
compensation process. 

A. FMED with dot compensation process 
Consider that we want to convert a gray-level input image 

K to an output binary image B. All pixels values of K are 
within range [0,1] and those of B are either 0 or 1, where 0 and 
1 denote the minimum (white) and the maximum (black) 
intensity levels respectively. In other words, black dots are put 
on the locations whose corresponding pixel values in B are 1. 
Without loss of generality, we assume that the size of K and B 
are aa 22 × , where a is a positive integer. 

FMED is a two-step iterative algorithm. In each iteration, a 
pixel location is selected based on the current energy 
distribution of the image being processed.  This distribution is 
reflected by error image E, which is initialized to be K at the 
very beginning and updated at the end of each iteration. After 
selecting a pixel location in each iteration, FMED introduces a 
dot to the corresponding location in B and then diffuses the 
error to the neighbors of that pixel to update E. The total sum 
of E is adjusted after the update.  Iterations repeat until the total 
sum of E is less than 0.5.  

Minority dots in a local region mark the local feature in an 
image. Their locations are so critical that they should be 
handled first. For feature-preserving purpose, FMED 
determines the location of a new dot via ‘extreme intensity 
guidance’ and the dot to be put in the selected location could be 
either black or white, which depends on which is the minority 
pixel in the local region of the selected pixel location.   

When ‘extreme intensity guidance’ is adopted, a pixel 
location is selected as follows. Starting with the most updated 
error image E as the region of interest, we repeatedly divide the 
region of interest into 9 overlapped sub-regions of equal size 
and pick the sub-region of the maximum energy as the new 
region of interest. Here, the energy of a region in E is defined 
as the sum of the pixel values in the region, and hence a darker 
region is of higher energy. The division and selection process 
repeats until the size of the region of interest is 16×16. The 
average value of the pixels in the current region of interest is 
then calculated. If it is less than 0.5, it will be considered as a 
bright region and we will keep reducing the size of the region 
of interest as before until a pixel is reached. Otherwise, it will 
be considered as a dark region and we will pick the brightest 
sub-region when reducing the region of interest until a pixel is 
reached.   

Without loss of generality, we assume that the located pixel 
location is (i,j) and the ink dot produced by a printer is a 
perfect circle in shape. The picked location in the output image 
B is assigned a binary value according to its quantization result. 
Unlike the conventional FMED in which no dot-overlap 
compensation is performed, before performing a corresponding 
error diffusion process to diffuse the quantization error at pixel 
(i,j), a compensation process is applied in the proposed 
algorithm to compensate for the distortion to be introduced by 
the dot-overlap effect.  

When a circular dot is put on pixel (i,j), some area of pixel 
(i,j)’s neighbors is also covered by the dot as shown in Fig. 1.  
In order to compensate for this overlap effect, we adjust the 
error image E as follows. 

 ),(' ,, nmcee njminjmi −= ++++     for m,n∈{0,±1} (1), 

where njmie ++ ,'  and njmie ++ ,  are, respectively, the values of 
pixel (i+m, j+n) of error image E after and before the 
compensation, and c(m,n) is the amount of compensation 
which is the extra area newly covered in pixel (i+m, j+n) by the 
new dot assigned to pixel (i,j). The values of c(m,n) can be pre-
calculated and stored in tables such that a table look up process 
can be used to speed up the compensation process. Details of 
the construction of the tables will be discussed in Section IIB. 

The quantization error of pixel (i,j) is then diffused to pixel 
(i,j)’s neighbors with a noncausal diffusion filter whose support 
window is given by Ω≡{(x,y) | 0 ≤ |x |, |y| ≤ half window size}.  
Note that the quantization error of pixel (i,j) should not be 
diffused to any processed neighboring pixels of pixel (i,j) to 
avoid trapping the energy in these processed neighbors forever.  
As these processed neighbors will not be assigned any dots 
further, there is no way to release the energy diffused into 
them. Accordingly, the error diffusion process should update 
the local region of pixel (i,j) in error image E as follows. 
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where yxe ,'  and yxe ,"  are, respectively, the values of pixel 

(x,y) of E before and after the error diffusion process, jib ,  is 
the value assigned to pixel (i,j) of output image B, wm,n for 
m,n∈{0,±1} are the filter weights of a causal diffusion filter,  
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B. Details of the compensation step 
As mentioned earlier, the amount of compensation c(m,n) 

for m,n∈{0,±1} is the extra area newly covered in pixel (i+m, 
j+n) by the new dot assigned to pixel (i,j). Its value can be pre-
calculated and stored in tables such that a table look up process 
can be used to speed up the compensation process. This section 
provides the details of the construction of the tables. 



Unlike MED, a dot assigned to a selected pixel location can 
be either white or black. If a white dot is assigned to pixel (i,j), 
effectively no ink dot will be put on the pixel and no pixel will 
be covered when pixel (i,j) is printed. In such a case, we have 

0),( =nmc     for m,n∈{0,±1} (5).  
On the contrary, if a black dot is assigned to pixel (i,j), all 8 

connected neighbors will be affected. The neighbors can be 
divided into 2 groups and treated differently. The first group 
contains the 4 direct neighbors of pixel (i,j), namely, pixels 
(i±1,j) and (i,j±1), and the second group contains the 4 corner 
neighbors of pixel (i,j), namely, pixels (i±1,j±1). All members 
in the same group can be handled in the same manner after 
rotating the image by 90, 180 and 270 degrees. 

Without loss of generality, let us consider the amount of 
compensation for pixel (i+1,j), one of the direct neighbors of  
pixel (i,j). When the black dot is assigned to pixel (i,j), some of 
its neighbors may already be assigned a black dot. Fig. 3 shows 
all 16 possible cases that can happen and lists the extra area 
covered in pixel (i+1,j) by the black dot put on pixel (i,j) in 
each case. As a remark, we note that in FMED one can assign 
either a black dot or a white dot to a selected pixel. A cell 
marked with 0 in Fig. 3 may either already be assigned a white 
dot or not yet be assigned a dot.  

A table as shown in Table I can then be constructed 
accordingly for determining value of c(1,0) when providing the 
context pattern of { b̂ i,j+1, b̂ i+1,j+1, b̂ i+1,j, b̂ i+1,j-1, b̂ i,j-1}, where  
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The last entry in Table I reflects the truth that, when pixel 
(i+1,j) has already been assigned a black dot, the black dot to 
be put on pixel (i,j) does not affect pixel (i+1,j) and hence no 
compensation for pixel (i+1,j) is required. Note that X means 
don’t care here. Accordingly, we have c(1,0)=0 in this case. 

Table I can also be used to determine the values of c(0,±1) 
and c(-1,0) for pixel (i,j). For example, by rotating the image 
clockwise by 90 degrees, the original pixel (i,j+1) becomes 
pixel (i+1,j). Then when we apply the same rules mentioned 
above or use Table I directly to determine c(1,0), the c(1,0) 
obtained is actually the original c(0,1). 

As for the corner neighbors of pixel (i,j), let us consider 
pixel (i+1,j+1) as an example. When the black dot is assigned 
to pixel (i,j), whether the dot may cover extra area of pixel 
(i+1,j+1) depends on the context pattern of { b̂ i,j+1, b̂ i+1,j+1, 
b̂ i+1,j} at the moment. Table II summaries the consequences of 
all possible cases. Similarly, the same table can be used to 
determine c(±1, ±1) after rotating the image. 

The values of ),( nmc  obtained with Tables I and II are not 
final. As we mentioned earlier, a connected neighbor of pixel 
(i,j) may already be assigned a white dot. In that case, one 
should not adjust its energy during the compensation as any 
energy introduced to the pixel during the adjustment will be 
trapped in the pixel forever. Accordingly, its amount of 
compensation should be shared by other connected neighbors 
of  pixel (i,j) as follows.  
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where pixel (i+m0,j+n0) is a connected neighbor of pixel (i,j) 
which has already been assigned a white dot. 

In short, after determining the values of c(m,n) for 
m,n∈{0,±1} except m=n=0 with Tables I and II, one has to 
check if any connected neighbor of pixel (i,j) has already been 
assigned a white dot. For each one of them, we diffuse its 
required amount of compensation to its neighbors with eqn. 
(7). The final values of c(m,n) are the final results of the 
diffusions.  
 

 
Fig. 3 Different situations encountered when a black dot is assigned 

to pixel (i,j) (i.e. (m,n)=(0,0)) 

Pixel (i,j)’s neighbors may have been assigned black dots 
when pixel (i,j) is selected to put a black dot. If this happens, 
part of the grid area of pixel (i,j) will be covered by the black 
dots assigned to pixel (i,j)’s neighbors, and the black dot 
assigned to pixel (i,j) will only cover an extra area of less than 
1 grid unit instead of 1 whole grid unit as in the ideal case.  By 
taking this into account, the amount of compensation for pixel 
(i,j)  should be given by the difference of the extra area to be 
covered in pixel (i,j) in the two different cases. This amount 
depends on the pattern of { b̂ i+m,j+n |m,n=0,±1 except m=n=0}. 
It can be pre-computed and stored in a 256-entry table. 
Alternatively, it can also be computed as the sum of 4 items as 
follows. 
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where )ˆ,ˆ,ˆ( 3,32,21,13 yxyxyx bbbϕ  and )ˆ,ˆ,ˆ( 3,32,21,14 yxyxyx bbbϕ  are 
the table look up results obtained with the lookup table given in 
Table III when 1,1

ˆ
yxb  2,2

ˆ
yxb  and 3,3

ˆ
yxb  are provided as the 

input. 

Fig. 4  A particular situation used as an example 

An example showing how the proposed compensation 
scheme works is given here. Fig. 4 shows a particular situation 
when pixel (i,j) is selected to put a black dot. In this situation, 
pixels (i-1,j+1) and (i,j+1) have been assigned black dots while 
pixels (i-1,j) and (i+1,j-1) have been assigned white dots. 
Accordingly, we have  

c(-1,0)= 1ϕ (0,0,0,1,1)=α-γ,  c(0,1)= 1ϕ (0,1,1,0,0)=0, 

c(1,0)= 1ϕ (1,0,0,0,0)= α-β, c(0,-1)= 1ϕ (0,0,0,0,0)= α, 

c(-1,-1)= 2ϕ (0,0,0)=β,  c(1,-1)= 2ϕ (0,0,0)=β, 

c(-1,1)= 2ϕ (0,1,1)=0, c(1,1)= 2ϕ (1,0,0)=0  and 

c(0,0)= 4ϕ (0,1,1) + 4ϕ  (0,0,0) - 3ϕ (0,0,0) - 3ϕ (1,0,0) = -α,  

where )(1 •ϕ  and )(2 •ϕ  denote the table look up results 
obtained with Table I and Table II respectively.  

As pixels (i-1,j) and (i+1,j-1) have been assigned white 
dots, c(-1,0) and c(1,-1) must be 0 and hence their values 
should be diffused to their neighbors. If the diffusion filter is 
[1,1,1;1,0,1;1,1,1], we will have c(-1,0)=c(-1,1)=c(0,1)=c(1,1)= 
c(1,-1)=0, c(-1,-1)=β+(α-γ)/3,  c(0,-1)=α+(α-γ)/3+β/3, c(1,0)= 
α-2β /3  and c(0,0)= -α+(α-γ)/3+β/3 after diffusing c(-1,0) and 
c(1,-1) with eqn. (7). Compensation is then carried out with 
eqn. (1) to update the error image E before the normal error 
diffusion process defined in eqn. (2) is performed.  

 

TABLE I.  EXTRA AREA TO BE COVERED IN A DIRECT NEIGHBOR OF PIXEL 
(i,j) WHEN PRINTING A BLACK DOT ON PIXEL (i,j) 

Context pattern { b̂ i,j+1, b̂ i+1,j+1, b̂ i+1,j, b̂ i+1,j-1, b̂ i,j-1}, c(1,0) 
{00000} α 
{00010}, {01000}, {00011} or {11000} α-γ 
{00001}, {10000} α-β 
{01001}, {10010}, {10011} or {11001}  α-β-γ 
{10001}  α-2β 
{11011},{01010}, {01011} or {11010} α-2γ 
{XX1XX} 0 

TABLE II.  EXTRA AREA TO BE COVERED IN A CORNER NEIGHBOR OF PIXEL 
(i,j) WHEN PRINTING A BLACK DOT ON PIXEL (i,j) 

Context pattern { b̂ i,j+1, b̂ i+1,j+1, b̂ i+1,j} c(1,1) 
{001},{100}, {101} or {X1X} 0 
{000} β 

TABLE III.  TABLE FOR COMPUTUING THE AREA COVERED IN PIXEL (i,j) BY 
PIXEL (i,j)‘S PRINTED NEIGHBOR PIXELS 

Context pattern pv   Output )(3 p
v

ϕ  Output )(4 pvϕ  
{1X1} 2α-γ -γ 
{0X1}or{1X0} α 0 
{010} β β 
{000} 0 0 

III. SIMULATION RESULT 
Simulation was carried out to evaluate the performance of 

the proposed dot-overlap compensation scheme for FMED 
with a set of 256×256 testing images. A 3×3 noncausal filter 
with filter coefficients w = [1 2 1; 2 0 2; 1 2 1] was exploited in 
the simulation.  For generating the dot gain effect of the printed 
outputs, we applied a printer model whose ink dot is a perfect 
circle of diameter 21.1 × T to compute the values of α, β and 
γ[7].      

Fig. 5(a) shows an original ramp image. The image shown 
in Fig. 5(c) is the emulated printing result of Fig.5(b) which is 
the halftoning output of FMED[4] without dot-overlap 
compensation.  As expected, it is darkened. Fig. 5(d) is the 
halftoning output of FMED [4] with the proposed dot-overlap 
compensation scheme. As shown in Fig. 5(e), its emulated 
printing result is not darkened and appears to be closer to the 
original ramp image as compared with Fig. 5(c).     

IV. CONCLUSION 
In this paper, we proposed a dot-overlap compensation 

scheme to work with FMED to produce halftones.  In order to 
preserve local image features, FMED allows one to assign 
white or black dots to critical locations first without following 
a predefined scanning order. When a dot is assigned to a 
particular pixel, the pixel’s local region may have been 
assigned dots of different nature. The proposed compensation 
scheme takes care of this complicated situation and adjusts the 
local error plane accordingly. Simulation results showed that, 
when the proposed compensation scheme worked with FMED, 
it could successfully compensate for the dot-overlap effect 
introduced by printers. As a final remark, by considering that 
MED is actually a special case of FMED in which only 
locations of a single type of dots (either black or white) are 
proactively selected to put the dots, the proposed 
compensation scheme can also be applied to MED algorithms 
to compensate for the dot-overlap effect.     

ACKNOWLEDGEMENT 
This work was supported by Center for Multimedia Signal 

Processing and a grant from The Hong Kong Polytechnic 
University (PolyU Grant G-U865). 

 



REFERENCES 
[1] D. L. Lau and G. R. Arce, Modern Digital Halftoning. New York: 

Marcel Dekker, 2008.  
[2] I. Katsavounidis and C. C. J. Kuo, “A multiscale error diffusion 

technique for digital halftoning,” IEEE Trans. Image Process., Vol. 6, 
No.3,  pp. 483–490, Mar. 1997. 

[3] Y. H. Chan, “A modified multiscale error diffusion technique for digital 
halftoning,” IEEE Signal Process. Lett., Vol. 5, No. 11, pp.277–280, 
1998. 

[4] Y. H. Chan and S. M. Cheung, “Feature-preserving multiscale error 
diffusion for digital halftoning,” J. Electron. Imag., Vol. 13, No. 3, 
pp.639–645, 2004 

[5] K. C. Lui, Y. H. Fung and Y. H. Chan, "A Low-complexity High-
performance Multiscale Error Diffusion Technique for Digital 
Halftoning," Journal of Electronic Imaging, Vol.16, Issue 1, 013010, 12 
pages, Jan-Mar 2007.  

[6] T. N. Pappas, J. P. Allebach, and D. L. Neuhoff, “Model-based digital 
halftoning,” IEEE Signal Processing Mag., Vol. 20, No. 4, pp. 14–27, 
July 2003. 

[7] Y. Lin and T. C. Ko, “A modified model-based error diffusion,” 1EEE 
Signal Processing Letters, Vol. 4, No.2, pp.36-38, Feb 1997 

 

 

 
(a) (b) (c) 

Fig. 2 Dot-overlap effect of a printer whose ink dot is a circle. The ratio of the dot’s diameter to the side length of a grid unit is 21.1 × . 
(a) Original, (b) Halftoning result of FMED [4] and (c)  Emulated printing result of (b).  
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(f)   

(g)  
Fig. 5  Simulation results for comparison: (a) Original ramp image, (b) Halftoning output of FMED [4], (c) Emulated printing output of (b), 

(d) Halftoning output of FMED with the proposed dot compensation scheme, and (e) Emulated printing output of (d). 
 


