Parallel Digital Halftoning by Error-Diffusion

Panagiotis Takis Metaxas
Department of Computer Science
Wellesley College
Wellesley, MA 02481

pmetaxas@wellesley.edu

ABSTRACT

Digital halftoning, or dithering, is the technique commonly used
to render a color or grayscale image on a printer, a computer
monitor or other bi-level displays. A particular halftoning
technique that has been used extensively in the past is the so-
called error diffusion technique. For a number of years it was
believed that this technique is inherently sequential and could not
be parallelized. In this paper we present and analyze a simple, yet
optimal, error-diffusion parallel algorithm for digital halftoning
and we discuss an implementation on a parallel machine. In
particular, we describe implementations on data-parallel
computers that contain linear arrays and two-dimensional meshes
of processing elements. Our algorithm runs in 2-n+m parallel
steps, a considerable improvement over the /0-m-n sequential
algorithm. We expect that this research will lead to the
development of faster printers and larger high-resolution
monitors.

Categories and Subject Descriptors
[.4.3 [Computing Methodologies]: Image Processing and
Computer Vision — enhancement,.

General Terms
Algorithms, Performance, Experimentation.

Keywords
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1. INTRODUCTION
1.1 Digital Halftoning

Halftoning is the single most important factor in image
reproduction for devices with a limited range of tone levels [6].
Digital halftoning, is a technique that is used to render a color or
grayscale image on a printer, a computer monitor or other
electronic displays that are capable of producing only binary
elements. It works by creating the illusion of continuous-tone
pictures on bi-level displays. In electronic imaging, the process is
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better known as “dithering” while in computer science the term
“digital halftoning” is more popular. We will use both of these
terms without distinction.

Figure 1. A 256 by 256 grayscale image (top) and the same
image halftoned (bottom).

Significant effort has been invested in the past to dithering, both
in industry and academia. The classic book by Ulichney [13] has a
comprehensive coverage of dithering techniques while Jones [5]



Figure 10. A snapshot of the algorithm dithering image of
Figure 1. The upper left corner of the image has been
dithered, while the remaining image continues to being fed
into the processor array.

The main implementation difficulty is to have each processor p;

in the linear array know, at some time step, which pixel to process
and where to send the resulting error fractions. As we mentioned,
the starting processor initiates the image dithering by processing
the three upper-leftmost pixels. We call the processing of three
consecutive pixels in the image a superstep.

A simple counting argument shows that processor p; ., to the

right of p; at time 7= 2a+lis ready to process pixels

(z, 3a+7), (1, 3a+t+1) and (T, 3a+T+2).

Processor p_, to the left of p, at time 7= 2a-1 processes pixels

(Ca+t, —a+t), (2a+t, —a+t+1and (2a+t, —a+t+2). Of course a
pixel (i,j) is only processed if / =i <n, and I =j < m, else it is
ignored.

Implementing these steps can be further simplified. Below, by
y++ (respectively, y--) we denote the C-like operation of
incrementing (respectively, decrementing) after using variable y.

*  Processor p;, Wwakes up at time a+/ and initializes

variables x = [/ and y = 3a+1. It then processes pixels
with coordinates (x, y++), (x, y++), (x++, y--) until all
of the image has been processed.

*  Processor p;_, wakes up at time 2a-/ and initializes

variables x = 3a-1 and y = -1. Then, it processes the
three pixels (x, y++), (x, y++), (x++, y--) until all of the
image has been processed.

The whole process can be captured in the following code fraction:

/* Error-Diffusion Dithering of a */
/* grayscale image with dimensions n by m */
/* Without loss of generality assume n <m  */

/* starting processor has procID == k */
k = ceil((n-1)/3);

/* initialization */

alpha = procID - k;

/* alpha < 0 for proc's to the left of starting
proc */

/* alpha > 0 for proc's on the right of starting
proc */

x = alpha + 1;

y = 2*alpha + 1;

/* processing */

for (t=1; t < 2*n+m; t++){
if valid pixel(x, y) process pixel(x, y++);
if valid pixel(x, y) process pixel(x, y+t);
if valid pixel(x,y) process pixel(x++, y--);

Procedure valid pixel(x, y) checkstoseeif / <x <nand!
< » < m. Procedure process_pixel(x, y) calculates the
dithered value of the pixel and the error from dithering, and sends
the appropriate portions of the error to the two neighboring
processors.

2.2. Analysis

Given a large enough group of processors P, the running time of
the algorithm is 7(n, m) = 2n + m, which is the time that the lower
right pixels is processed. The running time is asymptotically
smaller than /0-n-m that the sequential algorithm requires. Note
that the halftoning quality is not affected by processing column-
wise, so when n > m, the running time is 2m + n.

In existing parallel systems, communication is generally several
times more expensive than computation. Depending on the
communication-to-computation ratio of the particular system
used, it may be worth assigning a wider slanted area to each
processor.
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Figure 11. Dithering scheduling times for Fan’s modified
matrix. For [2] as well as [4] and [11], a decreased dithering
slope is needed to maintain the scheduling invariant |.



For P >[(ntm)/3 ]each processor evaluates at most 3n pixels,

where n is the number of rows in the image. If P < [(ntm)/3]
the image is divided in (n+m)/P wider slanted areas.

Fan’s error-dithering modification requires that the width of the
image slice be at least 4. To see that, observe that, since Fan’s
matrix sends part of the dithering error to the pixel at distance 2 to
its lower left, this pixel is not ready for dithering until after the
current processing step. Therefore, the scheduling steps have to be
modified as in Figure 11.

3. IMPLEMENTATION
3.1. Platform Description

In our parallel implementations we used a linear array and a two-
dimensional array of processing elements (PE’s). In the linear
array, each PE is has input/output capability and can communicate
directly with its left and right neighbors. The first and last
processors may have only one neighbor each or may be connected
to each other. A generalization of the linear array architecture is
the two-dimensional array (mesh). In this model, each processing
element is connected to and communicates with four neighboring
PE’s (typically called N, E, S, and W).

These two architectures, and in particular the linear array, can be
found embedded on every existing general-purpose parallel
machine and can also be constructed from scratch by connecting
processor/memory chips. Leighton's classic book [8] has an
excellent coverage on embedding linear arrays on a variety of
interconnection architectures, including multidimensional arrays,
hypercubes, trees, mesh-of-trees, etc.

We now briefly describe the MasPar parallel computer we used in
our implementations. A MasPar system consists of four sections
(Figure 12): The Processor Element (PE) Array, the Array Control
Unit (ACU), the UNIX front-end subsystem and a high-speed 1/0
subsystem.

The PE array forms the computational core of the MasPar system
and includes 1K, 2K, 4K, 8K or 16K PEs operating in parallel.
Each PE is a custom designed register-based RISC Processor with
64KB of dedicated data-memory and forty 32-bit registers. A fully
configured MasPar MP-1 has a peak performance of 26K MIPS
(million instructions per second) and 1.2G single-precision
FLOPS (floating-point operations per second), while a fully
configured MP-2 with the second-generation, faster, PE chips
raises this performance to 68K MIPS and 6.3G single-precision
FLOPS. Data is transferred to and from the processors via the
router at up to 1 GByte/sec to an external memory buffer. The
MasPar Disk Array (MPDA) provides up to 528 GBytes of
formatted capacity as a true UNIX file system at up to 200
MBytes/sec.

The native language of a MasPar is MPL, a data-parallel
extension of C. The main data-type difference of MPL with C is
the addition plural variables. A plural variable has many copies,
one on each PE. All copies can be accessed in a single parallel
step. Singular variables are residing onto the ACU.

ACU ACU-PE bus PE Array

Global Router

Front system bus
End

Figure 12. Simplified diagram of the MasPar architecture.
The high-speed I/O subsystem (not shown here) would be
connected to the global router.

Each PE communicates with other PEs in two ways: With their 8
direct neighbors (N, NE, E, SE, S, SW, W, NW) via a direct data
link called the X-Net (Figure 13), and with a random PE via a 2-
stage butterfly router. The first type of communication is about 16
times faster than the second, and is the one we have used in this
paper. The X-Net is defined for every PE, so MasPar’s
Architecture is effectively a torus.
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Figure 13. The 8 direct X-Net communications.

The X-Net makes it possible to use a MasPar with N? PEs in
several ways, two of which are of special interest in this paper: as
a linear array of up to N’ PEs, and as a 2-D array of N by N PEs.

We should point out that, one of the advantages of using simple
processor structures like linear arrays and meshes is their
scalability. One can add easily PE’s in the interconnecting bus
that increase the dithering power of the machine without
redesigning or replacing the remaining circuitry or the software.
Moreover, one can remove and replace defective PE’s from the
processor array at a minimum cost. Finally, our algorithm enables
Sfault-tolerance, in the sense that allows the machine to work in the
presence of faulty processors by employing standard techniques
that will ignore and skip over the faulty processors.

3.2. Results

The communication mechanisms of the MasPar vary considerably
in performance. Given that the calculations performed at every
pixel are short compared to the /O communication time, we
decided to use the whole machine as a buffer holding the image.
After preloading the image, however, we activate for processing a
small subset of no more than 32 PE’s that behaves as a linear
array.



Assume for simplicity that the image size matches the processor
array size. We first load the image onto the processor array in
bulk, so that processor P holds pixel (i,j). In practice, each

processor will hold a larger chunk of the image slice. Parallel
computers often have direct parallel I/O subsystems equipped
with disk arrays that facilitate this step. Our machine was not
equipped with such a subsystem, though.

The implementation proceeds as follows: For / = r = n+ma
slanted diagonal of the processor array is activated, according to
the optimal scheduling. At every step 7, processor P for which j

= r — 2(i-1) activates itself, processes its local pixel, sends off the
error fractions to the appropriate four neighboring processors and
then deactivated itself. The relation between 7, j, and » guarantees
that the right subset of processors is activated at every step. In the
next step, another subset of processors will be activated and
continue the dithering.

Figure 14 shows the timing results of the Floyd-Steinberg error-
diffusion matrix for the sequential and parallel implementations.
The calculated maximum speedup for square images up to IMB is
10.67. Forward projections indicate that the speedup will reach 16
with images of about 25MB. The theoretically expected maximum
speedup when using 32 processors is 16 due to the shape of the
processing slices. The observed efficiency is 66% of the
theoretical. The loss of efficiency is attributed to the cost of the
machine’s X-net communication hardware. We could not extend
our measurements because we run out of local memory space.
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Figure 14. Running times for the parallel (T par) and
sequential (T_seq) implementations of dithering using the [3]
error-diffusion matrix.

3.2. Results

We have presented a parallel algorithm for dithering a grayscale
or color image using various error diffusion matrices. This settles
an open question on whether error-diffusion can be parallelized.
The algorithm is optimal in the sense that it implements the best
processing schedule allowed by the data dependencies. We then
described an implementation and results of the algorithm on a
particular SIMD parallel machine. The question that remains open
is whether the algorithm can also be implemented efficiently in a
distributed environment such as the MPI message passing
routines. Also, it would be interesting for implementing the

algorithm in hardware, because it would lead to faster printers and
large display monitors.
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