hitps: //d0| org/10.2352/ISSN.2169-4451.2020.36.69
2020, Society for Imaging Science and Technology

3D Halftoning based on Iterative Method Controlling Dot

Placement

Fereshteh Abedini, Sasan Gooran, and Daniel Nystrom; Media and Information Technology Division, Department of Science and

Technology, Linképing University; Norrképing, Sweden.

Abstract

Realistic appearance reproduction is of great importance
in 3D printing’s applications. Halftoning as a necessary process
in printing has a great impact on creating visually pleasant
appearance. In this article, we study the aspects of adapting and
applying Iterative Method Controlling Dot Placement (IMCDP)
to halftone three-dimensional surfaces. Our main goal is to
extend the 2D algorithm to a 3D halftoning approach with minor
modifications. The results show high-quality reproduction for all
gray tones. The 3D halftoning algorithm is not only free of
undesirable artifacts, it also produces fully symmetric and well-
formed halftone structures even in highlight and shadow regions.

Introduction

2D printing and reproducing images in two-dimensional
domain have been well-studied for several decades. Many
technologies and algorithms have been developed to improve the
quality of print productions.

In printing applications, halftoning is a necessary process
and plays a significant role in the quality of the image
reproduction. Halftoning algorithms can be divided into three
main categories: thresholding and table halftoning, error
diffusion, and iterative methods. In thresholding, pixels are
converted to black or white pixels based on a simple comparison
with a threshold. Thresholding is a simple point-by-point
halftoning method but it does not always result in satisfying
halftone quality. Error diffusion which first was introduced in [1]
produces halftoned images with higher quality than thresholding,
but still generates different artifacts. Many studies have been
conducted to reduce these artifacts and improve the quality of
halftoned images using error diffusion.

While thresholding and the original error diffusion suffer
from low halftone quality and several artifacts, the third category
of halftoning methods, iterative halftoning, obtain the highest
quality at the cost of computational complexity. Direct Binary
Search (DBS) [2] and Iterative Method Controlling Dot
Placement (IMCDP) [3] fall into this category.

Over the past few years, 3D printing has received a growing
attention from industries and researchers. However, compared to
2D printing, 3D printing and 3D surface reproduction still
require more development and progress. Numerous technologies
and studies have emerged which paved the way toward creating
complex 3D surfaces and reproducing realistic appearance.
Among them, voxel-based printing technology, which enables
full control over every single voxel, provides the possibility to
create smoother surfaces with higher resolution. Voxel-level
control of 3D prints enables high-quality surface and image
reproduction in three-dimensional domain.

Several studies have been conducted to take advantage of
the extensive knowledge and research in 2D printing in order to
adapt 2D halftoning algorithms to 3D domain. Lou and Stucki
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were among the first scientists who adapted 2D dithering and
error diffusion to 3D domain [4]. In [5], 3D dithering has been
applied to material composition as a halftoning approach. Error
diffusion has been adapted to halftone layer based 3D surfaces
in [6] . Brunton, et al. proposed a surface traversal algorithm to
visit every voxel of a three-dimensional object. Then, they
adapted 2D error diffusion to a 3D halftoning method, producing
full color with voxel-based printing technology, compatible with
translucent printing materials [7]. In [8], DBS algorithm is
applied to 3D printing for the first time and redeveloped to
halftone monochrome 3D surfaces. Michals, et al. proposed a
three-dimensional extension of 2D tone dependent fast error
diffusion. Their method seeks to achieve the halftone quality of
iterative halftoning methods by using the concepts of DBS and
error diffusion halftoning [9].

While 3D error diffusion halftoning suffers from several
artifacts, the iterative methods can produce higher halftoning
quality in 3D domain. It has been reported that 3D error diffusion
generates radial and comb artifacts [9]. By adapting 2D search-
based halftoning algorithms to 3D shapes, the quality of the
halftones has been shown to increase significantly [8-9].
Improving halftoning algorithms and decreasing the artifacts is a
substantial step to produce visually pleasant structures and high-
quality appearance reproduction, which still needs more
improvement in three-dimensional printing applications.

The 2D IMCDP halftoning method is a color channel
dependent halftoning method which has been proved not only to
produce higher quality halftones, but also to reduce the amount
of ink needed to reproduce colors [3]. Later, the authors used
predetermined and image-independent threshold matrices to
increase the IMCDP speed by making it a point-by-point
halftoning process [10]. Due to the high-quality halftoning
results achieved by 2D IMCDP and the possibility to enhance the
performance by making it a point-by-point halftoning algorithm,
the aspects of extending the 2D IMCDP to 3D domain and
adaptation to halftone three-dimensional surfaces are studied in
this paper.

In the present work, we propose a three-dimensional
extension of IMCDP. In the following section, we give a brief
description of 2D IMCDP, then our proposed method and how
the 2D IMCDP is extended to a 3D halftoning method is
elaborated. Subsequently, we present and discuss the results of
the proposed 3D IMCDP, where we also provide a comparison
of the proposed method with 3D error diffusion. Finally, a
conclusion of this article is given.

2D IMCDP

Iterative Method Controlling Dot Placement (IMCDP)
halftoning was presented in [3]. In this method, the halftoning
problem is defined as placing a predetermined number of dots in
a blank image the same size as the original. IMCDP places dots
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in the initially empty image in a fashion that the resulting
halftoned image resembles the original.

It is assumed that the original continuous-tone image is
scaled between 0 and 1, and is going to be converted to a binary
image where 0 and 1 represent white and black, respectively. The
absorptance is used to describe gray tone levels. An absorptance
of 1 corresponds to black tone of ink on the paper and
absorptance of O corresponds to white tone where no ink is
applied on the paper.

The original image and the halftoned image should have the
same average values over similar tonal regions because the
perception of lightness/darkness is in direct proportion with the
number of black dots in the halftoned image. As a consequence,
the number of black dots in a tonal region in the halftoned image
should equal the sum of the pixel values of the corresponding
region in the original image. Considering this, the total number
of dots to be placed in different tonal regions of the halftoned
image is known in advance. Assume that the size of the original
image is nXn pixels, and pixels in the original image are holding
an average gray tone value of p (0<p<1). Then, the total number

of dots which should be placed in the halftoned image would be

pn?.

IMCDP starts with a blank image, the same size as the
original, and continues with searching over the whole original
image for the pixel holding the maximum value, i.e. the darkest
pixel. Once this pixel position is found, a “1” is placed in the
corresponding position in the halftoned image, representing the
darkest pixel. The impact of the placed dot is fed-back to the
original image by a filter. As the human eye acts as a low-pass
filter, it is reasonable to compare low-pass filtered versions of
the original image and the halftoned image in each iteration. The
low-pass filtered version of the original image is subtracted from
the low-pass filtered version of the halftoned image in each
iteration. Figure 1 shows the block diagram of the 2D IMCDP
algorithm.

Experiments in [3] showed that a Gaussian filter with a
standard deviation of 1.3 truncated to 11x11 pixels leads to
desired halftone results in most cases. Applying the filter to the
11x11 neighboring pixels, centered at the pixel holding the
maximum value, decreases the values of the neighborhood based
on the distance from the center, hence reducing the probability
of finding the next maximum in this area.

Next, the pixel with the second largest value is found in the
modified reference image and the second dot is placed at its
corresponding position in the halftoned image. In each iteration,
the pixel with the largest value is replaced with a “1” in the target
halftoned image and its effect is fed-back to the halftoning
process. The process continues until all the predetermined
number of black dots are placed and the halftoned image is
created.

Since the algorithm is designed to search for the maximum
pixel value at each iteration, a very small amount of noise is
added to the original image before halftoning to avoid structures
in areas with constant tone values.

IMCDP reproduces most of the gray tones quite well, but in
highlight and shadow regions, i.e. in regions with gray tones
lighter than 0.04 and darker than 0.96, the dots are not distributed
as homogeneously as expected [3, 10]. The reason is that the
11x11 filter is not big enough for these regions. Assume that the
average distance between two dots, i.e. the principal wavelength,
is a, and the average pixel value is p. To have a homogeneously
halftoned image of size nxn pixel, we then have:
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Figure 1. Block diagram of 2D IMCDP.

a’pn’=n’ 1)
Therefore, the average distance between the dots is:

a=,/1/p )

Consequently, the size of the filter would be (2a+1x2a+1)
[3]. In the regions with gray tones lighter than 0.04 and darker
than 0.96, a filter with varying size is used and the principal
wavelength corresponding to the gray tones decides the size of
the filter in these regions [10].

Figure 2 presents the results of 2D IMCDP halftoning for
different constants gray tones in patches of size 120x120 pixels.
A relatively low resolution of 100 dpi is used to ensure that dots
and the halftone structure are clearly visible. A Gaussian filter
with a standard deviation of 1.3 truncated to 11x11 pixels is
applied to the patches. As shown, IMCDP reproduces these gray
tones well and the dots are homogenously distributed over every
patch.

IMCDP reproduces well-formed halftoned images by
operating on the whole original image iteratively. But, iterative
halftoning approaches usually suffer from high computational
cost and slow performance when the input image is large [10]. In
[10], predetermined image-independent threshold matrices are
introduced to make IMCDP a point-by-point method resulting in
a faster approach. Generating in-built thresholding matrices
makes the halftoning process quick. Moreover, it enables the
user to have control over the halftone structure, cluster dot size,
shape, and alignment [10].

(a)
Figure 2. Samples of patches halftoned by 2D IMCDP at different
absorptance: (a): 0.1, (b): 0.5, (c): 0.9.

(b) (c)

3D IMCDP

Halftoning 2D images using IMCDP has been proposed in
[3] and briefly described in the previous section. As 2D IMCDP
has proven to produce high quality halftones and further been
extended to a point-by-point halftoning process [10], adapting it
to 3D domain would be valuable and the main focus of the this
work is to evaluate this adaptation. In adapting 2D IMCDP to 3D
domain, we will keep the original pipeline of the algorithm, but
to adapt it to 3D shapes, a modified method is used for applying
the Gaussian filter. We refer to this extension of 2D IMCDP as
3D IMCDP halftoning. Our main concern about 3D IMCDP is to
find an approach which requires slight changes to adapt 2D
IMCDP to 3D. Furthermore, the 3D extension of IMCDP should
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result in the same output as 2D IMCDP in regions where the 3D
shape mimics a 2D surface.

The input to the three-dimensional reproduction process is
a 3D shape. The 3D shape is first sliced horizontally, parallel
with the x-y plane, and then voxelized. During voxelization, a
regular grid of voxels is created. Voxels are divided into three
types: exterior, surface, and interior voxels [7]. In the present
work, we only consider surface voxels. Each voxel is defined
with an array of elements holding the cartesian coordinates of its
center. Surface voxels are assigned with gray tone values. The
algorithm takes the coordinates and gray tone value of the voxels
as input and produces the halftoned data for each coordinate as
output.

After voxelization and assigning tonal values to the surface
voxels, the 3D IMCDP halftoning starts by finding the position
of the voxel holding the maximum value. Then, according to the
original 2D IMCDP, a Gaussian filter should be applied to the
neighboring voxels. In a 3D shape, this means, the Gaussian filter
is subtracted from the surface voxels within a box of size
mxmxm centered at the voxel with the maximum value (O). This
subset of neighboring voxels is denoted by N and all surface
voxels of the 3D shape which fall into this area are called
neighbors (V;EN). In 2D IMCDP, an mxm filter covers exactly
mxm number of pixels. However, due to the geometrical
characteristics of a 3D shape, the total number of surface voxels
which are within the neighbors’ subset and are used in
calculations, varies with its location on the shape. Figure 3 shows
examples of neighbors (V;) at different locations of a sphere.

The Gaussian kernel in 3D domain has the following form:

RG iz
202

o 3)
G(xy,y1,2;)=Ke

K is the normalization constant and comes from the fact that
the sum of the filter elements equals to 1. R is the three-
dimensional distance of each filter element from the central point
(O) and is calculated based on Equation 4:

R(%yy1,2:) =\/(X1'X0)2+(Y1'Y0)2 +(zi-2¢)? @

(X0,¥0,29) is the coordinate of the voxel with maximum
value, located at the central point of surface voxels (O), and (x;,
Vi,Zi) is the coordinate of a neighboring voxel within the
neighbors’ subset (V;EN,).

As demonstrated in Figure 1, after finding the voxel with
maximum value, a 1 (black dot) is placed at the location of the
voxel with the maximum value on the empty shape. Next, the
filter element corresponding to each neighboring voxel is
computed using equation 3. Then, the filter elements are
subtracted from the corresponding neighboring voxels’ values
within the filter area surrounding the maximum value voxel. The
halftoning continues with finding the next maximum until the
predetermined number of dots are placed and the final halftoned
3D shape is achieved.

Halftoning 3D surfaces based on Equation 3 (referred to as
Gauss method in this paper) reproduces gray tones quite well.
However, according to our experiments, circular artifacts might
occur in some tonal regions. Figure 4 illustrates the problem of
circular effects. This problem is derived from the geometrical
characteristic of the voxelized 3D shape and the Gaussian filter
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Figure 3. The surface voxels within a box of size mxmxm on different
positions of a sphere with the radius of 25. In this case, m=11 and the total
number of voxels covered by the 3D filter varies in the range of [97,130].

used.

Consider the situation shown in Figure 5a. A Gaussian filter
of size 11X 11 is applied on a neighborhood centered at the black
voxel located at (X¢,¥0,29)=(10, 2, 20). Two neighboring voxels
located at (x1,y1,21)=(13, 2, 20) and (X;,y,,22)=(7, 4, 20) are
colored in blue. These two voxels” Euclidean distances to the
central voxel according to Equation 4 are /9 and /13,
respectively. Using Equation 3, the normalized filter elements
for these two voxels would be 0.0078 and 0.0024, respectively.
As one can see, these two neighboring voxels are both located
three-voxel away from the centered voxel. Comparing with the
weights in a 2D filter, these two voxels should receive similar
weights. However, due to the geometrical characteristic of the
3D shape, their three-dimensional distances are different and
these two voxels will not receive similar weights. Calculating the
filter elements for these two neighboring voxels using the Gauss
method for a 3D shape results in values which differ a lot. This
big difference between filter elements causes circular patterns.
Hence, decreasing the difference will reduce the circular effects.

To improve the algorithm and remove the circular patterns,
we propose to change the way of assigning weights and we
proceed as follows: First, the voxels in the specified
neighborhood (V;€N) are sorted based on their three-dimensional
distance from the central voxel (O), in ascending order.
Assuming that the size of the filter is mxm, if the total number
of voxels in the filter is greater than mxm, only the first mxm
voxels are included. This means that voxels which are very far
from the central voxel are ignored. This would not cause any
error since the calculated weights for these elements are close to
zero. If the number of total voxels is less than mxm, only the

Figure 4. Circular effects in the 2D x-y view (top view) of a sphere with
radius of 100 and absorptance of 0.5, halftoned by Gauss method.
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(a)

(b)
Figure 5. (a): The Gaussian filter applied on a sphere with the radius of 15.

(b): comparison of Gauss and Gauss2 approach in assigning filter elements
to the voxels.

available voxels are included in the calculations. Next, a two-
dimensional Gaussian function is defined, which consists of
mxm weights. Weights are sorted in descending order. In the
next step, the largest weight is assigned to the closest voxel to
the under-operation voxel and continuing so, the smallest weight
is assigned to the voxel which has the maximum distance from
the central voxel. Now, the 3D Euclidean distances still decide
on assigning the weights from a 2D Gaussian filter to the
corresponding voxels, but they are not directly used for
calculating the weights. The improved method will be denoted
as Gauss?2 in this paper. Figure 5b shows how symmetrical the
filters created by Gauss and Gauss2 methods for the ten colored
voxels in Figure 5a are. Considering this row of voxels in Figure
Sa, there are five voxels to the left and five voxels to the right of
the central voxel. The absolute value of the difference between
the weights being assigned to the right voxel and the weight
being assigned to its counterpart to the left is calculated. The
difference for each two voxels equally far from the central voxel
shows how symmetric the filter is. The smaller the difference,
the more similar the corresponding weights. According to this
graph, the difference between filter elements calculated for
neighboring voxels, which are located at the same distance from
the central point on the surface, are smaller when the improved
method, Gauss2, is used. This illustrates that Gauss2
outperforms Gauss in generating identical weights for the
equally important voxels. Figure 6 shows the projection of a
sphere with radius 100 and a constant absorptance of 50%
halftoned using Gauss2. According to this figure, Gauss2 works
well and comparing it with the same sphere halftoned with Gauss
in Figure 4, verifies that circular effects are removed.

To evaluate the performance of our improved algorithm for
different absorptances, we applied Gauss2 to a sphere with initial
voxel values of different absorptances defined as a ramp. The
voxels in the first slice are assigned with the lightest tone and as
the shape winds up toward the top of the sphere, the voxel values
gradually increase. This means that the voxels in the last slice are
assigned with the darkest tone. All voxels in the same slice hold
the same absorptance. Figure 7 shows three 2D projections of the
halftoned sphere. The algorithm performs quite well for most of
the absorptances, but according to Figure 7a and 7b, dot
placement in highlight and shadow regions, i.e. regions with very
low and very high absorptance is not satisfying.

As a matter of fact, highlights and shadows are more
sensitive to changes in gray tones and there is no control over the
number of dot placements in these critical regions. To solve the
problem and to have a more precise control over dot placement
in highlights and shadows, we define control regions for these
areas. We choose ten control regions in highlight areas, i.e. areas
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Figure 6. 2D x-y view (top view) of a sphere with radius of 100 and
absorptance of 0.5, halftoned by Gauss 2 method.

(a) (b)

(c)

Figure 7. 2D views of a sphere with radius of 100 with ramp gray tone input
of 0.01<absorptance<0.99, halftoned by Gauss2 method. (a): x-y top
view, (b): x-y bottom view, (c): x-z view.

with absorptance less than 0.04 and ten control regions in
shadows, i.e. areas with absorptance greater than 0.96 [3]. The
total number of dots to be placed in each control region is
determined in advance based on the corresponding regional
absorptance. Hence, in these regions, the algorithm will continue
until the predetermined number of black dots is placed in each
area. As can be seen in Figure 8, after adding the control regions,
dot placement for all the gray tones works properly.

In halftoning, it is very important to have a symmetric dot
placement in highlights and shadows. Thereby, the dot
placement should be symmetric for both sides of the mid-tone
level (50%) in a ramp of gray tones. For instance, the black dots
at 30% should have the same structure as the white dots at 70%.

According to the 2D projection of the halftoned sphere in
highlight and shadow regions in Figure 8, white dots and black
dots are not distributed symmetrically. That means our approach
cannot generate symmetric halftones. To improve the algorithm
and achieve symmetric halftone structure in all gray tone regions,
we proceed as follows: In each iteration, first, the location of the
voxel with maximum value, in light tone regions
(absorptance<0.5) and the voxel with minimum value, in dark
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Figure 8. 2D views of a sphere with radius of 100 and initial voxel values
as a ramp, halftoned by Gauss2 with control regions method. (a): x-y top
view, (b): x-y bottom view.

tone regions (absorptance>0.5), are found. Then, a 1 is placed at
the maximum voxel position and a 0 is placed at the minimum
voxel position in the initial blank 3D shape. To ensure that the
voxels at these positions would not be found as the maximum or
the minimum in the next iterations, a large negative number is
placed at the position of the maximum voxel value and a large
positive number is placed at the position of the minimum voxel
value. Then, the algorithm continues with calculating the filter
elements and the feedback process, i.e. subtracting (or adding)
the filter elements from (or to) the neighboring voxels. The
process continues until the predetermined number of 1s and Os
are placed in light and dark tone regions, respectively. As
illustrated in Figure 9, when the algorithm terminates, a
symmetric structure is achieved in both sides of the gray tone
ramp.

After this additional algorithm improvement, the 3D
IMCDP produces symmetric and homogeneous halftone
structure for every gray tone.

Results and Discussion

To illustrate the performance of the proposed 3D IMCDP
halftoning, the algorithm is applied to a voxelized sphere. The
simulations are performed in MATLAB. Figure 10 shows a
sphere of radius 150 halftoned with our proposed 3D IMCDP
algorithm for a ramp gray tone input with absorptance values
between 0.01 and 0.99. Based on our experiments, a Gaussian
filter of size 11x11 with standard deviation within the range of
1.3<0<1.7 results in visually pleasant outputs with minimal
artifacts. For mid-tone gray tone, a standard deviation of 1.3 is
applied and for highlight and shadow regions, it gradually
increased to 1.7. According to Figure 9 and 10, the algorithm
reproduces the gray tones well, dots are placed homogeneously,
and halftone structure is symmetric.

The results of the 3D extension of the IMCDP is also
compared with the 3D version of Floyd-Steinberg error
diffusion. Implementation of the 3D error diffusion has been
done by following the traversal algorithm proposed in [7].
Figure 11 illustrates a half-sphere of radius 150 which is
halftoned using 3D IMCDP and 3D Floyd-Steinberg error
diffusion. Results demonstrate that error diffusion causes more
visible artifacts on specific regular longitude and latitude, which
are clearly removed using 3D IMCDP algorithm. Moreover, the
halftone structure generated by 3D IMCDP is apparently more
homogeneous. The radial artifacts visible in Floyd-Steinberg
error diffusion halftoning in Figure 11 are in accordance with
what the authors have reported about their observation of
artifacts in 3D error diffusion in [9].
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Figure 9. 2D views of a sphere with radius of 100 and initial voxel values
as a ramp, halftoned by Gauss2 method after adding control regions and
finding a maximum and a minimum in each iteration. (a): x-y top view, (b):
Xx-y bottom view.

Finally, to evaluate the performance of the proposed
algorithm, an image is mapped by planar mapping on the sphere
and then halftoned. As can be seen in Figure 12, the algorithm
reproduces all the gray tones very well.

In order to test whether the 3D IMCDP is performing
equivalent to the 2D IMCDP, the halftoned 3D shape is projected
on the x-z plane. It is expected that the halftoning structures of
this projection results in an almost similar structure as 2D
IMCDP halftoning. Figure 13 presents this projection.
Disregarding the outer artifacts, which are derived from
projecting the 3D shape on a 2D plane, we observe that the 3D
extension of IMCDP produces different gray tones well and the
dot placement is homogeneous. Halftone structure and quality
obtained by applying 3D IMCDP is quite similar to what is
resulted from 2D IMCDP halftoning in Figure 2.

Figure 10. 3D IMCDP halftoned sphere of radius 150 with ramp gray tone
input of 0.01<absorptance<0.99.

(a)

(b)

Figure 11. Comparison of error diffusion and IMCDP halftoning on a half-

sphere of radius 150 with a constant input gray tone of 0.5 absorptance.
(a): 3D IMCDP, (b): 3D error diffusion.
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Figure 12. Result of halftoning an image mapped on to the sphere with
radius of 150.

Figure 13. Projection of the sphere of Figure 12 on x-z plane.

Conclusion

In this paper, an extension of IMCDP halftoning method has
been proposed, allowing IMCDP to halftone 3D shapes. Due to
the fact that highlight and shadows are more sensitive to changes
in gray tones, we added control regions to the algorithm to place
dots more accurately in these critical regions. In order to generate
symmetric halftone structures, the concept of finding maximum
and minimum voxel values in each iteration is introduced. As a
result, the proposed algorithm produces homogenous and
symmetric halftone structures for every gray tone. The 3D
halftoning results in high-quality halftones closely resembling
the results of 2D IMCDP.
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