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Ahfrad-This paper presents a cooperative compact ge- 
netic algorithm (CnCGA). The CoCGA is developed fmm the 
mmpaa G A  and pmposed to he wed lirr intrinsic emlval~le 
hardware, The concept and algorithm of the CoCGA are pre- 
sentd. The hard war^ implementation of the C O M A  and C G h  
were carried out. The standard test functions were selected 
lo rneasllpe the eflectiveness wl the CoCGA. The experimental 
results sikmificanily shrrws that the CrlCGA rmtprr4rrms the 
normal compact (;A both in s p e d  and quality with acceptable 
usage of hardware w u r c e s  for modern-day FPGAs. 

Evolvable Hardware (EH) is an emerging research area 
in Evolutionary Computalion (EC). There am a number of 
methods and lechniques that propose to apply the Genetic 
Algorithm (CAI, Evolutionary Strategy (ES), and Genetic 
Programming (GP) to be implemented in hardware, espe- 
cially implementalion onro FPGAs ar other reconfigurable 
devices [I], [Z], [ill. l'here are two approaches Tor Lhe design 
of EH: extrinsic and intrinsic [3], [S]. For extrinsic EH, the 
evolulionary process is perromed off-line. Then the results 
is downloaded onto  he hardware. On the contrary, for the 
intrinsic EH, the evolutionary process is perrormed wholly 
or paslly in hardware [h] .  [7], [El, [g]. H~wever, in order 
to accomplish the intrinsically on-line evolving in hardware 
and to utilize hardware resource etficiently, a challenging 
question is how tu modiry or invent efficient and improved 
GA or EA algorithms dial can be erfecdvely implemented in 
hardware. 

The trend towards the increasing or density and price per 
performance or  currenl FPGAs due to advanced semiconduc- 
Lor process r.ec11noiogy provides an opportunity lor designers 
and researchers to use lager and raster FPGAs for Evolvable 
Hardware [I 11, [ I  21. With this trend of WGA technology 
development, ~11e concept of implementing a group or parallel 
processing unils for EH in a single FPGA chip is reasible [8], 
[ I  01. In this paper. the coopera~ive compact genetic algo- 
rithms (CGA) is proposed and it's hardware implementalion 
is explored as the compact GA is one of ihe key algorithms 
suihhle -For hardwm implementation [16]. 

Contrary to the Simple GA (SGA), the compact GA is 
more suitable for hardware implementalion due to using 
probability vectors [I 71, [ I  h]. The CGA manipulales the 

probability vector instead of operating on Ehe aclual popula- 
tion. This dramatically reduces a number orbits and memory 
required to store the population. With this representation, 
it is practical to use only registers implemented using D- 
Flip-Flops in digital circuits. Thus, i i  eliminates rhe nmd for 
Random Access Memory (RAM). The experiment shows ~ l l a ~  
Lhe hardware Compact GA is a1 least 1000 limes raster lhan 
a soriware version [ I  71. 

Even lhougli rhe compact GA has advanlage Tor hardware 
irnpl.ernenialion, but unrurtunately, the basic compact GA 
lacks of sufficient search power for EH applications that 
requires accuracy and faster processing time. Therefore, 
the CGA has been improved hy adding more techniques 
like elitism, mumtion, and champion resampling [15], [l h], 
[?I]. This modified C G h  is called *CGA or *CGA family. 
Recently, MiniPop EA is proposed to he used for EH 1241. 
The MiniPop EA trades away search-power far  he abili~y lo 
irnplemen~ the algorithms in small size hardware. However, 
the *CGA and MiniPop algorilhms stiIl perrorm well on 
normal EH-control problems. In this paper, the ncw kind 
of the compact GA algoriihm for EH 1s proposed called 
Cooperative Compact Genetic Algorithm (CoCGA). 

The CoCGA is designed inspired by the concept of the 
cooperalive genedc algoiithm [13]. The CoCGA consists of 
a grwp of basic compact GAS that operate coaperalively. 

This paper presenls the cooperative compacl genedc algo- 
rithm (CoCGA) that offers higher search power i n  term of 
faster searching time and better accuracy of search results 
with an acceplable utilization of hardware resources, espe- 
cially suilable Sor implementing onto Loday EPGAs Lhal have 
higher density of hardware resources on a single chip. 

This paper begins with a descriplion of basic compact 
GA in section 11. Then, sect~on El .introduces models of the 
parallelized implementation of genetic algorithm in high per- 
formance cornpuling systems. In section IV, the Cooperalive 
Compact GA (CoCGA) algorithm is proposed and explained 
in detail and the pseudo  odes is discussed. Section V 
presents the hardwetre irnplemenkition for CGA and CoCGA. 
Both hardware circuits aw implemented onto an I.'PGA for 
performance evaluation and comparison. The benchmarks 
and the methodology used for measuring the search power 
of CoCGh arc briefly discussed In section VI. Then, the 
benchmarks results are presented in section VII. Finally, the 
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1. Initialize probability vector 
for i := 1 to L do p[i] := 0.5; 

2. Generate two individuals from the vector 
a := generate (p) ; 

b := generate (p) ; 

3 Let them compete 
Winner, loser := evaluate (a, b) ; 

4. Update the probability vector toward the better one 
for i := 1 to L do 
if winner[i] != loser[i] then 

if winner[i] = 1 then p[i] += 1/N 
else p[i] -= 1/N 

5. Check if the probability vector has converged 
for i := 1 to L do 
if p[i] > 0 and p[i] < 1 then goto step 2 

6. P represents the final solution 

Fig. 1. Psedocode of Compact Genetic Algorithm 

paper concludes with a summary of benchmarks results, the 
potential and applications of the CoCGA, and discussion of 
future opened research issues. 

The compact GA(CGA) represents the population as a 
probability distribution over the set of solutions [14]. Thus, 
the CGA maintains a probability vector which is constantly 
updated while the CGA operates. At each generation, the 
two individuals are randomly generated from the probability 
vector. Then, tournament section is performed over the two 
individuals. Each bit of the probability vector is adjusted 
according to the result of the tournament selection. Eventu- 
ally, the CGA keeps running until the probability vector is 
converged. The pseudocode of the compact GA is shown in 
Figure 1. 

From the pseudocode of CGA, it is quite straight forward 
for hardware implementation because each bit of probability 
vector, p[i], can be updated in parallel. A typical hardware 
architecture is to design a single bit CGA module for each 
p[i] [17], [16]. Then, the single bit CGA module is connected 
together to form a chromosome of a particular length. In 
addition, the elistism-based compact GA was proposed to 
improve CGA and the hardware implementation of CGA 
variants was explored [16], [15], [21]. 

111. PARALLEL GENETIC ALGORITHM 

In order to increase the GA's efficiency, the parallelization 
of GA has been the active research topics particularly using 
high performance computer systems [20]. The parallelized 
GA (PGA) can be categorized into four approaches [20]. 
These are global, coarse-grained, fine-grained, and hybrid 
approaches. 

I )  Global parallelization: In this class of model, there is 
only one group of population. The evaluation of individual 
and execution of genetic operators are performed in parallel. 
The evaluation can be parallelized by assigning a group of 
individuals to a processor node to evaluate and send the 
results back to the common shared memory or a master 
node. There is no communication between each processor 
that evaluates each individual. 

2) Coarse grained parallelization: This is the popular 
model for the parallelized GAS. The whole population is 
partitioned into sub-populations. Within each sub-population, 
individuals can only mate with others in their own sub- 
population. However, there is an introduction of migra- 
tion operator the send some individuals from a local sub- 
population to other sub-population. There are key parameters 
for this model: topology, migration rate, and migration inter- 
val. The topology defines how each sub-population connects 
to other sub-populations. The migration rate and migration 
interval specify how many individuals in each sub-population 
are migrated and how often they are migrated. In this paper, 
we initially develop our Cooperative Compact GA based on 
this model. 

3) Fine grained parallelization: The whole population is 
divided further into even smaller sub-population than the 
coarse grain model. The ideal case is each individual handled 
by only one processor node. This ideal case rarely happens 
in real world implementation in high performance computer 
systems excepting the implementation into special hardware 
bit-level. In summary, this model is similar to the massively 
parallel processors 

4) Hybrid parallelization: This approach is to combine 
two approaches to solve more difficult problems. For the 
coarse grained and fine grained approaches, in order to 
exchange individuals between each sub-population, the ques- 
tion of how to communicate and how costly in term of 
resources need to be considered. These problems are related 
to migration parameters: topology, migration interval and 
migration rate 

Since this paper proposes the CoCGA for EH which has 
fundamental concept in the CGA and the implementation 
partly resembles the coarse-grained parallel GA, key research 
projects are explored [19], [18]. The architecture for mas- 
sively parallelization of the compact GA is proposed by 
Lobo [19]. The key of the proposed approach is to send the 
probability vector from each slave processor to the master 
processor instead of sending a group individual in the sub- 
population. The experiment is carried on in software using a 
serial implementation of the proposed parallel compact GA 
architecture. 

In addition, the hybrid parallelization of the CGA is 
proposed to solve the problem of multi-FPGA partitioning 
and placement [18]. Like most of research on parallel GAS, 
the multi-FPGA experiments were performed on a Beowulf 
cluster. 

In the following section, we will explore key important 
migration parameters namely topology, migration interval 
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Fig. 2. Cellular Automata (CA)-like topology for Cooperative Compact GA 

and migration rate. In the hardware design section, the key 
parameters are specified quantitatively. 

IV. COOPERATIVE COMPACT GENETIC ALGORITHM 

Coevolutionary genetic algorithm applies concept of co- 
operative approach for function optimization to GA. For co- 
operative coevolutionary, the search space can be partitioned 
by splitting the solution vectors into smaller vectors [13], 
[22], [23]. Each of these smaller search spaces is then 
searched by separate GAS whose fitness is evaluated by 
combining solutions found by each of the GAS represent- 
ing the smaller sub-spaces. In this paper, we presents a 
cooperative approach for the CGA. The thrust is to propose 
the concept of conjident counter that guides toward search 
direction along with the traditional probability vectors. The 
cooperation that we proposed comes from using confident 
counter as a source of shared knowledge on where is the best 
search direction because only exchanging the probabilities 
vectors is not enough to guarantee which one of probability 
vectors from each neighbor cells is the current best vector. 
In the CoCGA, the individual CGA cell searches in its own 
sub-population, unlike cooperative coevolutionary approach 
which split solution vectors into smaller vectors. In our case, 
the individual CGA cell sends its search result through its 
probability vector together with its confident counter to the 
leader cell. The leader cell consolidates this information 
and decides the bias for the search direction which it then 
sends back to all neighbor CGA cell as the new current best 

probability vector. 
The implementation of the coevolutionary genetic algo- 

rithm is similar to the concept of parallelized GAS described 
in the previous section. This paper introduces the cooperative 
compact GA (CoCGA) that uses "shared knowledge" to 
perform cooperative between many parallel CGAs. Targeting 
hardware implementation, we propose CoCGA to be applied 
to the evolvable hardware (EH). 

A. CoCGA topology 

Fig. 2 shows the topology of the cooperative compact GA 
(CoCGA). The topology of the proposed CoCGA resembles 
the cellular automata (CA) system that cells only interact 
with their neighbors. However, the interactions between CA 
cells occur by exchanging the probability vectors instead of 
mating between individuals of sub-population directly. With 
this proposed CA topology, the hardware realization of the 
algorithm is straight forward and not too complicated to 
be implemented regard to scalability and signal wiring that 
greatly contribute to the performance of the hardware circuit. 
In addition, CA architecture has capability of self-evolving 
and self-replicating [25]. Moreover, CA-like architecture 
can be practically and efficiently implemented into FPGAs 
or other reconfigurable devices because of the architecture 
consists of array of logic blocks [26]. Therefore, CA-like 
architecture is proposed for the CoCGA. 

Each coarse grained CoCGA cell has a probability vector 
and a sub-population. There is a group leader for each group 
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Fig. 3. Pseudocode of the normal CoCGA cell 

L is chromosome length 
N is population size 
cc is Confident Counter 
CA is Cellular Automata space 

for each cell I in CA do in parallel 
lnitialize each p[l] 

For i := 1 to L do 
[i] = 0.5; 

Initialize cc 
cc := 0; 

end parallel for 
for each cell i in CA do in parallel 

while not done do 
1. Generate two individual from the vector 

a := generate ( )  ; 
b := generate ( )  ; 

2. Let them compete 
Winner, loser := compete (a, b); 

3. Update the probability vector toward 
better one and lncrement Confidence Counter 
3.1. Update probability vector 

for i := 1 to L do 

if winner[i] != loser[i] then 

if winner[i] = 1 then p[i] += 1/N 
else p[i] -= I/N 

3.2 Increment Confidence Counter 
cc: = cc + 1; 

4. Check if cc is incremented then 
Send p and cc to the group leader cell 

5. Check if the vector has converged 
for i := 1 to L do 

if p[i] > 0 and p[i] < 1 then 

goto step 1 
6. p represents the final solution 

end while 
end parallel for 

of these coarse grained CoCGA cells. In Fig. 1, the leader cell 
is the middle cell that exchanges probability vectors to and 
from the neighboring cells. The leader cell keeps adjusting 
its own probability vector to the best probability of the group. 
The confidence counter (CC) is introduced to help the group 
leader evaluates which probability vectors from its neighbors 
are likely to converge to a good solution. 

L is chromosome length 
M is number of neighbor cells 
cc is Confident Counter 
CA is Cellular Automata space 

for each cell I in CA do in parallel 
lnitialize each p[l] 

For i := 1 to L do 
p ,[i] := 0.5; 

end parallel for 
for each group leader cell i in CA do in parallel 

while not done do 
1. Check if cc of each neighbor is updated 

if (cc current [il <> ccprevious [il ) 

goto step 2 
2. Select the highest cc of all neighbors 

ccmax := 0; 

for i := 1 to M do 

if (cc[i] > cc max ) 

cc max := cc [i] ; 
3. Update p, with pcc with ccmax 

for i := 1 to L do 

P ,[il := pcCmax [il 
4. Update new updated p , to all normal Cell 

for each neighbor cell of leader cells 
do in parallel 

for i := 1 to L do 
~ [ i l  := P ,[il; 

end parallel for 
5. Check if the vector has converged 

for i := 1 to L do 

if p[i] > 0 and p[i] < 1 then 

goto step 1 
6. p , represents the final solution 

end while 
end parallel for 

B. CoCGA algorithm 

Fig. 3 shows pseudocode of the normal CoCGA cell. After 
probability vectors of each cell is initialized to the mid-point 
range, two individuals are generated from the probability 
vector, then compete "similar to" a normal compact GA. 
The proposed algorithm is different from the normal compact 
GA in two ways: (1) the probability vectors are passed to 
the group leader cells. (2) the confidence toward the better 
probability vector is calculated as confident counters passed 
to the group leader cells. In figure 3, the step 3.2 and 4 are 
inserted into the normal Compact GA. 

Fig. 4. Pseudocode of the group leader 

Fig. 4 gives the pseudocode of the group leader cells which 
only keep the probability vector but does not implemented 
the normal compact GA. The group leader updates the prob- 
ability vectors of its neighbor cells asynchronously because 
the updating process will occur after the confident counters 
of the neighbor cells get the new value. For each neighbor 
cells, the confident counter is incremented asynchronously 
because its depends on when the current probability vector of 
each sub-population gives the current best individual. During 
the search process if the better current individual is found 
the confident counter is incremented. The group leader will 
use the probability vector from the neighbor that has the 
better confident counter. Therefore, the group leader uses an 
asynchronous updating policy. 

The group leader keeps checking if confident counter (cc) 
for each one of its neighbor are updated to higher value. Once 
the confident counter for one of its neighbor updated, then 
the group leader evaluates value of each confident counter 
and identifies the current highest value in step two. Next, 
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Fig. 5. Hardware block diagram of CoCGA cell 
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Left Cell Group Leader Cell Normal CoCGA 
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Fig. 6. Hardware block diagram of CoCGA with two neighbors 
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TABLE I 
the maximum value for One-Max problem and minimum 

SPEEDUP COMPARISON BETWEEN CGA AND COCGA IN TERM OF 
for F1-F3. Both 'gorithrns were terminated when MACHINE CYCLES (ONE MACHINE CYCLE 1s EQUIVALENT To FOUR 

each of them converged to minimum values. In all cases 
CLOCK CYCLES) 

CoCGA significantly outperformed the normal compact GA 
both in the minimum values found and in the speed of 
convergence. The graph in 7 show statistical significance 
of the experimental results. 

Table I shows the speedup comparison between CGA and 
CoCGA. From the speedup results, CoCGA outperforms 
CGA for One-Max, F1, F2, and F3 test functions. CoCGA 
is at least three times faster than CGA with little higher 

'co$0e'k~f?c,o&k~a~c~k~ ' IZ ! 
*-*-*-*, 

1 '"r 

accuracy for F1 and F2. 
We implemented the CGA and CoCGA in Verilog-HDL 

and synthesized he code into FPGA. For CoCGA, we used 
one leader cell and two neighbor cells. The verilog design 
was then synthesized and implemented in to Xilinx Vertex- 
4 FPGA. Table I1 shows the FPGA implementation results 
after the codes synthesized, placed and routed using Xilinx 
software. From Table 11, we can notice that the CoCGA cells 
only require slightly higher hardware resources than normal 
CGA cell. This is because we only added the communication 
unit and confident counter unit to the original implementation 
of CGA [17], [16]. 
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VIII. CONCLUSIONS 

The CoCGA is presented. The results provide initial evi- 
dence of the potential of the proposed cooperative compact 
genetic algorithm in hardware. To make any strong claims 
concerning its value for Evolvable Hardware, more research 
on application of the approach is required. For initial appli- 
cation area, the problem of automatically design of digital 
filters and robot control problems can be experimentally 
solved using the approach [7], [S], [24]. In addition, several 
aspects of this approach deserve some attention. 

In [7], [S], the intrinsic evolvable hardware which consists 
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