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ABSTRACT 

 Conventional threshold decomposition-based multilevel halftoning algorithms 

decompose an input image into layers, halftone each one of them with a binary 

halftoning algorithm, and combine their binary halftones to produce the final 

multilevel halftone. As layers are handled one by one subject to a stacking constraint, 

darker pixels in the final multilevel output are positioned first, which makes it 

difficult for the algorithms to preserve bright spatial features. This issue is addressed 

and a solution to eliminate this bias is proposed. Simulation result shows that the 

proposed method can provide an output of better quality as compared with 

conventional threshold decomposition-based algorithms both subjectively and 

objectively. 
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1. I�TRODUCTIO� 

 The capability of printing devices has been significantly enhanced such that 

they can now produce outputs of more than two intensity levels. Multilevel halftoning 

technique is hence required to convert an input image to a multilevel output image for 

being printed.  

 In theory, one can easily extend conventional binary halftoning algorithms by 

replacing the binary quantizer with a multilevel quantizer or by adjusting the 

screening thresholds to provide multilevel halftones[1,2]. However, when the number 

of quantization levels is limited, undesirable banding artifacts can generally be found 

in their outputs as input levels around an intermediate quantization output level are all 

mapped to the same output level. In such a case, the gradation reproducibility in the 

region cannot be maintained. 

 Various techniques were proposed to remove the banding artifacts. One of the 

common approaches is to preprocess the image regions that have the potential 

problem of banding artifacts before multilevel halftoning [3,4]. Another popular 

approach used in screening algorithms is to control the proportion of adjacent output 

pixels for the input levels close to an intermediate output level. This can be achieved 

by developing dedicated multitoning screens according to the desired proportions[5] 

or adjusting a conventional screen with an improved threshold scaling function [6]. 

 Threshold decomposition is also a widely used technique used in multilevel 

halftoning[7,8,9]. This technique separates an input image nonlinearly into several 

energy planes, halftones each one of them with a binary halftoning algorithm, and 

then combines the binary halftoning results to get a multilevel output.  Its application 

is not limited to screening algorithms. When working with error diffusion-oriented 

algorithms, threshold decomposition generally maintains the gradation reproducibility 

more effectively than preprocessing and is able to provide outputs of better quality.  
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 When threshold decomposition is exploited, the decomposed layers are 

processed from the layer of the highest energy to the layer of the lowest energy one by 

one subject to a stacking constraint such that ink dots can be distributed 

homogenously in the intermediate-tone regions of an image to eliminate the banding 

artifacts [7]. In particular, when a location in a higher energy layer is assigned a black 

pixel in its binary output, black pixels must also be assigned to the corresponding 

locations in the binary outputs of the lower energy layers. This stacking constraint 

confines the dot assignment in lower energy layers.  The lower the energy of a layer, 

the more restriction it has to assign a white dot. As the final multilevel output is a sum 

of the binary halftoning results of all layers, the locations of brighter dots in the final 

multilevel result are comparatively more restricted than the locations of darker dots.  

Hence, it is more difficult for us to put the bright dots at the right positions to preserve 

the bright features in an image.  

 In this paper, a multilevel halftoning algorithm is proposed to improve the 

output quality of multilevel halftoning by eliminating this bias. The approach 

exploited in the proposed algorithm to eliminate the bias can be applied to any 

threshold decomposition-based multilevel halftoning algorithms to improve the image 

quality of their outputs. 

 

2. THRESHOLD DECOMPOSITIO� 

 This section presents the conventional approach used to handle the layers in 

threshold decomposition-based multilevel halftoning and some of our observations 

that inspire us to propose the algorithm presented in this paper.  

 Consider the case that we want to convert a gray–level image A to a multilevel 

image B. The pixel values of A are bounded in [0,1], where 0 and 1 denote the 

minimum (black) and the maximum (white) intensity levels, respectively.  In contrast, 
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the pixel values of B are confined to be a member of {n/(m-1)|n=0,…,m-1}, where m 

is the number of available output intensity levels. Without loss of generality, we 

assume that the size of images A and B is �×�, where �=2
k
 and k is a positive integer. 

For reference, I(x,y) denotes the pixel value of image I at position (x,y). 

 When threshold decomposition is applied, the input image A is first 

decomposed into m-1 images, each of which is denoted as Ad for d = 1…m-1, such 

that we have 
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for   d =1,2, …, m-1,   where A0(x,y)=1  for all (x,y)  (2) 

 With eqn.(2), we can decompose an input image into m-1 images (also 

referred to as layers) with different intensity scales.  A layer of smaller index value 

carries more energy and is referred to as a higher energy layer while a layer of larger 

index value is referred to as a lower energy layer for reference purpose hereafter.  

 After threshold decomposition, the layers are halftoned with a binary 

halftoning algorithm and the final multilevel halftone is obtained by summing up the 

binary halftones of all layers. Figure 1 shows how a multilevel halftone is produced 

with this conventional approach. 

 As mentioned before, layers are possessed to produce binary halftones one by 

one subject to a stacking constraint. The conventional approach favors the black dots 

and makes it difficult to preserve bright features in the image. This lowers the output 

quality. In order to avoid this bias, layers should not be processed sequentially 

according to their layer indices as the conventional approach does.  
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 Another observation we have had is that, in practice, human is more sensitive 

to dots of higher contrast. Hence, in the multilevel halftoning output, the relative 

locations among the dots of higher contrast should be more critical. From this point of 

view, at any particular moment during the multilevel halftoning process, we should 

handle the layer of the maximum energy and the layer of the minimum energy 

simultaneously as, under the stacking constraint, the locations of the brightest and the 

darkest dots in the final multilevel halftone are determined by the binary halftoning 

results of these two layers. In other words, we should handle layers A1 and Am-1 first 

to position the dots of minimum intensity and those of maximum intensity, layers A2 

and Am-2 next to position the dots of second minimum intensity and those of second 

maximum intensity, and so on. This process should be repeated until all layers are 

handled to reach the final multilevel halftoning output. 

 

3. PROPOSED ALGORITHM 

 In theory, there is no limitation on selecting the binary halftoning algorithm 

used to halftone a layer when threshold decomposition is exploited. As Feature-

persevering multiscale error diffusion (FMED)[10] has been proved to be effective in 

preserving features and it is more flexible to introduce dots of different nature to the 

outputs of individual layers, naturally it is selected to halftone the layers in our 

proposed algorithm.  

 FMED is a two-step iterative method developed based on multiscale error 

diffusion (MED)[11].  In the first step it searches for the most critical pixel location to 

assign a minority dot in a region and then diffuses the quantized error of the selected 

pixel to its neighbors. We adopt the general idea of FMED and apply it to our 

proposed multilevel halftoning algorithm with modification. 



6 

 

 Figure 2 shows the operation flow of the proposed algorithm for producing an 

m-level output, where m is a positive odd integer. The whole multilevel halftoning 

process is split into (m-1)/2 stages. In the first stage, layers A1 and Am-1 are processed 

to locate the darkest and the brightest pixels in the final multilevel halftone. To 

achieve this, we alternately locate a pixel in layer Am-1 to assign a ‘1’ and locate a 

pixel in layer A1 to assign a ‘0’. Under the stacking constraint, this is equivalent to 

alternately positioning the brightest and the darkest dots in the final multilevel 

halftoning output of the input image. 

 Though layers An for n = 2, 3,… m-2 do not contribute to this stage of process, 

they are affected by the processing result of this stage. According to the stacking 

constraint, when a pixel in the brightest layer is selected to put a black dot in its 

binary halftone, black dots must also be assigned to the corresponding pixels in the 

binary halftones of all lower energy layers to maintain the consistency. Based on the 

same philosophy, when a pixel in the darkest layer is selected to put a white dot in its 

binary halftone, white dots must also be assigned to the corresponding pixels in the 

binary halftones of all higher energy layers. Hence, the corresponding pixels in layers 

other than A1 and Am-1 should also be assigned a corresponding value when a pixel is 

selected in either layer A1 or Am-1 to put a dot. For each one of the affected layers, the 

quantization error of the selected pixel should be diffused to its neighbors in the same 

layer. 

 After stage 1, the binary halftones of layers A1 and Am-1 are finalized and they 

will not be affected in the subsequent stages of the proposed multilevel halftoning 

algorithm. Layers A2 and Am-2 now, respectively, become the brightest and the darkest 

layers among those have not yet been processed and hence they are the two most 

critical layers. Accordingly, they are processed in the second stage. Based on the same 

philosophy, layers are paired up to be processed in subsequent stages until all of them 
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are processed to produce m binary halftones.  In general,  we process layers An and 

Am-n in stage n for n = 1, 2, … (m-1)/2.  

 Suppose we are now processing layers An and Am-n in stage n, where n≤(m-

1)/2. At the beginning of the stage, we have to estimate the white dot budget for the 

lower energy layer Am-n and the black dot budget for the higher energy layer An as 

follows. 
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where �o is the total number of the pixels which have not yet assigned a value in the 

binary output plane of layer An. A budget ratio is then determined as 
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 To achieve a balance on preserving dark and bright spatial features in an 

image, we remove the bias in either white or black dots by alternately positioning 

them under the guidance of the budget ratio. When dots are put in the layers, the black 

dot budget for layer An and the white dot budget for layer Am-n are consumed 

accordingly. At the time when we determine which type of dots should be position 

next, we can pick the one that minimizes the difference between the budget ratio and 

the ratio of the remaining white dot budget to the remaining black dot budget.   

 The search of the pixel to put a dot is based on an energy plane E. If a white 

dot is desired, the energy plane E is initialized to be layer Am-n. Otherwise it is 

initialized to be layer An. The search is carried out as follows. Starting with the 

selected energy plane E as the region of interest, we repeatedly divide the region of 

interest into nine overlapped sub-regions of equal size and pick a sub-region among 

them to be the new region of interest based on a selection criterion. When we are 
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looking for a dark pixel in layers An, minimum intensity guidance is adopted and we 

pick the one having the smallest sum of its pixel values. Otherwise, maximum 

intensity guidance is adopted and the one of the largest sum is picked. We repeat the 

above steps to update the region of interest until a pixel location is reached.  

 Without loss of generality, let Ak be the layer that we have located a pixel to 

put a dot and the location of the pixel is (p,q). A dot of corresponding intensity level 

is then put at Bk(p,q), where Bk is the binary output plane of layer Ak. The difference 

between Bk(p,q) and Ak(p,q) is then diffused to Ak(p,q)’s neighbors to update layer Ak. 

In particular, layer Ak is updated with the diffusion equation defined as follows. 
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where Ak(x,y) and A’k(x,y) are, respectively, the values of pixel (x,y) in layer k before 

and after the error diffusion process, Bk(p,q) is the value assigned to pixel (p,q), R(x,y) 

is a mask defined as 
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ws,t  for (s,t)∈Ω is a filter weight of a non-causal diffusion filter with support Ω, and  
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 Under the stacking constraint, some other layers will also be affected and they 

should also be updated. In particular, we have 
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 For each affected layer Ai, we diffuse the error at pixel (p,q), which is the 

difference between Bi(p,q) and Ai(p,q), to Ai(p,q)’s neighbors with eqn. (5) to update 

layer Ai as well.  

 Dots are consumed one by one and the layers are updated as mentioned above 

until all white dot budget for the lower energy layer Am-n  and all black dot budget for 

the higher energy layer An are used up. The pixels whose values in Bm-n and Bn are 

left unassigned are backfilled as follows to complete the construction of the binary 

halftones of layers Am-n  and An. 

1)( =x,y
n

B  for all (x,y) in  Bn  not assigned 0  (10) 

and 

0)( =− x,y
nm

B   for all (x,y) in  Bm-n  not assigned 1  (11) 

This backfill process does not affect any other layers and it concludes the operation of 

this stage. 

 Layers are handled two by two until all of them are processed to produce their 

binary halftones. The multilevel halftone is then obtained by combining their binary 

halftones as follows. 

∑
−=−

=
121

)(
1

1
)(

mn

x,y
m

x,y
...,

nBB                                          (12) 

Figure 3 shows the flow of the proposed multilevel halftoning algorithm in a 

form of pseudo code.  It summarizes the operation of the algorithm proposed in this 

section.  

As a remark, we note that, though the pseudo code provided in Figure 3 is for 

producing an odd-level multitone, it can be easily modified to handle the case for 

producing an even-level multitone based on the same idea presented in the paper. 
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4. SIMULATIO� 

 Simulation was carried out to evaluate the performance of the proposed 

method with seven standard 256 gray-level testing images including Lena, Boat, 

Goldhill, Barbara, Airplane, Peppers and Baboon. Each one was 512×512 in size. For 

comparison, the performance of three additional conventional threshold 

decomposition-based multilevel halftoning algorithms ([7], [8] and [9]) was also 

evaluated in the simulation. In particular, Suetake et al.’s algorithm[7] halftones each 

layer with standard error diffusion using Floyd Steinberg’s diffusion filter with 

serpentine scanning while Fung et al.’s algorithm [9] halftones each layer with FMED. 

Both algorithms adopt the decomposition scheme specified in eqn. (2) as the proposed 

algorithm does. In contrast, Rodríguez et al.’s algorithm [8] exploits another 

decomposition scheme to provide desired noise characteristics according to their 

suggested blue noise multitoning structure. We also include Sarailidis et al.’s 

algorithm [3] in the comparison as a reference though it is not a threshold 

decompositon-based multilevel halftoning algorithm. It is included because it also 

stems from MED as the proposed algorithm does.  

 Figures 4 and 5 show some regions of the 3-level halftoning results of two 

testing images for subjective evaluation. The original image shown in Figure 4(a) 

carries a lot of image details.  Whether these details can be faithfully reported in the 

halftoning output is a challenge to the evaluated algorithms. In this aspect, the 

proposed algorithm performs the best and Fung et al.’s algorithm follows.  One can 

see that they can report the texture of the rooftop of the house in white, the window 

frames, the white line behind the head of the pedestrian, the vertical drain pipe in the 

left middle of the image and its shadow on the wall better than the others.  From 

Figure 4(c), one can even see the white dot on the right top of the image which marks 



11 

 

a cow in the field behind the row of terraced houses.  This feature is missing in all 

other algorithms’ outputs. 

 The image details of the original image shown in Figure 5(a) are not as rich as 

that shown in Figure 4(a). However, the proposed algorithm can still provide an 

output of better quality. This can be verified by inspecting the U.S. air force roundel 

logos and the flight numbers printed on the aircrafts shown in Figure 5. We note that 

there are a lot of smooth regions in the original image shown in Figure 5(a) and they 

can also be rendered well with the proposed algorithm without being sharpened. 

 Figure 6 shows the halftoning results of a gray level ramp strip. The output of 

the proposed algorithm offers a smooth transition and there is no banding artifact 

found in its output. 

 Both Fung et al.’s and the proposed algorithm are FMED-based multilevel 

halftoning algorithms and adopt the same threshold decomposition scheme. Their 

only difference is that Fung et al.’s handles the layers one by one while the proposed 

algorithm handles them two by two such that the two layers with the largest contrast 

among those not yet processed can be processed at the same time to remove the bias 

to either bright or white dots. This makes the proposed algorithm be able to preserve 

both bright and dark features in a way better than Fung et al.’s algorithm. As evidence, 

Figure 7 shows the halftoning results of a combined artificial testing image in which 

there are only four input gray levels. To a certain extent, both the bright and dark 

characters in Figure 7(b) are more recognizable than those in Figure 7(c).   

 Fung et al.’s, Sarailidis et al.’s and the proposed algorithms all stem from 

MED but they perform differently in preserving the spatial features. As a matter of 

fact, whether a halftoning algorithm can preserve spatial features in its halftoning 

outputs relies on whether it can put the dots of right levels at the critical places to 

construct the visual structure of the features. MED is just a tool used to locate those 
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critical places as soon as possible such that there is less contraint for us to assign 

appropriate output levels to these locations. The proposed algorithm performs better 

because it makes a better use of the tool.   

Figures 8 and 9, respectively, show the 5-level and the 7-level halftoning 

results obtained with different multilevel halftoning algorithms for evaluation. Their 

original is shown in Figure 4(a) for comparison. In general, for the same multilevel 

halftoning algorithm, the more the output levels of its produced multitone, the better 

the quality of the multitone is. By comparing the rooftops in the Figures, one can tell 

that the proposed algorithm can preserve the spatial details better no matter how many 

output levels a halftone contains. However, the difference between the output of Fung 

et al.’s [9] and that of the proposed algorithm becomes less significant when there are 

more output levels.  

The complexity of the proposed algorithm is in the order of O(�s), where �s is 

the total number of pixels of the input image. Note that, in the proposed algorithm, 

once a pixel location of the image is picked, the binary output values of the 

corresponding locations in all layers are determined and hence the number of layers 

contributes almost nothing to the complexity. For conventional threshold 

decomposition-based algorithms like [7], [8] and [9], layers are halftoned one by one 

and hence the complexity is directly proportional to the number of layers. As a final 

remark, we also note that the complexity of the proposed algorithm can be 

significantly reduced with the approach proposed in [12] to achieve a real-time 

implementation. 

5. CO�CLUSIO�S 

 When threshold decomposition is applied to perform multilevel halftoning, the 

given input image is decomposed into a number of layers. Layers are then halftoned 

with a binary halftoning algorithm one by one subject to a stacking constraint. The 
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final multilevel halftone is constructed by summing up the resultant binary halftones 

of the layers. In conventional approaches, layers of higher energy are handled first 

and it implies that the pixels of lower intensity levels in the multilevel halftoning 

result are positioned first. This bias makes us difficult to preserve bright spatial 

features. Our proposed method changes the processing order of the layers such that 

the pixels of extreme intensity levels in the multilevel halftoning output are always 

positioned first. By doing so, the bias is automatically removed. Besides, the dots of 

larger contrast can be positioned earlier to improve the visual quality of the output. 

The suggested change can be easily supported by FMED to provide an output of high 

quality. Simulation results showed that the proposed method can provide a better 

result than the conventional threshold decomposition-based algorithms such as [7], [8] 

and [9]. 
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Figure 1  Flow of a conventional multilevel halftoning algorithm based on threshold 

decomposition 

 

 

 

Figure 2     Flow of the proposed algorithm for producing a m-level halftone 
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Decompose input image A to m-1 layers 

Initialize mask R(x,y)=1 for all (x,y) to indicate they have not been processed  

FOR  layer pair n=1,2,…(m-1)/2 

 Budget1 = round (Σ(x,y)
 Am-n(x,y)) 

 Budget0 = round (N0 - Σ(x,y)
 An(x,y)) 

 BudgetRatio = Budget1/Budget0; 

 WHILE  Budget1+Budget0 > 0 

  IF   Budget1 ≥  BudgetRatio × Budget0 

   Energy plane E = Am-n 

   Search for a pixel location in E via maximum intensity guidance 

   FOR   i = n to m-n  

    Bi(xo,yo) = 1           % Assume that the location is (xo,yo) 

    Diffuse error of Ai(xo,yo)  to its neighbors in Ai 

   END 

   Budget1 = Budget1 – 1 

  ELSE  

   Energy plane E = An  

   Search for a pixel location in E via minimum intensity guidance 

   FOR i = n to m-n 

    Bi(xo,yo) = 0           % Assume that the location is (xo,yo) 

    Diffuse error of  Ai(xo,yo) to its neighbors in Ai 

   END 

   Budget0 = Budget0 - 1 

  END 

  Update mask R(xo,yo)=0 to indicate pixel (xo,yo) was processed 

 END 

 Bn(x,y) = 1          for all (x,y) in Bn not assigned 0 

 Bm-n(x,y) = 0       for all (x,y) in  Bm-n  not assigned 1 

END 

Multilevel halftone is 
 
B(x,y) = (Σn=1,2,…m-1 Bn(x,y))/(m-1) 

Figure 3    Pseudo code of the proposed halftoning algorithm 
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(a)  Original                      (b)   Rodríguez et al. [8] 

    
(c)  Ours                    (d)  Fung et al. [9] 

    
(e) Suetake et al. [7]                                       (f) Sarailidis et al. [3] 

Figure 4   Parts of 3-level halftoning results of ‘Goldhill’: (a) Original, (b) Rodríguez et al.[8], 

(c) the proposed algorithm, (d) Fung et al.[9], (e) Suetake et al.[7] and (f) Sarailidis et al.[3] 
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(a)  Original                (b)   Rodríguez et al. [8] 

    
(c)  Ours                   (d)  Fung et al. [9] 

    
(e) Suetake et al. [7]                                 (f)    Sarailidis et al. [3] 

Figure 5  Parts of 3-level halftoning results of ‘Airplane’:  (a) Original, (b) Rodríguez et al.[8], 

(c) the proposed algorithm, (d) Fung et al.[9], (e) Suetake et al.[7] and (f) Sarailidis et al.[3] 
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Figure 6     3-level halftoning outputs of a gray-scale ramp obtained with different algorithms
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(a) Original (b) Ours (c) Fung et al. [9] 

 

   

   

(d) Suetake et al. [7] (e) Sarailidis et al. [3]   (f) Rodríguez et al. [8] 

 

Figure 7     3-level halftoning outputs of artificial testing images 
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(a)  Ours                    (b)  Fung et al. [9] 

    
(c) Suetake et al. [7]                                       (d) Sarailidis et al. [3] 

Figure 8   Parts of 5-level halftoning results of ‘Goldhill’: (a) the proposed algorithm, (b) 

Fung et al.[9], (c) Suetake et al.[7] and (d) Sarailidis et al.[3] 
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(a)  Ours                    (b)  Fung et al. [9] 

    
(c) Suetake et al. [7]                                       (d) Sarailidis et al. [3] 

Figure 9   Parts of 7-level halftoning results of ‘Goldhill’: (a) the proposed algorithm, (b) 

Fung et al.[9], (c) Suetake et al.[7] and (d) Sarailidis et al.[3] 

 


