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Abstract
This paper describes a data compression chip for the
high-precision electrophotographic printer using Evolv-
able Hardware (EHW). EHW is a new hardware paradigm
which combines Genetic Algorithm (GA) and reconfigur-
able hardware technology such as FPGA (Field Program-
mable Gate Array). In EHW, GA is used to search for the
most desirable hardware structure to a given task. If the
task requirement changes, GA is invoked to get a better
hardware structure and EHW is reconfigured that way. In
data compression, EHW is used to implement the most
adequate compression method directly in hardware ac-
cording to the characteristics of the target image. The
EHW-based compression chip attains approximately
twice the compression compared with the international
standard called JBIG. This chip is the first EHW-chip to
lead to a commercial product.

Introduction
The electrophotographic (EP) printing is the next genera-
tion technology in printing and publishing industry to print
books with a high-precision photo quality.

One A4-size EP image of 1200 dpi requires 70
MBytes for storage, and the EP printer processes hundreds
different pages with the speed of 100 page/min. It means
that, for printing a book with 100 pages, 7 giga bytes of
image data must be transferred to the printer in the speed of
1800 Mbyte/min. On the other hand, the data transfer speed
of the usual hard-disk drive is only 300 Mbyte/min. Thus,
the EP printers must employ data compression techniques.
They are required (1) to compress image data efficiently, and
(2) to reconstruct the compressed data very fast. However,
the traditional techniques are insufficient both in the com-
pression ratios and the decompression speed.

This paper proposes a data compression chip using
Evolvable Hardware (EHW) that enables on-line reconfigu-
ration of the hardware structure. In EHW, genetic algorithm
determines how the hardware structure should be reconfig-
ured whenever a new hardware structure is needed for a bet-
ter performance. EHW can adaptively reconfigure its hard-
ware structure to compress the target images more efficient-
ly. Besides, it can change compression method during com-
pressing one image. As a consequence, we obtained three
times higher compression rate than that of the current

printing machine, and five times faster compression speed
than the exhaustive search method with similar perfor-
mances. Moreover, EHW can meet the speed requirement
of the printer because the expansion of data is done by
EHW hardware. This chip is determined to be adopted in a
commercial EP printer.

In the rest of this paper, section 2 explains the
foundation of EHW. The data compression in EP printing
is mentioned in section 3. In section 4, the data compres-
sion method adopting EHW is described in detail, and the
results of computational simulations show that EHW ex-
hibits the superior performance to the other methods. Sec-
tion 5 shows the design of a chip implementing based on
this method †, and section 6 concludes this paper.

Evolvable Hardware
This section explains genetic algorithm (GA) and Evolv-
able Hardware (EHW) in which GA is combined with the
reconfigurable hardware.

Genetic Algorithm
Genetic Algorithm (GA) was proposed to model adaptation
of natural and artificial systems through evolution
(Holland 1975), and is well known as one of the most
powerful search procedures (Goldberg 1989). The canonical
GA has a population of chromosomes, each of them is ob-
tained by encoding a point in the search space. Usually,
they are represented by the strings of binary characters.

At an initial state, chromosomes in the popula-
tion are generated at random, and processed by many opera-
tions, such as evaluation, selection, crossover and muta-
tion. The latter three operations are called the genetic oper-
ations, and one cycle of the evaluation and the genetic op-
eration is counted as a generation. The evaluation assigns
the fitness values to the chromosomes, which indicates
how well the chromosomes perform as solutions of the
given problem. According to the fitness values, the selec-
tion determines which chromosomes can survive into the
next generation. The crossover chooses some pairs of
chromosomes, and exchanges their sub-strings at random.
Finally, the mutation randomly picks some positions in

† Mitsubishi Heavy Industry Ltd. will use a similar architecture as a basis
for the data compression chip in the next model of their electrophoto-
graphic printer.
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the chromosome and flips their values.
The major advantages of GA are its robustness

and superior search performance in many type of problems
without a prior knowledge (Davis 1991). However, it is
rarely reported that GA is used for industrial applications
or commercial products, because of the cost for fitness
evaluation. If the evaluation can be executed very quickly
by the specific hardware device, however, the most serious
problem of GA can be solved, and we can use GA more ef-
fectively. Evolvable Hardware is based on this concept, and
utilizes the robust capability of GA by reducing its com-
putational cost.

Brief Summary of Evolvable Hardware
Evolvable Hardware (EHW) is a hardware device which is
built on software-reconfigurable devices, e.g. PLD
(Programmable Logic Device) and FPGA (Field Program-
mable Gate Array). The hardware structure of EHW can be
reconfigured autonomously by using GA in order to attain
better hardware performance in a changing environment
(Higuchi et al. 1992). The hardware structure is determined
by downloading a binary bit string into the device. This
string is called architecture bits, and it is regarded as chro-
mosome of GA as shown in Fig.1. Once a good chromo-
some is found by GA, it will be downloaded into software-
reconfigurable devices.

EHW inherits two important features: fast com-
putation of hardware device and adaptability of GA. EHW
has three advantages over the traditional hardware and soft-
ware systems (Yao and Higuchi 1996): First, as mentioned
above, EHW can autonomously improve the performance
by changing its hardware configuration with GA. Second,
it processes the information much faster than the software
system, and can realize the real-time computation. Third,
the reconfigurable-device can change its functionality in an
on-line fashion during execution. EHW can also deal with
a new application area to which the inflexible traditional
hardware systems are not efficient (Murakawa et al. 1996,
Bennett et al. 1996). In particular, EHW exhibits a superi-
or performance in dynamically changing environment be-
cause it can reconfigure its hardware structure to adapt to
the changes. The image compression is also one of them.
Depending on the nature of the image data to be com-
pressed, EHW implements the most effective compression
configuration in its hardware structure.

Electrophotographic Printing
This section describes the motivation to apply EHW to the

electrophotographic (EP) printer as the data compression
system.

Electrophotographic Printing, Halftone Dot 
Image and Data Compression
EP printing is a new technology in the field of printing and
publication, and we can easily have many printed matters of
photo-quality at anytime with very low cost. The EP print-
er is required to be much smaller than the offset printers,
and to work much faster than color copier.

In the EP printing, the original data created on the
desktop publishing (DTP) systems is divided into four half-
tone dot images, which are binary image data and corre-
spond to four colors (cyan, magenta, yellow and black). In
halftone images, gray levels are represented using binary
pixel patterns. The total size of the four images is much
larger than the size of the data in the DTP system. One A4-
size color image of 1200 dpi requires about 70 Mbytes for
storage. A digital printer prints hundreds sets of hundreds
different pages in the speed of 100 page/min. Therefore, it
must have huge memory devices and very fast data-transfer
bus. In order to reduce the costs for storage and communi-
cation, the halftone dot images must be compressed as
much as possible and the compressed data must be expanded
faster than the printing speed. Besides, the images must be
compressed in the lossless way in which the expanded data
is completely the same as the original data.

Many techniques have been proposed for lossless
image compression in the field of information processing.
Some of them are realized only by software, but they can-
not satisfy the speed requirement of the EP printer. The
others are implemented in a chip and work very fast in
compression and decompression. They are used in various
industrial products, such as facsimile. However, they are
not suitable for the EP printer, because their adaptation
mechanisms are too simple for the complex characteristics
of the halftone dot image. It is very difficult for them to re-
alize the efficient compression and the fast compression &
decompression, simultaneously.

Therefore, this paper proposes to apply EHW to
the EP printer as the data compression unit. Since EHW is
implemented in a chip, it can compress and decompress im-
age data very quickly. Moreover, since EHW has powerful
ability of adaptation caused by GA, the compression chip
with EHW can efficiently compress the halftone dot images
in the printer.

Compression of Halftone Dot Image
Currently, the EP printer uses the data compression chips
based on Lempel-Ziv method. Its advantage is fast com-
pression and decompression, but its compression ratio is
poor because Lempel-Ziv method is not theoretically op-
timized for compressing image data.

Image data consists of many pixels, and each pixel
tends to tightly relate with its neighboring pixels. Then,
we can predict the pixel value using the values of its neigh-
boring pixels, and we don’t have to represent the pixel ifFig.1: The conceptual scheme of EHW.
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the prediction is correct. Namely, the precision of predic-
tion strongly influences the compression ratio. The pattern
of the values of pixels used for prediction is called the con-
text. The large context allows the precise expectation, but
it increases the computational cost. Therefore, we must
carefully select the template which is a set of relative loca-
tions of the reference pixels from the currently coded pixel.
However, the different images have different optimal tem-
plates, and the template may have to change even in one
image to improve the compression ratio.

JBIG (Joint Bi-level Image coding experts Group),
which is the international standard method specialized to bi-
level image data, basically adopts the method mentioned
above (CCITT 1993). It has a template consisting of 10
reference pixel positions (Fig.2). In the figure, black and
hatched rectangles respectively represent the positions of a
currently coded pixel and the reference pixels. A hatched
rectangle with thick edges, called the adaptive template, can
move in the area indicated by the rectangles with crosses
during compressing one image to capture any variable
structure that might exist in the image, using the simple
statistical calculation (Sayood 1996).

JBIG is developed to mainly compress the binary
facsimile images, but the halftone dot images of EP print-
ing have quite different characteristics. In the halftone dot
images, the adjacent pixels don’t relate with each other
strongly. Therefore, JBIG can not compress those images
well, because (1) the configuration of template is not suit-
able, and (2) the simple mechanism to move the adaptive
template can not work well (Forchhammer 1993). There-
fore, to resolve the above two difficulties, EHW is applied
to the data compression system of the EP printer. The chip
implementing this method will compress the halftone dot
images much better than others without affecting the com-
pression speed. The next section explains this approach in
details.

Lossless Image Data Compression by
Genetic Algorithm

As shown in Fig.3, the proposed method in this paper con-
sists of two parts, the template generator (TG) part with
GA and the data compressor (DC) part (Salami 1998). This

section explains them, and shows the result of simula-
tions.

Data Compressor Part
This system has two operating modes, the learning mode
and the compression mode (Table 1). In both modes, the
image data is divided into units named the stripe, consist-
ing of L lines of an image. In the learning mode, DC part
searches for the optimal template of each stripe by GA,
and the discovered templates are stored in the memory. Us-
ing those templates discovered in the learning mode, the
compression mode compresses the image data. In the com-
pression mode, GA doesn’t work for generating templates,
and the stored templates are used for compressing the cor-
responding stripes.

DC part also consists of 2 components, the con-
text selector and QM-Coder (Pennebaker et al. 1988). The
context selector determines the contexts corresponding to
the coded pixels, using the template sent from TG part (as
mentioned in the next sub-section). Fig.4 illustrate an ex-
ample of the template. Similar to Fig.2, black and hatched
rectangles respectively represent the positions of a current-
ly coded pixel and the reference pixels. QM-Coder sequen-
tially encodes all pixels in a stripe using the contexts cor-
responding to them.

DC part is much more flexible than JBIG. It can
change the relative locations of all reference pixels, while
JBIG changes only one. Besides, the pixels can separately
move within much wider area of 32x8 (Fig.4). Because of
the these enhancements in the context selection, this sys-
tem can easily deal with the halftone dot image where the
adjacent pixels don’t relate with each other. It can also
compress the ordinal facsimile images similar to JBIG.

Template Generator Part
As mentioned in the previous section, the compression ra-
tio is strongly influenced by the template specifying which
pixels are used to generate contexts. TG part searches for
the optimal template in every stripe using GA.

Fig.2: Configuration of reference pixels (template) of JBIG. Fig.3: Framework of the proposed system.
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A template is defined to have 10 pixel locations,
and each location is selected from the 32x8 area. One loca-
tion can be represented by 8 bits (28 = 32× 8), and 80 bits
are required to indicate a template with 10 locations. In the
rest of this paper, the 8 bits specifying one location is
called the slot.

In the learning mode, the initial population of
GA is generated using the initial template, which is pre-
pared by the simple statistical calculation on the first
stripe, based on the following steps:

1. The default template of JBIG is set as the initial tem-
plate.

2. The compression ratio is calculated by using the initial
template.

3. Among 10 slots in the initial template, the most use-
less slots are determined. (The most useless slots
specifies the position of the reference pixel which
records the largest compression ratio even if it is re-
moved from the template.)

4. Among all possible locations in the 32x8 area, the
most efficient location is selected. (The most efficient
location records the largest compression ratio when it
is assigned to the previously selected slot.)

5. The new template is created by assigning the selected
location to the selected slot.

6. If the compression ratio using the new template is bet-
ter than the initial template, the initial template will
be exchanged by the new template and go to step-3.

7. Finish the procedure.
The discovered initial template is copied to one chromo-
some in the population of GA, and its mutated copies are
assigned to other chromosomes. This procedure is simple
and the result of the statistical calculation is not always
the best template, but it  accelerates the search speed of
GA, compared with the random initial population.

The initial template discovered by the statistical
calculation is stored in the template memory and GA runs
from the second stripe. In each stripe, the chromosomes in
the population are sent to the context selector one by one
as templates and the size of the compressed stripe from
QM-Coder will be returned as the fitness value. The
number of generations for one stripe is represented by the
parameter G, and GA searches for the optimal template
minimizing the size of the compressed stripe. The best
template discovered by GA is stored in the template mem-
ory, and GA moves to the next stripe. The stored tem-
plates in the template memory are used for compressing
their corresponding stripe in the compression mode.

Enhanced Representation
From the viewpoint of GA, the data compression is a non-
stationary problem because the target stripe for compres-
sion changes periodically. It is well known that the nonsta-
tionary problem is difficult for GA (Grefenstette 1992). Us-
ing the structured GA (Dasgupta and McGregor 1992),
therefore, chromosome representation is enhanced to allow
GA effectively follows the changing environment.

The basic idea of this enhancement is to keep the
previously good templates in the population even if the en-
vironment changes suddenly. In one image, there may be
many local areas with similar textures, and their optimal
templates tend to have many common locations of reference
pixels. Hence, it is important for the chromosomes in the
population to keep the previously good locations for the
next stripes.

The enhanced representation have M  ≥ 10 loca-
tions of the reference pixels (slots), and M additional bits
indicating which slots are active to generate a template
(Fig.5). The inactive slots are never influenced by the
genetic operations except the selection, and can keep the
previously good locations. The active slots are changed to
search for the better locations of the reference pixels. Addi-
tionally, two more genetic operations are introduced to han-
dle the inactive slots, slot copy and slot swap. Using slot
copy, the contents of one randomly selected active slot is
copied to one of the inactive slots. The slot swap operation
chooses one active slot and one inactive slot at random, and
exchange their activation bits. These two additional opera-
tions of the slot copy and the slot swap correspond to
memorization and remembrance. The probabilities that a
chromosome is changed by these operators are given by
two parameters, the slot-copy ratio and the slot-swap ratio.

Simulation Results
This section shows the results of some computational sim-
ulations, before explaining the the architecture of the EHW
chip implemented for the data compression.

For the simulation, we prepare a printer image
(halftone dot image; JIS/ISO standard color image data N2),
and 8 facsimile images (standard images of CCITT
(International Telegraph and Telephone Consultative
Committee)). The printer image is divided in 8 sub-images,
and they are compressed separately.

In order to compare the performance of the pro-
posed system, the following 4 methods are also applied to
the images: (1) JBIG, (2) Lempel-Ziv method (“compress”
command of Unix), (3) the statistical method, and (4) the
sequentially exhaustive search. Among them, the simple
statistical method (3) are same as the proposed method, but
it doesn’t use GA. In the method (3), after the statistical
calculation in the first stripe, the same template is used for
compressing the following stripes. In the method (4), only

Fig.4: Configuration of reference pixels (template) of the 
proposed system. Fig.5: Enhanced representation of chromosome.
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one location in a template can be optimized by the exhaus-
tive search. The search area is same as the proposed meth-
od. The reason why two or more locations can not be
changed at once is to avoid the combinatorial explosion.

Table 2 shows the compression ratios of the above
methods. The parameter setting of the proposed system and
GA is shown in Table 3. Unfortunately, the compression
ratio of the proposed method on the printer image is worse
than the method (4), but it can finish the compression
much faster than the method (4), as mentioned below. The
following 3 important facts can be concluded from the sim-
ulations: First, among method (1), (2) and (3), the method
(3) shows the best performance for compressing both im-
ages. This fact means that the enhanced context selector in-
troduced for the halftone dot images can deal with the ordi-
nal facsimile images. Namely, the proposed context selec-
tor has the ability to process the general image data.

Next, the proposed method can exhibit better com-
pression ratio than the method (3). The only difference bet-
ween their procedures is that the proposed method executes
GA after the second stripe. The improvement of the perfor-
mance demonstrates the efficiency of the adaptability of GA
during compressing one image. Under the parameter setting
of Table 3, the difference between two methods are very
small, but the compression ratio of the proposed method is
expected to improve by more generations and larger popula-
tion. When it is implemented in the hardware, we may ig-
nore such increased computational costs.

Finally, the proposed method presents less com-
pression ratio for compressing the printer data than the
method (4). Table 4 shows the more detailed results, and we
can understand the proposed method exhibits better com-
pression ratio on 4 out of 8 images. It means that the
search performance of the GA is not always inferior to the
sequential exhaustive search method. Moreover, from the
viewpoint of the computational cost, the proposed method
can finish the task about ten times faster than the exhaus-
tive search.

Data Compression Chip
We are developing the data compression chip based on the
method explained in the previous sections.

Fig.6 illustrates the architecture of the EHW data-
compression chip. The chip mainly consists of NEC V830
RISC processor (32 bit, 100 MHz), the data compression
hardware, and 3 registers. Through the registers, V830 and
the compression hardware can communicate with each oth-
er. V830 controls the chip, runs GA calculation in the
learning mode, and interfaces with the host computer.

The data compression hardware have 5 compon-
ents and 3 controllers (Fig.7). The image data is temporal-
ly stored in the line memory of 10240 bits x 10 lines and
sent to the reference buffer. It sequentially send the current-
ly coded pixels and extracts the corresponding 32x8 pixels
sent to the context generator. Using the template, the con-
text generator creates contexts from the received 32x8 pix-
els. The contexts are sent to QM-Coder with the currently
coded pixels. In the compression mode, QM-Coder sends a
sequence of the compressed data to the external data storage
and outputs the size of the compressed data to V830 in the
learning mode.

Those components are configured to process the
image data as fast as possible, because it must calculate
the evaluation values of GA in the learning mode. In the
case of the computer simulation in the previous section,
the evaluation of chromosomes in the population spent
about 95% of the total computational time. Therefore, by
implementing the data compression part in hardware, the
total speed of this chip including the learning mode
becomes drastically fast. For example, in the above simu-
lations, the proposed method spent about fifty minuets for
learning and compressing a 1184x6464 image on the Ultra
Sparc Station (144 MHz). On the contrary, assuming that
QM-Coder works at 40 MHz, the hardware can finish the
same process within a minute. The volume of the hardware
for the proposed system is greater than JBIG system, but
the extra hardware allows the system to search for the opti-
mal template adaptively. This chip can not expand the
compressed data yet, but we are starting to design the new
chip which can compress the image data and expand the
compressed data.

Conclusions
This paper described a data compression chip for the high-
precision electrophotographic printer using Evolvable
Hardware (EHW), which is a new hardware paradigm com-
bining Genetic Algorithm and the reconfigurable hardware.
The computer simulations showed that the EHW-based
system can exhibits much better compression ratios than
the international standard.

The salient contribution of this paper is the reveal
of the true importance of hardware reconfigurability. While
software-reconfigurable devices have been mainly used for
prototyping and reducing the manufacturing cost, the
EHW-chip demonstrates that hardware reconfigurability is
indispensable to satisfy the severe performance require-
ment. Thus, this paper shows the new direction of recon-
figurable computing.

Table 2: Compression ratios of various method. Table 3: Parameter setting of the proposed system.
Total generation 162 Population size 20
Tournament size 2 Crossover ratio 0.8
Mutation ratio 0.03 Number of slots 15
Slot-copy ratio 0.1 Slot-swap ratio 0.1
Number of lines in one stripe (L) 40
Number of slots in enhanced representation (M) 15

Printer Image Fax Image

(1) Lempel-Ziv 3.34 8.41
(2) JBIG 3.35 14.67
(3) Statistical calculation 6.38 19.49
(4) Exhaustive search 6.61 ---

Proposed method 6.52 19.82
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Fig.6: Architecture of data compression chip with EHW. Fig.7: Architecture of data compressor part.

Table 4: Compression ratio of Exhaustive search and proposed method in divided printer images.
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