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Hybrid Implementation of Evolutionary Algorithms in FPGAs for
Automatic Generation of Morphological Image Filters

Abstract. This paper proposes a novel hybrid software/hardware system to automatically create filters for image processing based on genetic algo-
rithms and mathematical morphology. Experimental results show that the hybrid system, implemented using a combination of a NIOS-II processor and
a custom hardware accelerator in an Altera FPGA device, is able to generate solutions that are equivalent to the software version in terms of quality in
approximately one third of the time.

Streszczenie. W artykule zaproponowano nowe hybrydowe oprogramowanie do automatycznego tworzenia filtrow grafiki bazujacych na algorytmach
genetycznych i morfologii matematycznej. Eksperymenty wykazaty Ze proponowany system wykorzystujacy procesor NIOS-1I i Altera FPGA jest w
stanie generowac rozwigzanie niemal trzy razy szybciej niz dotychczas stosowane systemy.(Wykorzystanie hybrydowego algorytmu bazujacego

na algorytmach genetycznych do automatycznego generowania filtrow grafiki.)

Keywords: Image processing, Genetic algorithms, Reconfigurable architectures, FPGA, Morphological operations.
Stowa kluczowe: przetwarzanie obrazu, algorytmy genetyczne, FPGA, operacje morfologiczne

Introduction

Evolutionary Algorithms (EAs), inspired by biological
evolution [1] [2] [3], were created as optimization tools for
engineering problems. Several papers in the literature deal
with the use of EAs for Digital Image Processing (DIP), both
in the software and hardware domains [4] [5] [6] [7]. In this
context, given a set of training images, an EA aims to find an
individual that represents a sequence of linear and non-linear
operators used in DIP, with the objective of extracting some
characteristics from the images.

Using traditional methods, the construction of image fil-
ters for a given task is non-trivial in practice, even for a do-
main specialist [8] [9]. Thus, EAs can be used to automat-
ically find a sequence of image operators for the solution
of a practical problem involving DIP. Because the intelligent
training of such filters is usually a costly process in compu-
tational terms, some designers of hybrid systems implement
one phase of the EA in software (Training Phase) and another
in hardware (Calculation of Fitness Phase) exploiting FPGA
(Field Programmable Gate Array) platforms [10].

This article presents a novel approach and implementa-
tion of a hybrid FPGA architecture for the automatic construc-
tion of morphological image filters, by means of a Genetic Al-
gorithm (GA). This approach is an optimized alternative to a
Matlab software implementation. Experimental results have
indicated the practical feasibility of the proposed hybrid ap-
proach.

The remainder of this paper is organized as follows: sec-
tion Genetic Algorithm and section Mathematical Morphol-
ogy. Sections Software algorithm and Hardware algorithm
are concerned with the development and implementation of
GAs in software and hardware, respectively. The experimen-
tal results for the proposed approach are presented in section
0.9, before a final conclusions drew in section 0.10.

GENETIC ALGORITHMS

Genetic algorithms, originally developed by Holland [1],
draw inspiration from biological evolution, using mutation and
crossover operators to search for optimal or near-optimal so-
lutions in a wide variety of tasks.

Initially, a random population of individuals (chromo-
somes) is generated, where each individual represents a
candidate solution to the given problem. Each chromosome
consists of genes, commonly represented by a vector of bi-

nary numbers (integers or real). The vector encodes informa-
tion about the individual, such as the general characteristics
of the decoded individual (phenotype) or the presence or ab-
sence of specific characteristics (genes).

Each individual is tested through a fitness function,
which calculates how apt it is to solve the problem. The fit-
ness determines the probability of the individual to reproduce
itself by means of crossover and mutation operations, gener-
ating offspring for the next generations. This process implies
that, eventually, the fittest individual should represent an op-
timal or near-optimal solution for the problem under consid-
eration.

The most significant challenge for a genetic algorithm
to work satisfactorily is the efficient coding of the individuals
that will represent the given problem [2]. Another important
consideration is that the fithess function should be specific to
each type of problem, and this is crucial for the appropriate
selection of individuals each generation.

MATHEMATICAL MORPHOLOGY FOR DIGITAL IMAGE
PROCESSING

According to Gonzalez & Woods [4], an image can be
defined as a two-dimensional function f(z, ), where z and y
are spatial coordinates of an image point, and the amplitude
f of a point defines its intensity or gray level.

In digital image processing, filters are used to correct,
smooth, and/or highlight details, or even extract features from
an image. Mathematical Morphology (MM) is a DIP approach
that defines operations which can be used to extract shape
characteristics.

The main idea of MM [11] [12] is to exploit Set Theory
to process images. Information regarding image geometry
and topology can then be extracted by means of geometrical
transformation operations, using a known set called Structur-
ing Element (SE).

Two morphological operations are fundamental in this
context: dilation and erosion. Dilation is defined by Equa-
tion 1, where A and B are two sets of Z2, with A being the
original image, B the structuring element, and & an empty
set [4].

(1) A® B ={z|(B). N A# 2}

Thus, dilation can be defined as the reflection of B
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around its origin, combined with a translation of . There-
fore, dilation is the set of all 2’s displacements, in which the
reflection of B and A overlap on at least one non-zero ele-
ment.

Erosion, on the other hand, is defined by Equation 2,
where A and B are two sets of images, where A is the orig-
inal image, B the structuring element, and & is an empty
set [4].

@ ABB = {«|(B), C 4}

Thus, erosion is the set of all x’s displacements such
that the translation of B by x is contained in A. By means
of these basic operators, it is possible to perform more com-
plex operations on images, such as: construction of filters,
segmentation or pattern recognition [13].

Other types of operations that can be applied to images
are the so-called logical operations. These are unique to bi-
nary images; and consist of applying operations AND, OR,
NOT, XOR, and NOT to each image point.

SOFTWARE ALGORITHM IMPLEMENTATION

To accelerate the development of the proposed algo-
rithm, it was initially implemented using MATLAB and its dig-
ital image processing toolbox. The algorithm uses two mor-
phological operators (erosion and dilation), four logical oper-
ators (AND, OR, NOT, XOR), a NOP operator and a memory
operator (STO - Store), as shown in Table 1.

Table 1. Operators used by the proposed algorithm and some struc-
turing elements used by the procedure.

| INDEX | OPERATION || STRUCTURING ELEMENTS |

0 | ------- [000;111;000]
1 EROSION M11:111;111]
2 | DILATATION [010:111;010]
3 NOP [100;010;00 1]
4 AND [001;010;100]
5 OR [010;010;010]
6 XOR [101;010;101]
7 NOT || -------

8 sTO || eea----

The system has a graphical interface to define parame-
ters such as number of generations, population size, initial
chromosome size, maximum chromosome size, crossover
rate and mutation rate, in addition to the choice of which op-
erators and structuring elements will be used by the designer.

The proposed algorithm automatically creates an image
filter based on the training and test sets containing the orig-
inal and desired images; (which are also parameters for the
procedure). A block diagram of the system is shown in Fig. 1,
followed by additional details regarding the five steps involved
(Ato E).

0.1 Generating an initial population

The creation of each individual in the initial population (Fig.
1.A) is done randomly using integer values of f; and e;, which
are respectively the values for the operation index and struc-
turing elements according to Table 1. These are stored in a
vector composed of genes in Fig. 2, according to a parameter
defining the initial chromosome size.

Once the genes are generated, they are stored in a MAT-
LAB cell data structure, which represents a chromosome cor-

USER

INITIAL
PARAMETERS

GENETIC
ALGORITHM SELECTION | C.
L 4 | {

RESULT |
DECODING CROSSING

COSTCALC (GRAPHIC
Y

INITIAL
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INTERFACE)
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Fig. 1. Block diagram representation of the proposed solution based
on a genetic algorithm.
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Fig. 2. Chromosome format adopted by the proposed system. Table
1 gives the used indexes.

responding to an individual. Once all individuals are gener-
ated, they are stored as the initial population.

0.2 Decoding and evaluating an individual

After a new population is generated (the first and any sub-
sequent one), it is necessary to decode each individual and
evaluate them. The evaluation is based on the error of the
generated filter compared to the desired result (Fig. 1.B).

The sequence of operations decoded from the chromo-
some (Fig. 2), is applied to the input image, generating an
output image. Based on output image and the desired image,
the error is calculated by the appropriate fitness function. The
calculated error is subsequently stored in an error vector, in
which each position is associated to a given individual from
the population.

The fitness function used by the proposed software sys-
tem is defined by Equation 3, where the parameter desired
corresponds to the desired image, and the parameter result
corresponds to the output image after the application of the
generated filter.

N M

(3) error = Z Z ‘desl”]’edi’j - reSU'lti,j|
1=0 j=0

0.3 Selection

In the implemented GA, elitism and tournament selection
techniques were used (Fig. 1.C). Elitism consists in keep-
ing one or more of the k best individuals of each generation
in the next population. Selection by tournament is used to
select the individuals who will be parents in the operations
of crossover and mutation of the GA. In this method, a num-
ber n of individuals are randomly chosen from the population,
and from those, the two best ones are chosen, based on their
corresponding errors.
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Line Number = Code Calls Total Time % Time Time Plot

30 custo = calculaCusto(populacac... 100 18638s 97.0% I
55 [filhol, filho2] = crossover (p... 2500 0229s 1.2% |

54 [pai, mae] = selecao (populacao... 2500 0.153s 0.8% |

57 populacacNova(k} = mutacao(fil... 2500 0077 s 0.4%

58 populacacNova(k+l} = mutacao(f... 2500 0.063s 0.3%

All other lines 0.061s 0.3%

Totals 19.220s  100%

Fig. 3. MATLAB profiler tool showing the time spent in the costing
function of the proposed genetic algorithm.

0.4 Crossover and Mutation

In order to generate new individuals exhibiting genetic diver-
sity, two operators can be used by a GA: crossover and mu-
tation (Fig. 1.D).

The implemented GA uses two-point crossover: a value
between 0 and 1 is drawn, and if the value drawn is less than
or equal to the crossover rate, two new children are gener-
ated.

In the mutation, a number between 0 and 1 is also drawn,
and if this is less than or equal to the mutation rate, the value
of a gene position is changed to a random integer value in the
corresponding domain. This value must be contained in the
group of possible indexes, either for operations or for structur-
ing elements, according to Table 1. This process is repeated
for all the chromosome genes.

0.5 Filter generation

After the GA executes a predetermined number of genera-
tions, the algorithm then decodes the result and displays it
through its graphical interface (Fig. 1.E).

HARDWARE ALGORITHM IMPLEMENTATION

As shown in Fig.3, by using the MATLAB profiler tool, it
is possible to demonstrate that the main performance bottle-
neck of the genetic algorithm implemented in software is the
calculation of the cost function, which accounts for 97% of
the total processing time. This finding justifies the proposed
hardware implementation for this phase, establishing a hybrid
overall solution for the problem.

Based on the GA implementation in software and cor-
responding results, an architecture was implemented for the
automatic creation of image filters using the Altera’s Quartus
Il development tools.

The proposed architecture consists of two main parts:

i) a custom processor implemented in Verilog for the ap-
plication of image filters and calculation of the error between
the result and the desired image.

ii) a Nios Il processor for the implementation of the ge-
netic algorithm in C language.

A block diagram of the prototype architecture is pre-
sented in Fig. 4.

0.6 Image processor in Verilog

Considering that the main performance bottleneck for the
proposed GA is the calculation of the error between the re-
sult generated by the image filter application and the desired
image, a custom processing unit was created in Verilog to
perform this task (Fig. 4.A).

A state machine was created to perform the tasks of a
common processor: fetch of each instruction of the gener-
ated chromosome, decode, and execution.

Software
Nios Il for Eclipse

C. | AG (C code) I

AG to FPGA

Nios Il Image
B. [ Processor | Processor] A.

Generated Filter
(Result)

FPGA
D.

Fig. 4. Block diagram representation of the proposed hybrid archi-
tecture.

The original and desired images are then stored in files
and loaded into memory. After applying the image filter gen-
erated by the GA, the processor calculates the cost of the
process. The fitness function used by the processor is a mod-
ification of Equation 3, given by Equation 4.

Hardware
FPGA

N M
(4) error = Z Z desired; ; XOR result;
i=0 j=0

It is also worth noting that the operations on images im-
plemented in Verilog are the same as those of Table 1 used
by the GA implemented in MATLAB.

0.7 Nios Il processor

Since the implementation of a complete GA in hardware can
be very complex (e.g, for the generation of random individu-
als) and does not provide significant speedup compared to a
much simpler software implementation, the proposed system
uses a Nios Il processor to implement the GA using the C
language ( Fig. 4.B), as already mentioned.

Nios Il is a 32-bit RISC processor, designed to be syn-
thesized in an FPGA. Its advantage is the ability to run pro-
grams in C / C++ language through Nios Il for Eclipse, and
the flexibility of communication with other system compo-
nents.

0.8 GA implemented in C

The GA executed in the Nios Il processor (Fig. 4.C), is a
simplified version adapted from the one implemented in MAT-
LAB.

The main difference between the two implementations is
the cost calculation: while in MATLAB the application of im-
age filters exploits tools presented in the toolbox functions, in
the C version the calculation is fully performed by the custom
processor running in the FPGA hardware.

The communication between the GA and the image pro-
cessor is handled by the Nios Il processor bus, using library
functions specially created for this purpose.

0.9 GA results visualization

The GA implemented in C also includes a function for decod-
ing the generated result. Using the Nios Il library functions
as well, the result is displayed directly on the seven-segment
FPGA displays.
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Experimental Results
0.10 Software tests

To benchmark the performance of our approach, we have set
the GA parameters to the same values used in some previous
papers found in the literature [7] [8].

A set of training and test images pairs was artificially
generated using MATLAB, producing random images with
features such as circles, disks, stars, and squares. Sets
of images in three different resolutions were also created,
where the set for each feature consists of 60 pairs of train-
ing images, and 40 pairs of test images. Selected operations
(erosion, dilation, AND, OR, NOT, XOR, NOP, and STO) were
used along with 3x3 structuring elements.

A population of 50 individuals was used, and the algo-
rithm was run for 200 generations, with a crossover rate of
0.9, and mutation rate of 0.2. Also, the initial size of the chro-
mosome was 4, and the maximum size was set to 20.

Initially, the software-only implementation was bench-
marked. Table 2 presents a comparison of the obtained re-
sults against those obtained by Quintana [7], where a similar
methodology was employed for the GA.

The GA software implementation presents advantages
for all of the tested features, i.e, the characteristics of interest
(squares, disks, circles and stars), and differentimages sizes,
as shown in Table 2.

A B C D
I - [ i
——— l"l‘

Fig. 5. Characteristics of interest in the test image set: (A) Original
Image; (B) Beams; (C) Noteheads; (D) Staffs.

In the tests performed in software by Quintana [7], the
set formed by musical notes was the one demanding the
longest processing time for the algorithm evolution phase.

Due to this characteristic, a similar test set was created
to compare the GA in software against the hardware imple-
mentation proposed in this work.

An image set with 64x64 resolution was created, con-
sisting of three images with three different characteristics:
beams, note heads, and staffs, referring to musical notes in
a score. In this set, the features of interest for each image
were manually removed using editing tools, as shown in Fig.
5. Other GA parameters were chosen based on other papers
found in the literature [7] [8].

Once again, the operations employed by the GA were
erosion and dilation, and structuring elements of size 3x3, as
defined in Table 1. The values for crossover and mutation

B.
A.
Error: 0.6347%
e ~
ero(3) ero(2) dil(1) dil{0) dil(3) ero(3) ero(0)
= L4 e® ! ero(3) dil(3) ero(8) dil(2) ero(3) dil(6) ero(3)
Error: 7.5439%

Fig. 6. Best Filters in Hardware: (A) Original Image; (B),(C) and (D):
Desired Images.
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Table 2. Results comparison: proposed system x Quintana’s system

Image Pair Resolution

| Stats | 100x75 300x225 640x480

1 @ 1 @ 1 @
SQUARE | MEAN | 0.870 0.954 | 0.864 0.979 | 0.843 0.992
SD (0.087 0.028|0.079 0.014|0.076 0.005
Min | 0.761 0.885 | 0.781 0.934 | 0.748 0.976
Max | 0.944 0.984 | 0.933 0.990 | 0.930 0.996
DISKS |MEAN /| 0.868 0.895 | 0.807 0.955 | 0.870 0.989
SD |0.074 0.021]0.118 0.016(0.059 0.003
Min | 0.746 0.868 | 0.642 0.917 | 0.811 0.983
Max | 0.947 0.945 |0.935 0.984]0.935 0.994
CIRCLES | MEAN | 0.960 0.992 [ 0.900 0.996 | 0.896 0.998
SD | 0.043 0.002 | 0.047 0.001 | 0.048 0.001
Min | 0.862 0.986 | 0.850 0.994 | 0.845 0.997
Max | 0.948 0.994 | 0.944 0.996 [ 0.939 0.999
STARS |MEAN | 0.922 0.997 | 0.921 0.999 | 0.857 1.000
SD | 0.028 0.001 | 0.025 0.001 | 0.105 0.001
Min | 0.893 0.996 | 0.895 0.998 | 0.641 0.999
Max | 0.951 0.998 | 0.948 0.999 | 0.943 1.000

(1) QUINTANA  (2) Current Paper.

were also maintained, at 0.9 and 0.2 respectively, for a pop-
ulation of 50 individuals, and the GA algorithm was set to run
for 100 generations. The chromosome size was fixed to 16
genes.

The filters generated by the algorithm in hardware were
again used in MATLAB only for the display and comparison
of the results presented in this paper. Fig. 6 shows the best
filters obtained in hardware, including the characteristic of in-
terest, the error obtained and the chromosome representing
the generated filter.

In Fig. 7 the best filters that obtained in software is
shown, including characteristics of interest, the error ob-
tained and the chromosome representing the generated filter.

Finally, a time comparison was made between the time

Table 3. Performance comparison: hybrid system x software.

Implementation| Task | Time(s) ]|
Hybrid Beans 2
Software Beans 6
Hybrid Noteheads 2
Software Noteheads 6
Hybrid Staffs 2
Software Staffs 6
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Fig. 7. Best filters obtained in Software (A) Original Image; (B),(C)
and (D): Desired Images.
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spent in the GA evolution to generate the desired image fil-
ters between the software version in MATLAB, and the hy-
brid architecture created. As seen in Table 3, the GA imple-
mented in software takes about six seconds to generate the
result, whereas in hardware it takes about two seconds, i.e.,
an overall reduction of two thirds of the processing time.

CONCLUSIONS

The use of GAs has proved to be a valuable technique
for problems in several knowledge areas. Among these ar-
eas, digital image processing can benefit from the use of GAs
for the creation of filters to improve the information obtained
from images, and also for pattern recognition. The manual
construction of such filters is not a trivial task, which has mo-
tivated the development of this work.

In this paper, a hybrid system was proposed in order to
automatically create filters for image processing based on
genetic algorithms and mathematical morphology. Initially,
the whole scheme was implemented in software, using the
MATLAB tool. However, the cost function of the GA algo-
rithm proved to be very expensive in terms of processing
time, leading to the development of a hardware module, im-
plemented in FPGA.

The resulting solution can be characterized as a hy-
brid system, with software modules running on an embedded
NIOS-II processor, and the cost module running on a hard-
ware custom processor.

Experimental results have shown that the results of the
two approaches (software and hybrid) are generally equiva-
lent in terms of quality, but in terms of performance the hybrid
system proved to be 3 times faster than the all-software so-
lution. Thus, the results indicates the feasibility of using a
hybrid solution to automatically generate filters for DIP tasks
using genetic algorithms and mathematical morphology.
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