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CHAPTER III 

CELLULAR COMPACT GENETIC ALGORITHMS  

Cellular compact genetic algorithm is developed from the cooperative compact 

genetic algorithm [115] and parallel GAs [46]. The concept of cellular compact 

genetic algorithm is to parallelize or divide a large problem into smaller tasks and to 

solve the task simultaneously using multiple genetic algorithms. CCGA is different 

from a traditional parallel GA since it operates on probability vectors. CCGA is a 

parallel univariate estimation of distribution algorithms (EDAs) that migrates the 

probability model instead of individuals [48]. CCGA improves model combination 

through local search by selecting the better model from neighbors to be combined 

with the inner model of the cell [53]. The CCGA consists of uniform cellular compact 

genetic algorithm cells connected in a cellular automata space. Each CGA cell only 

exchange probability vectors to its neighbors.  In the following section, we describe 

the cooperative compact genetic algorithm, which is the prior version of CCGA. The 

topology and the algorithm of CCGA are also described.  

3.1   Cooperative Compact Genetic Algorithm 

For cooperative GAs, the search space can be partitioned by splitting the solution 

vectors into smaller vectors [116]. Each of these smaller search spaces is then 

searched by a separate GA. The fitness is evaluated by combining solutions found by 

each of the GAs representing the smaller sub-spaces. In this section, we present a 

cooperative approach for CGA. The thrust is to propose the concept of confident 

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 neighboring cell is the current best vector. In the 

cooperative compact genetic algorithm (CoCGA), the individual CGA cell searches in 

its own sub-population. 

The implementation of the coevolutionary genetic algorithm is similar to the 

concept of parallelized GAs described in the previous chapter. Targeting hardware 

implementation, we propose CoCGA to be applied to the evolvable hardware. In our 
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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 neighboring CGA cell as the new current best probability vector.  

3.1.1   CoCGA Topology 

Figure 3.1 shows the topology of the cooperative compact GA (CoCGA). The 

topology of the proposed CoCGA resembles the cellular automata (CA) systems 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, 

considering in term of scalability and signal wiring that greatly contribute to the 

performance of the hardware circuit. In addition, CA architecture is proposed for EH 

that has capability of self-evolving and self-replicating [117]. Moreover, CA-like 

architecture can be practically and efficiently implemented into FPGAs or other 

reconfigurable devices that their architectures consist of array of logic blocks [118]. 

Therefore, CA-like architecture is proposed for CoCGA. Each coarse grained CoCGA 

cell has a probability vector and sub-population. There is a group leader for each 

group of these coarse grained CoCGA cells. In Figure 3.1, the four-neighbor cell with 

the leader cell in the middle cell is shown.  The probability vectors are exchanged 

through the leader cells. Each cells except the leader cells keep adjusting their own 

probability vector to the best probability.  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. 

3.1.2   CoCGA Algorithm 

Figure 3.2 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 
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probability vector is calculated as confident counter passed to the group leader cells. 

In Figure 3.2, the step 3.2 and 4 are inserted into the normal Compact GA. 

Confident 

Counter (CC)

CGA

Probability Vector

CGA

Probability Vector

CGA

Probability Vector

CGA

Probability Vector

Probability Vector 

(PV)

Probability Vector

Leader Cell

Probability Vector

Probability Vector 

(PV)

Probability Vector

Probability Vector 

(PV)

Probability Vector

Probability Vector 

(PV)

Probability Vector

Other neighbor cells Other neighbor cells

Other neighbor cells Other neighbor cells

Leader Cell Leader Cell

Leader CellLeader Cell

 

Figure 3.1: Topology of Cooperative Compact GAs with the leader in the middle 

The group leader cell only keeps the probability vector but does not implemented 

the normal compact GA. The group leader updates the probability vectors of its 

neighbor cells asynchronously because the updating process will occur after the 

confident counters of the neighboring cells get the new values. For each neighboring 

cells, the confident counter is incremented asynchronously because it depends on 

when the current probability vector of each sub-population gives the current best 

individual. During search process if the better individual is found the confident 

counter is incremented. Therefore, the group leader uses an asynchronous updating 

policy. The group leader keeps checking if confident counter (cc) for each one of its 
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neighbor are updated to higher value. Once the confident counter for one of its 

neighboring updated, then the group leader evaluates value of each confident counter 

and identifies the current highest value in step two. Next, in step three, the group 

leader, update its own probability vector with the vector from the neighbor that has 

the highest confident counter. Then, the new best probability vector is passed from the 

group leader to its neighbors in step four. 

3.1.3   CoCGA Algorithm Benchmark Problems and Experimental Results 

We used One-Max and the De Jong test functions (F1, F2, F3) to compare the 

performance of the CGA and the proposed CoCGA. For De Jong's test functions, the 

solution quality is measured by the objective function value. The function evaluations 

are performed by modules coded in Verilog-HDL using behavioral modeling with the 

same precision as described in [119]. For our experiment, the CoCGA has two 

neighboring cells and one leader cell. The reason to use De Jong's test functions 

because the De Jong's test function were originally proposed as a means to measure 

the abilities of search algorithms and used in [68]. The functions are fully described in 

[119]. We used 32-bit chromosome length for One-Max problem.  For De Jong test 

function F1 and F2, we used 30-bit chromosome length. For F3 function, the 50-bit 

chromosome length was used.  

De Jong's functions F1-F3 are shown below: 
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In our experiment, the two neighboring cells and one leader cell are used to validate 

the efficacy of the proposed approach. We coded both CGA and CoCGA in Verilog-

HDL. The simulation was run on Pentium 4 machine with 512MB memory. 
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Figure 3.2: Pseudocode of CoCGA (left for leader cell, right for normal cell) 

The ModelSim Verilog-HDL, an industrial strength simulator, from Mentor 

Graphics was used to perform the simulation. We evaluated CoCGA by comparing its 

performance with the performance of a normal CGA. The graphical plot in Figure 3.3 

shows the best individual, the maximum value for One-Max problem and minimum 

value for F1-F3. Both algorithms were terminated when each of them converged to 

minimum values. In all cases CoCGA significantly outperformed the normal compact 

GA both in the minimum values found and in the speed of convergence. The Figure 

3.3 shows significance of the experimental results. Table 3.1 shows the speedup 

comparison between CGA and CoCGA. CoCGA with two neighboring cells is at least 

three times faster than CGA. 
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(c) F3 

 

(d) One Max 

Figure 3.3: Comparison of CGA and CoCGA performance 
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Table 3.1: The performance comparison in term of number of clock cycles 

 One -Max F1 F2 F3 

CGA 43362 126967 80027 32427 

CoCGA 11492 25542 27757 9407 

Speedup 3.77 4.97 2.88 3.44 

 

3.1.4   Hardware Design and Implementation of CoCGA 

For performance evaluation of the proposed CoCGA in comparison with the normal 

compact GA in hardware, we designed and implemented two hardware circuits for the 

normal compact GA and the proposed CoCGA into synthesizable Verilog HDL codes 

and implemented into an FPGA chip. The CoCGA was designed by adding additional 

modules to the hardware of the normal CGA hardware. By designing our own 

hardware for both the CGA and CoCGA, we can perform performance comparison 

fairly since both hardware circuits designed by the same designers and based on the 

same Verilog HDL codes. 

CGA hardware design for a normal compact GA is similar to the design in [58], 

Figure 3.4 shows CoCGA bit module that consists of the following blocks: 

1)  RNG is the random number generator. 

2)  PV is register that keeps the probability vector.  

3) GEN_A and GEN_B:   The random number generator RNG provides the 

random number in 8-bit to GEN_A and GEN_B.  If the 8-bit value from RNG greater 

than value of PV, the output of GEN_A and GEN_B will be “0”.  In the other hand, if 

value from the random generator is less than the value of probability vector, then the 

output of GEN_A and GEN_B will be “1”. 

4) UPDATE PV:  The result from the fitness evaluation controls the  

UPDATE_PV to increment or decrement the register that keeps probability vector. 

5)     BestFitNess is a register that keeps the current best fitness.  
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Figure 3.5 shows the hardware design of the N-bit module of the CoCGAEach 

cell. CoCGA bit-module is based on the designs proposed in [58, 72] integrated with 

the communication unit (COMM) and the confident counter unit (CC). In Fig. 6, the 

hardware design consists of three main blocks. The first block is the CoCGA bit-

module which can be cascaded to form N-bit chromosome. The second block is the 

additional units for CoCGA which has the confident counter (CC) and the 

communication unit COMM. The third block is a finite state machine acts as the main 

controller for the whole block. The detail of these three additional modules is 

described below: 

1) COMM is a finite state machine that controls the process of sending and 

receiving the probability vector as parallel 8-bit package to and from the normal cells 

to the lead cell. For a chromosome of N-bit length, the compact GA needs to have N-

bit of probability vector which each bit of the probability vector sizes 8-bit. Thus, for 

N-bit length chromosome, N packages of parallel 8-bit will be sent and received 

between the lead and normal cells by the COMM units of each cell. 

2) CC is the confident counter designed as a 5-bit counter. During fitness 

evaluation, the counter is incremented every time when the fitness of the winner is 

better than the current best fitness which is inside the fitness evaluation block. The 

value of the counter is passed to the lead cell with the current probability vector. 

3) FSM CONTROL is a finite state machine that controls and synchronizes 

COMM, CC, and the Bit Module. 

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 II 

shows the FPGA implementation results after the codes synthesized, placed and 

routed using Xilinx software. From Table II, 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 [58, 72]. 

 

 



52 

 

Figure 3.4: Hardware block diagram of a normal CoCGA cell 

Figure 3.5:  Hardware design of two-neighbor cells 
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Table 3.2: The performance comparison in term of FPGA hardware resources. 

 

CGA CoCGA 

Normal cell 

CoCGA 

Leader cell 

Family Vertex-4 Vertex-4 Vertex-4 

Device Vlx25-sf363 Vlx25-sf363 Vlx25-sf363 

No. of Flip Flops 541 598 168 

4-input LUT 1065 1295 359 

Total equivalent gate count 12602 17034 4651 

Maximum Frequency 136.325Mhz 134.421 Mhz 145.423 Mhz 

 

3.2   Cellular Compact Genetic Algorithm 

Cellular compact genetic algorithm is developed from cooperative compact genetic 

algorithm described in the previous section and parallel GAs [46]. The concept of 

cellular compact genetic algorithm is to parallelize or divide a large problem into 

smaller tasks and to solve the task simultaneously using multiple genetic algorithms. 

CCGA is different from a traditional parallel GA since it operates on probability 

vectors. CCGA is a parallel univariate estimation of distribution algorithms (EDAs) 

that migrates the probability model instead of individuals [50]. CCGA improves 

model combination through local search by selecting the better model from neighbors 

to be combined with the inner model of the cell [53]. Being difference from the 

cooperative compact GA, the CCGA consists of uniform cellular compact genetic 

algorithm cells connected in a cellular automata space by each CGA cell only 

exchange probability vectors to its neighbors.  In this section, the topology and the 

algorithm of CCGA are also described. 

3.2.1   CCGA Topology 

Figure 3.6 illustrates the topology of the cellular compact GA. The topology of the 

proposed CCGA resembles the cellular automata (CA) system that cells only interact 
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with their neighbors [117]. When each local CA cells in cellular automata space 

operates together, the global states of computation can emerged [117]. With this 

proposed CA topology, the hardware realization of the algorithm is straight forward 

and can be practically and efficiently implemented into FPGA because of the 

architecture of array of logic block [118].  

Each coarse grained CCGA cell has a probability vector which represents a sub-

population. Every CCGA cell is identical. In Figure 3.6, Each CCGA cell with four 

neighbors exchanges probability vectors and key information between its neighbors. 

Every CCGA cell keeps adjusting its own probability vector to the better probability.  

The confidence counter (CC) is introduced to help each cell evaluates how to 

recombine the probability vectors coming from its neighbors. The key parameters for 

CCGA topology is the number of the neighbors of each cell. 

 

Figure 3.6: Topology of cellular compact GA 

3.2.2   CCGA Algorithm 

The concept of the CCGA is the cooperative compact GA [115] which is based-on the 

compact GA. However, the compact GA does not provide acceptable solutions to 

difficult problems like deceptive problems or multimodal problems, because it does 

not have memory to retain the required knowledge about non-linearity of the 

problems. The compact GA with higher selection pressure was proposed in [45] and 

by adding elitism to the compact GA. In summary, the elitism-based compact GAs 

can be described into two approaches as shown in Figure 3.7 and Figure 3.8.  The 
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non-persistent compact GA performed slightly better than persistent approaches [45]. 

To apply the elitism compact GA to our cellular compact GA, we modified the non-

persistent compact GA from [54] in step 3 by simply discarding the elite chromosome 

when the allowable length of inheritance reached. With this approach hardware 

implementation will be more efficient.  

Figure 3.9 shows the pseudocode of the cellular compact GA. Each cell of the 

CCGA has the identical algorithm as shown in Figure 3.9.  For each cell, one bit of 

the GA is represented by a probability vector. There are eight steps in the algorithm. 

Since the CCGA employs elitism-based compact GA, all of the eight steps are 

modified from the standard compact genetic algorithm.  At first, the probability vector 

of each CCGA cell in the cellular automata space is initialized to the initial values that 

can be set to same for every cell to the mid-point range or set to different initial values 

for different cells in order to assign each CCGA cells to start searching in different 

area of the problems. This strategy can be applied to more difficult problems and 

more number of CCGA cells.  

In the first step, for each generation, one individual is generated from the 

probability vector except for the first generation that newly generated individual is 

assigned to be the elite chromosome. To avoid premature convergence of strong 

elitism, CCGA employs non-persistent or re-sampling of the current elite 

chromosome from the initialized probability vector.  Thus, a parameter η is 

introduced as the allowable length or the allowable generations of the elite 

chromosome to be passed on. This parameter retrains the length of inheritance or the 

number of generations that the elite passed on, thereby avoid the populations to reach 

equilibrium very fast and maintain genetic diversity.   

Parameter:  e : elite chromosome, 
n : new chromosome

2.  Generate one individual from the probability 
vector
If the first generation then

e := generate(p);

n := generate(p);
3    Let the elite and new chromosome compete    
Winner, loser := evaluate(e, n);

 

Figure 3.7: Modification of compact GA to realize persistent elitism 
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In the second step, the loser chromosome is always replaced by a newly 

generated individual from the current probability vector. However, the winner can be 

passed on to the next generation as the elite, only when ө, the present generation 

length, less than the allowable pass-on length of the elite which is the parameter, η.  

That is if η  ≥ ө then the elite is passed on to the next generation. 

 

Figure 3.8.: Modification of compact GA to realize non-persistent elitism 

In addition to elitism in step two, the confident counter, cc is introduced as an 

important parameter to indicate how well the current search process of a CCGA cell is 

carried on. The higher the confident counter, the more confident toward finding the 

better solution of this current CCGA cell. Each CCGA cell uses the confident counter, 

cc, as the indicator to other neighbor cells so that each CCGA cell can compare its 

own confident counter with other neighbor’s confident counter. In other word the 

confident counter keeps track of the number of the newly generated chromosome that 

is better than the current elite.  The confident counter is incremented when the elite 

chromosome is assigned a new value. 

In the third step, the elite and a newly generated individual from the probability 

vector compete similar to a normal compact GA.  The probability vector of each cell 

is updated as shown at step 3 in Figure 3.9. If the confident counter of each cell 

reaches a certain level, then the probability vector and the confident counter of each 

cell are passed to its neighbors in step four.  

In fifth and sixth step, once a cell receives the probability vector and confident 

counter from its neighbor, the cell performs local search by selecting the best 



57 

 

probability vector from the incoming vectors. Then, the new inner probability vector 

is calculated from the adaptive combination weighted by the  value, which derives 

from the best confident counter shown in step 6.2 in Figure 3.9. 

Using  for vector recombination in step 6.3, the CCGA can avoid local minima 

of the greedy search by shifting search direction gradually toward the better one. This 

feature of the CCGA contributes to the better performance. Finally, the CCGA keeps 

running until the probability vector is converged. 

The proposed CCGA algorithm is different from the normal compact GA  and 

other concept of probability model migration as follows:   

   (1)  CCGA employs the elitism-based compact GA which is suitable for 

hardware implementation than UMDA or BMDA in [50, 54].  In addition, elitism-

based compact GA performs better than the normal compact GA.   

   (2) With uniform cells, the probability vectors are passed directly to neighbor 

cells.  

   (3) The confidence toward the better probability vector is calculated as 

confident counters and passed to neighbor cells. In Figure 3.9, the step 2, 4 and 5 are 

inserted into the normal Compact GA.  

   (4) Improved probability vector combination is implemented by local search 

and adaptive combination in step 6 in Figure 3.9. This combination scheme proposed 

to provide a solution to the greedy search characteristic of the cooperative compact 

genetic algorithm [53, 115]. The local search is implemented through selecting the 

best probability vectors among its neighbor and the confident counter that keeps 

frequency of the updating to the probability vector of each cellular compact GA cell.  

The higher confident counter values contribute to higher chance to reach the 

better solution. The probability vector combination refers to the following equation: 

 

Where  is the adaptive weight calculated from the best  confident  counter 

among neighbors. The better confident counter will provide the lower  which 

increases the influence of the incoming model from the neighbors.   

 is a new inner probability vector of a CCGA cell 

       is the best incoming probability vector from neighbors  
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Figure 3.9: Pseudocode of cellular compact GA 
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 (5) Asynchronous migration rate of probability vector for each CCGA cell is 

achieved by using confident counter  since the updating rate of each CCGA cell to its 

confident counter is different. This contributes to the different rate to exchange the 

probability vector.  

3.2.3   Benchmarks Problems and Experimental Results 

In this section, the performance of CCGA with 4-node, 2-node, 1-node, and normal 

compact GA are compared. For 1-node case, it is equivalent to no communication 

between each CCGA node.  All results were averaged over 10 runs. Each experiment 

is terminated when the PV converse to a solution. 

(a)    Problem Involving Lower and Higher Order BBs 

A 100-bit one-max problem and a minimum deceptive problem (MDP) are used for 

evaluating the CCGA algorithm.  A 100-bit one-max problem is specified in chapter 

II. We investigate the number of correct building blocks (BBs) or the solution quality. 

Figure 3.10 shows the performance of the CCGA on OneMax problem.  After 

performing around 200 of generations, CCGA with 4-node can find the best solution. 

It takes almost 900 generations of CGGA with 1-node to get 100% correct BBs while 

the compact GA performs poorly. 

For the 100-bit MDP problem, Figure 3.11 shows the performance of CCGA 

compared to the normal compact GA. The same trend as Figure 3.10 is found; 

however 1-Node CCGA suffer from lack of wider search strength in the solution 

space. As a result, 1-Node cannot find the best solution within 1000 generations. The 

compact GA gradually improves the search solution.  

(b) Problem Involving Higher Order BBs 

Fully deceptive problems are used to test the CCGA on the problems involving higher 

order BBs. The first deceptive problem is three-bit trap which is concatenated to form 

the 90-bit problem.  The 4-node CCGA achieves better solution than 1-Node CCGA, 

and much better than the compact GA.  From Figure 3.12, 4-node CCGA can find the 

best solution within 200 generations. For 1-Node CCGA, it is difficult to find the best 

solution. The communication between CCGA nodes contributes to the better results. 
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Figure 3.10: Performance of the CCGA on OneMax 

 

The second deceptive problem is formed by concatenating the four-bit trap 

function to 120-bit. The results are compared in Figure 3.13. The 4-Node CCGA 

outperforms the 1-node and the compact GA. It can be noticed from Figure 3.12 and 

3.13 that the four-bit trap problem poses higher challenge for the algorithms than the 

three-bit trap problem.  

(c) Experimental Results for Continuous and Multimodal Functions 

A circle and Schaffer’s binary function described in section 2.2 are used to test the 

performance of CCGA. For the circle function, there are two variables which are 

represented or sampled to 15-bit precision. Figure 3.14 shows results of minimizing 

the circle function.  The CCGA with 4-node significantly outperforms the compact 

GAs and the 1-Node of CCGA with regard to convergence speed and quality of 

solutions.  
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Figure 3.11: Performance of the CCGA on MDP 

 

Figure 3.12: Performance of the CCGA on 90-bit of the three-trap problem 

0 100 200 300 400 500 600 700 800 900
50

55

60

65

70

75

80

85

90

95

100

105

Generation

B
e
s
t 
F
it
n
e
s
s

 

 

4-Node

1-Node

Compact GA

0 100 200 300 400 500 600 700 800 900
50

55

60

65

70

75

80

85

90

95

100

105

Generation

B
e
s
t 
F
it
n
e
s
s

 

 

4-Node

1-Node

Compact GA



62 

 

 

Figure 3.13: Performance of the CCGA on 120-bit of the four-trap problem 

 

Figure 3.14: Performance of the CCGA on 30-bit of the circle function 
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The result of Schaffer’s binary function is shown in Figure 3.15.  The function 

has 5 variables. The function is degenerate in the sense that many points share the 

same global optimum function value (0.99400693).  The global optimum points are 

located on the highest tip neat the origin. There many sub-optimal in the fitness 

landscape. In Figure 3.15, the 4-Node CCGA without communication between each 

node performs well better than 1-Node and the compact GAs.   

 

Figure 3.15: Performance of the CCGA on 75-bit of the Schaffer function 

 

3.2.4   Hardware Architecture and Implementation of CCGA 

In this thesis, we propose the hardware architecture of the CCGA that supports 

scalable precision and scalable number of variables. The architecture can be scaled to 

the problem size with little modification to the hardware.  The proposed hardware 

architecture CCGA is based-on the architecture of a single CCGA cell. Each CCGA 

cell consists of four main blocks: Bit Module (BM), Package Switch Box (PSB), 

Fitness Evaluation (FE), and Main Controller (MC). Fig 3.16 shows the hardware 

architecture of CCGA. 

0 500 1000 1500 2000 2500 3000 3500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Generation

B
e
s
t 
F
it
n
e
s
s

 

 

4-Node CCGA

4-Node, nocomm

1-Node CCGA

compact GA



64 

 

The Bit Module (BM) is the basic building block of CCGA.  In order to support 

the scalable number of variables or the problem size, the Random Access Memory 

(RAM) with N bit depth and W bit wide is used in the BM. In addition to RAM, two 

shift registers are used to store each bit of the currently generated chromosome and 

the current best bit position or the elite bit.  The two shift registers have the size of 1-

bit wide and N-bit depth. For example, for the problem of two variables and each 

probability vector is represented by 8-bit, the RAM size 8x2 (W=8, N=2) and the shift 

register size 1x2 will be used.     

Each Bit Module (BM) consists of six sub-blocks:  Confident Counter (CC) 

block, Probability Vector (PV) block, Update Block, Gen A block, RAMs and two 

shift registers. There are two key registers in Bit Module. These two registers are 

probability vector register within PV block and confident counter register within CC 

block. 

In CC block, the confident counter is designed as an 8-bit counter. During fitness 

evaluation, the counter is incremented every time when the fitness of the winner is 

better than the current best fitness. The value of the counter is passed to the neighbor 

CCGA cells with the current probability vector. 

The Update block is the hardware block that implements the step 6 of the 

pseudocode the Fig. 3.9. A hardware part of the block consists of comparators and 

multiplexers for comparing incoming confident counter. The best confident counter 

will be selected among the incoming confident counters of the neighbors. The 

confident counter (cc) is converted to β by using fractional number (1/cc). The 

multiplication of β with the probability vector is implemented using shift register 

instead of using multipliers which occupy more hardware resource. With shift register 

implementation, the   value which is equal to 1/cc, will be scaled down to multiple 

of 2. From the equation of vector combination of CCGA algorithm, after 

multiplication, the value of both probability vectors will be added using 8-bit adder. 

The Package Switch Box consists of five First-In-First-Outs (FIFOs) that store 

sending and receiving the probability vector as an N-bit package between each CCGA 

cell. For a chromosome of M-bit length, the CCGA needs to have M number of 

probability vector which each probability vector sizes N-bit. Thus, for M-bit length 

chromosome, M packages of N-bit will be sent and received between each CCGA cell 



65 

 

by through the FIFOs.  

 

 

 

Figure 3.16: The proposed hardware architecture for CCGA 

The Main Controller is a finite state machine that controls the four datapath 

blocks. The CCGA-bit module takes four clock cycles for generating each 
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chromosome for tournament selection and updating probability vectors. The Package 

Switch Box module takes sixteen clock cycles for sending and receiving probability 

vectors; however, the number of clock cycles depends on the size of the chromosome 

for a specific problem. The Update block takes three clock cycles for latching 

probability vector to the internal registers and perform shifting and addition. 

We implemented the CCGA with four nodes in Virtex-5 LX50 device. The code 

was designed and written in synthesizable Verilog HDL. ModelSim Version 6.2 and 

Cadence NC-Sim were used for simulation. Xilinx ISE 9.1 was used for FPGA 

implementation.  

Table 3.3 shows the FPGA implementation of one node and when CCGA is 

scaled up to four nodes.  From Table 3.3, the speed of the CCGA is not related to the 

number of the nodes which demonstrates that CCGA can be scaled up to a problem 

size in FPGA hardware. The comparison of FPGA resources is shown in Table 3.3.  

CCGA occupies the same amount of FPGA resources as others CGA. However, it’s 

more practical to FPGA implementation since it has uniform cell type. 

The comparison in term of speed and hardware resources to others compact GA 

implementation is shown in Table 3.4. CCGA delivers the same speed and requires 

the compatible hardware resources. 

3.3 Discussion 

The CCGA provides more efficient in hardware implementation than CoCGA since 

the CCGA uses only one type of cells. For scalability of CCGA, there is a limitation 

of increasing number of nodes to solve more difficult problems.  For a particular 

problem, there are an optimum number of nodes that can solve the problems. This 

means that increasing number of nodes beyond a certain number will deteriorate the 

performance of CCGA. We can conclude that more difficult problems will require 

more number of CCGA nodes and that number should not exceed the optimum 

number of nodes. From the experimental results, using elitism in CCGA enhances the 

performance of CCGA over CoCGA drastically.    

The proposed scalable hardware architecture of CCGA provides more flexibility 

and ease of hardware implementation at the cost higher FPGA resources. The CCGA 

node requires more resources especially the LUT that needs to be used as distributed 
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random access memory (SRAM). However, the proposed architecture does not 

require the large size of SRAM. This advantage allows us to save the large macro 

SRAM inside FPGA for other purposes or lower cost FPGA can be used.  

3.4   Summary 

In this chapter, the CCGA is presented. The results provide initial evidence that 

CCGA can outperform the normal compact GA and can provide compatible results to 

the CoCGA with more applicable to FPGA implementation due to unified cell type. 

The CCGA delivers a more search performance with the adaptive probability vector 

recombination. For intrinsic evolvable or adaptive hardware, the CCGA can be used 

for a hardware GA for real-time evolution and adaptation with increased quality of 

search results.  In addition, CCGA can address a scalability issue of genetic algorithm 

with problem size since CCGA can scale up with problem size by increasing network 

size as shown in Table 3.3.  

 

TABLE 3.3: FPGA Hardware Resource Xilinx Virtex-5 LX50 

Network 

size 

  

FPGA resources for CCGA with 32-bit chromosome 

on 

Xilinx Vertex-5 LX50 

 

  CCGA 

 

1 

Slice Registers used Flip-Flops 621 

Slice LUTs   used as Logic 1,932 

Total equivalent gate count 18,224 

Maximum  Frequency 290Mhz 

 

2x2 

Slice Registers used Flip-Flops 1,642 

Slice LUTs used as Logic 5,506 

Total equivalent gate count 49,204 

Maximum  Frequency 280Mhz 
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TABLE 3.4: Comparison of FPGA resources 

 

 

CGA 

[10] 

CoCGA 

normal 

[10] 

CoCG

A 

leader 

[10] 

CCG

A 

No. of  flip-flop 541 598 168 1021 

4-input LUT 1065 1296 359 2432 

Total equivalent gate 

count 
12602 17034 4651 30224 

Max. frequency 
330 

Mhz 

330 

Mhz 

300 

Mhz 

300 

Mhz 
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CHAPTER IV 

EVOLVABLE HARDWARE BASED-ON BBNN AND CCGA 

Evolutionary artificial neural networks (EANN) use evolution to adapt the network 

structure and internal configuration as well as the parameters in dynamic environment 

[24]. Since the goal of evolvable hardware is to change hardware architecture and 

functions without human intervention, EANN can be regarded as a class of evolvable 

hardware. Block-based neural network (BBNN) model provide simultaneous 

optimization of network structure and connection weights. The BBNN consists of a 

two-dimensional array with support integer weights. The BBNN structure is suitable 

to be implemented in hardware especially using field programmable logic arrays 

(FPGAs). In addition, BBNN is successfully evolved using genetic algorithms to 

optimize weight and structure. However, in the past research, the genetic algorithm 

for BBNN was done in software off-line on computer system or on-chip embedded 

processor. This approach requires higher cost and larger FPGA since it needs on-chip 

processor. 

This thesis presents an FPGA implementation of a cellular compact genetic 

algorithm and Block-based neural network. We propose a new integration in hardware 

between cellular compact genetic algorithm and Blocked-base neural network. The 

layer-based architecture for evolvable hardware consists of three layers. The top and 

bottom layers are for cellular genetic algorithms for evolving weight and structure. 

The middle layer is the Block-based neural network.  With the cellular-like models of 

both Block-base neural network and cellular compact genetic algorithm, this layer 

based approach for hardware implementation provides modular block design in 

hardware and reduces interconnection length since the each cellular cells of both 

Block-based neural network and cellular compact genetic algorithm only interact with 

their neighbors even on the same layer or the another layer. 

BBNN can implement both feedforward and feedback network configuration. A 

feedback configuration of BBNN architecture may cause a longer signal propagation 

delay. BBNN of size m x n can represent the input-output characteristics of any 

Multilayer perception (MLP) network [76]. 

In [120], SM. Merchant et al. propose the design of Smart Block-based Neuron 

(SBbN) that can be configured on-the-fly to emulate four types of the internal 
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configuration modes of a BBNN neuron. However, the detail design of the SBbN is 

not presented.  SBbN supports gray mode which the block is inactive and only pass 

the inputs to outputs. 

4.1   The Proposed Hardware Architecture for BBNN 

In this section, we propose the link-multiplexed block-based Neuron (LMBbN). This 

idea is similar to layer-multiplexed in [77]; however, in [77] the goal is to multiplex 

each layers of feed-forward network. Our design uses fixed-point fractional number 

format [78]. The LMBbN is derived from the analysis of a basic block of block-based 

neural network which is shown in Figure. 4.1. In Figure 4.1, there two types of 

routing switch: L and S types. These switches and four nodes form seven paths or 

“link” between two nodes.  The architecture of the link-multiplexed BBNN is shown 

in Figure 4.2. With this LMBbN, we can reduce number of multipliers by sharing it 

with other links since there are a limited number of hard-macro multipliers inside 

DSP blocks of FPGAs. Hardware design of the general neuron is shown in Figure 4.3. 

The main controller receives configuration type. With configuration type, the general 

neuron can be configured to support case a, b, c, and d. of a BBNN block as shown in 

Figure 4.3. From Figure 4.4, if we use fixed-point fractional number size 10-bit for 

weights. The total number of bits to configure one BBNN block with the proposed 

hardware implementation is 102 bits. 

• Seven of 10-bit for weights 

• Three of 10-bit for biases 

• 2-bit for config-type 
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Figure 4.1: a BBNN block 

 

 

Figure 4.2: Link-multiplexed BBNN block 

4.2  The Layer-based Architecture for integration of CCGA and BBNN 

In this section, we propose the Layer-based architecture for evolvable hardware based 

on the block-based neural network and the cellular compact GA. To evolve the block-
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based neural network with one block, we need 132 bits genetic algorithms. However, 

to apply a block-based neural network to solve real-world problems, the more number 

of BBNN block will be required, for example if a BBNN network sized 3 x 4, it 

requires 1584 bits GA to evolve. The larger size of BBNN, the wider bits requires for 

GA. This turns to be the scalability problem for genetic algorithm. To solve this 

problem, we propose to use cellular genetic algorithm implemented in hardware since 

the CCGA can scale up with problem size since it has array-like characteristic as the 

BBNN model. Figure 4.4 shows the concept of the layer-based architecture. 

From Figure 4.4, the BBNN occupies different layer from the cellular compact 

GA.  These two layers interact to each other between nodes of BBNN and CCGA.  

Figure 4.5 shows the layer-based architecture with the eight nodes for each BBNN 

and CCGA layers.  If  l  is the problem size that is the number of node of the BBNN, 

with np CCGA nodes,  then each CCGA node contains  l / np  probability vectors. 

4.3  FPGA Implementation 

Table 4.1 shows the FPGA hardware resources required for implementing BBNN and 

CCGA.  Each BBNN block was implemented using 10-bit fractional number. There is 

one 25x18 multiplier with a Finite State Machine (FSM) to control how to multiplex 

computation between the four sub-nodes of a basic BBNN block.  There are ten data 

inputs to a BBNN blocks. These are seven weights (w13, w12, w14, w43, w42, w34, 

and w32) and three biases (b2, b3, and b4). We implemented each CCGA that has 

100-bit which each bit represented by an 8-bit probability vector.  Since one CCGA 

node supports 100-bit, the size of one CCGA node is about four times the size of a 

BBNN node as shown in Table 4.1. 

From Table 4.1, the speed for each BBNN and CCGA node is about 300Mhz 

regardless of the size of matrix like 1x1, 2x2, or even 3x3. The reason is that each 

node of BBNN and CCGA is quite independent in term of hardware implementation 

especially CCGA since each 8-bit probability vector of one bit of CCGA was 

parallelized in hardware implementation. In our implementation, each BBNN only 

requires one DSP hard macro in Xilinx FPGA. This saving can allow implementing 

more nodes of BBNN in one FPGA. 
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Figure 4.3: Four configurations of a BBNN block (a) 1/3, (b) 3/1, (c) 2/2, (d) 2/2 

 

Figure 4.4: Hardware design of general neuron three inputs and three outputs 



74 

 

 

 

Block-Based Neural Network Layer

Cellular Compact Genetic Algorithm Layer

 

Figure 4.5: Layer-based architecture for evolvable hardware based on BBNN and 

CCGA 

 

 

Figure 4.6: 2 x 4 BBNN layer and CCGA 

4.4   XOR problem 

To demonstrate the capability of integration between BBNN and CCGA, we 

implemented a 2 x1 BBNN network which has three BBNN nodes and evolving the 

weights with three nodes of CCGA to solve the XOR problem with two inputs, x1 and 

x2, and one output, y1. The “off” is when x or y has value < 0.0625 and > 0.9375 

when “on”. Each CCGA has 102-bit which supports ten outputs; each has 10-bit, for 

seven weights and three biases for one BBNN node and two bits for four 
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configuration types. In Figure 4.7 shows the block diagram of BBNN and CCGA to 

solve the XOR problem. The error calculation block computes using following 

equations: 

TABLE 4.1 

FPGA Hardware Resource Xilinx Virtex-5 LX50 

Network 

size 

 

FPGA resources for BBNN and CCGA on Xilinx Vertex-5 LX50 

 

  BBNN CCGA 

 

1x1 

Slice Registers used Flip-Flops 341 621 

Slice LUTs used as Logic 263 1,932 

DSP48Es 1 0 

Total equivalent gate count 4,562 18,224 

Maximum Frequency 290Mhz 290Mh 

 

2x2 

Slice Registers used Flip-Flops 1326 1,642 

Slice LUTs used as Logic 974 5,506 

DSP48Es 3 0 

Total equivalent gate count 17,317 49,204 

Maximum Frequency 280Mhz 280Mhz 

 

3x3 

Slice Registers used Flip-Flops 3,262 5,130 

Slice LUTs used as Logic 2,300 16,549 

DSP48Es 9 0 

Total equivalent gate count 36,952 147,614 

Maximum Frequency 270Mhz 270Mhz 
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Where, N and no are number of training data and output.  djk and yjk are desired and 

actual output respectively. 
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Figure 4.6 shows the hardware simulation results of training of the XOR problem. 

For one training pattern, the BBNN takes 60 clock cycles while CCGA takes only 3 

clock cycles. At 549 epoch, the training was achieved fitness 0.998 with 18-bit 

precision fixed point arithmetic. The number of bit in neural network has an impact 

on the performance of the hardware [102]. 

 

 

 

Figure 4.7: Block diagram of BBNN and CCGA for XOR 

4.5  Discussion  

The FPGA implementation results shown in Table 4.1 confirm the strength of the 

hardware implementation of the proposed BBNN and CCGA hardware architecture. 

In term of speed, increasing the number of nodes in BBNN and CCGA does not 

decrease the speed the FPGA implementation. The constant speed occurs due to the 

parallelized architecture of both BBNN and CCGA which employ point-to-point 

interconnect model.  The FPGA resource requires by a BBNN node is less that 

required by CCGA nodes because the proposed multiplexed neurons. We can see 

from Table 4.1 that the BBNN node utilizes the hardwired macro DSP block in FPGA 

that support fast multiplication, subtraction, and addition.   From Figure 4.9, the 

arithmetic precision impacts the quality of optimization in FPGA. The higher 

precision provides more room to perform optimization for CCGA. 
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4.6  Summary 

In this section, an approach to training BBNN in hardware using the cellular compact 

genetic algorithm which is a kind of EDAs is presented. We propose the cellular 

compact GA and the layer-based architecture for integration between the block-based 

neural network and cellular genetic algorithm in hardware. With the layer-based 

architecture, evolvable hardware based-on the integration between BBNN and CCGA 

is feasible and effective since both have array- like architecture. This approach 

provides a solution for scalability of genetic algorithm since CCGA can scale up to 

the size of the BBNN by adding more CCGA nodes without sacrifice the speed in 

term of clock period and cycles. The XOR problem was used as an example of the 

approach. It has been implemented in hardware and can classify the data successfully. 

The more difficult classification problems can be solved in real-time with this kind of 

evolvable hardware. We believe that the more hardware resource in future FPGA will 

create more applications of the block-based neural network and the cellular compact 

GA for real world problems. 

 

 

Figure 4.8: a structure of XOR that has fitness value of 0.998 
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Figure 4.9: Fitness value in training process of XOR 
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CHAPTER V 

EVOLVABLE HARDWARE FOR ECG SIGNAL CLASSIFICATION 

In this chapter, the proposed evolvable hardware based-on CCGA and BBNN is 

applied to solve the problem of online ECG signal classification. The proposed 

system for on-line ECG beat recognition approach is shown in Figure. 5.1. It consists 

of two step processes: feature selection and classification. The feature selection 

consists of QRS detection and Hermite basis functions coefficient extraction, 

delivering these coefficients as the features to the input of classification process. The 

classification process uses block-based neural network (BBNN) learning by cellular 

genetic algorithm (CCGA). In this thesis, the feature selection process was carried on 

by our own functions created in the Matlab software (Mathworks Inc.,Nattick, MA) 

for which suitable solving Hermite polynomial and performing QRS window 

construction.  

 

Figure 5.1: Our method of ECGs signal classification. 

From chapter II, the AAMI recommends that each ECG beat be classified into the 

following five heartbeat types: beats originating in the sinus node, supraventricular 
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ectopic beats, ventricular ectopic beats, fusion beats, and unclassifiable beats [114]. A 

large inter-individual variation of ECG waveforms is observed among individuals and 

within patient groups [101]. The waveforms of ECG beats from the same class may 

differ significantly and different types of heartbeats sometime possess similar shapes. 

Hence, the sensitivity and specificity of ECG classification algorithms are often 

unsatisfactorily low. For instance, a recent method [101] reports a sensitivity rate of 

77.7% for VEB detection and 75.9% for SVEB detection. 

5.1   ECG Data 

The MIT-BIH arrhythmia database [114] is used in the experiment. The database 

contains 48 records obtained from 47 different individuals (two records came from the 

same patient). Each record contains two-channel ECG signals measured for 30 min. 

Twenty-three records (numbered from 100 to 124, inclusive with some numbers 

missing) serve as representative samples of routine clinical recordings. The remaining 

25 (numbered from 200 to 234, inclusive with some numbers missing) records include 

unusual heartbeat waveforms such as complex ventricular, junctional, and 

supraventricular arrhythmias. 

The data are bandpass filtered at 0.1–100 Hz and sampled at 360 Hz. There are 

over 109 000 labeled ventricular beats from 15 different heartbeat types. Table 5.1 

lists the heartbeat types. Table 5.2 lists the annotation codes of the database. Table 5.3 

summarizes the contents of the database. These tables show some of the contents of 

the database, reference should be made for more details [114]. The table 5.3 lists the 

beat types for each half-hour record in its entirety. The largest class is “Normal beat” 

(NORMAL) with over 75 000 examples and the smallest class is “Supraventricular 

premature beat” (SPC) with just two examples. 

In agreement with the AAMI recommended practice, the four recordings 

containing paced beats were removed from the analysis. Paced beats refer to ECG 

signals generated by the heart under the help of an external or implanted artificial 

pacemaker for the patients whose electrical conduction path of heart is blocked or the 

native pacemaker is not functioning properly. The remaining recordings were divided 

into two datasets with each dataset containing ECG data from 22 recordings.  
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Table 5.1: Mapping the MIT-BIH arrhythmia database heartbeat types to the 

AMMI heartbeat classes 

AAMI 

heartbeat 

class 

 

N 

 

S 

 

V 

 

F 

 

Q 

Description Any heartbeat 

not in the S, 

V, F, or Q 

classes 

Supraventricular 

Ectopic beat 

Ventricular 

Ectopic beat 

Fusion 

beat 

Unknown 

beat 

 Heartbeat Notmal beat 

(NORMAL) 

Atrial premature 

beat (APC) 

Premature 

ventricular 

contraction 

(PVC) 

Fusion of 

ventricular 

and normal 

beat 

(FUSION) 

Paced beat 

(PACE) 

Types Left bundle 

branch block 

(LBBB) 

Aberrated atrial 

premature beat 

(ABERR) 

Ventricular 

escape beat 

(VESC) 

 Fusion of 

paced and 

normal beat 

(PFUS) 

 Right bundle 

branch block 

beat (RBBB) 

Nodal 

(junctional) 

premature beat 

(NPC) 

  Unclassified 

beat 

(UNKNOWN) 

 Atrial scape 

beat (AESC) 

Supraventricular 

premature beat 

(SVPB) 

   

 Nodal 

(junctional) 

escape beat 

(NESC) 
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Table 5.2: Heartbeat annotation codes in MIT-BIH arrhythmia database 

Beat annotation 

codes 

Symbo

l 
Meaning 

NORMAL · or N Normal beat 

LBBB L Left bundle branch block beat 

RBBB R Right bundle branch block beat 

BBB 
B 

Bundle branch block beat 

(unspecified) 

APC A Atrial premature beat 

ABERR a Aberrated atrial premature beat 

NPC J Nodal (junctional) premature beat 

SVPB S Supraventricular premature beat 

PVC V Premature ventricular contraction 

RONT 
r 

R-on-T premature ventricular 

contraction 

FUSION F Fusion of ventricular and normal beat 

AESC E Atrial escape beat 

NESC j Nodal (junctional) escape beat 

SVESC 
n 

Supraventricular escape beat (atrial or 

nodal) 

VESC E Ventricular escape beat 

PACE / Paced beat 

PFUS f Fusion of paced and normal beat 

NAPC x Non-conducted P-wave (blocked APB) 

UNKNOWN Q Unclassifiable beat 

LEARN ? Beat not classified during learning 
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Table 5.3:  Summary of the database and beat types (entire records) 

Record 

N V F N E P F O Q 

. L R A a J S V F e j E P f p Q 

100 2239 - - 33 - - - 1 - - - - - - - - 

101 1860 - - 3 - - - - - - - - - - - 2 

102 99 - - - - - - 4 - - - - 2028 56 - - 

103 2082 - - 2 - - - - - - - - - - - - 

104 163 - - - - - - 2 - - - - 1380 666 - 18 

105 2526 - - - - - - 41 - - - - - - - 5 

106 1507 - - - - - - 520 - - - - - - - - 

107 - - - - - - - 59 - - - - 2078 - - - 

108 1739 - - 4 - - - 17 2 - 1 - - - 11 - 

109 - 2492 - - - - - 38 2 - - - - - - - 

111 - 2123 - - - - - 1 - - - - - - - - 

112 2537 - - 2 - - - - - - - - - - - - 

113 1789 - - - 6 - - - - - - - - - - - 

114 1820 - - 10 - 2 - 43 4 - - - - - - - 

115 1953 - - - - - - - - - - - - - - - 

116 2302 - - 1 - - - 109 - - - - - - - - 

117 1534 - - 1 - - - - - - - - - - - - 

118 - - 2166 96 - - - 16 - - - - - - 10 - 

119 1543 - - - - - - 444 - - - - - - - - 

121 1861 - - 1 - - - 1 - - - - - - - - 

122 2476 - - - - - - - - - - - - - - - 

123 1515 - - - - - - 3 - - - - - - - - 

124 - - 1531 2 - 29 - 47 5 - 5 - - - - - 
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200 1743 - - 30 - - - 826 2 - - - - - - - 

201 1625 - - 30 97 1 - 198 2 - 10 - - - 37 - 

202 2061 - - 36 19 - - 19 1 - - - - - - - 

203 2529 - - - 2 - - 444 1 - - - - - - 4 

205 2571 - - 3 - - - 71 11 - - - - - - - 

207 - 1457 86 107 - - - 105 - - - 105 - - - - 

208 1586 - - - - - 2 992 373 - - - - - - 2 

209 2621 - - 383 - - - 1 - - - - - - - - 

210 2423 - - - 22 - - 194 10 - - 1 - - - - 

212 923 - 1825 - - - - - - - - - - - - - 

213 2641 - - 25 3 - - 220 362 - - - - - - - 

214 - 2003 - - - - - 256 1 - - - - - - 2 

215 3195 - - 3 - - - 164 1 - - - - - - - 

217 244 - - - - - - 162 - - - - 1542 260 - - 

219 2082 - - 7 - - - 64 1 - - - - - 133 - 

220 1954 - - 94 - - - - - - - - - - - - 

221 2031 - - - - - - 396 - - - - - - - - 

222 2062 - - 208 - 1 - - - - 212 - - - - - 

223 2029 - - 72 1 - - 473 14 16 - - - - - - 

228 1688 - - 3 - - - 362 - - - - - - - - 

230 2255 - - - - - - 1 - - - - - - - - 

231 314 - 1254 1 - - - 2 - - - - - - 2 - 

232 - - 397 1382 - - - - - - 1 - - - - - 

233 2230 - - 7 - - - 831 11 - - - - - - - 

234 2700 - - - - 50 - 3 - - - - - - - - 

 

 



85 

 

Table 5.4:  Heartbeat types associated with the extracted beat for first five 

minutes and first part of the training set. 

AMMI 

Heartbeat 

class 

Heartbeat 

Type 

Number of beats in 

first 5 Minutes  

Number of beat in 

The first part of 

Training set 

N NORMAL

, AESC, NESC 

13206 6885 

N LBBB 854 506 

N RBBB 1217 778 

S APC 257 254 

S ABERR 7 4 

S NPC 15 15 

S SPC 0 0 

V PVC 1110 716 

F FUSION 180 85 

Q PFUS 5 5 

 

Pace beats are not included in the classification experiments in this thesis as well 

as in the previous works [95, 103] chosen for comparison. The remaining records are 

divided into two sets: testing sets and training sets as shown in Figure 5.2.  However, 

the training set is divided into two sub-groups. The training set consists of two data 

sets: the common set and patient specific set.  

From Table 5.5, the common set is from the first set contains the 22 records, with 

each recordings period of total 30 min., randomly sampled. Since the number of 

normal beats is as high as ten times more than the other beat types, no NORMAL beat 

type is selected, but 5% of type-V (64), 30% of type-S (58) and all type-F (13), and 

type-Q (7) beats are sampled to have total of 142 beats in the common set.  The goal 

to have the common set is to provide common representative of limited number of 

beat types in the training data.  

From Figure 5.2, the second part of the training set is composed of 22 records 

listed in Table 5.5. For the second set or patient specific set, the heartbeats are from 
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22 recording for the first 5 min of the ECG recording of the patients, which conforms 

to the AAMI recommended practice that allows at most 5 min of recordings from a 

subject to be used for training purpose. The remaining beats of the record are test 

patterns. 

 

 

Figure 5.2 Division of the MIT-BIH arrhythmia database into training and testing 

sets 

Table 5.5:  Records in training and testing sets from the MIT-BIH arrhythmia 

database  

Records in Testing Set Records in Training Set 

101, 103, 105, 111, 112, 113, 117, 

121, 122, 123, ,200, 202, 210, 212, 213, 

214, 219, 221, 222, 228, 231, 234 

100, 106, 108, 109, 114, 115, 116, 

118, 119, 124, 201, 203, 205, 207, 208, 

209, 215, 220, 223, 230, 232, 233 
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5.2   Feature Selection 

Basis function representations have been shown to be an efficient feature extraction 

method for ECG signals [104, 121]. Hermite basis functions provide an effective 

approach for characterizing ECG heartbeats and have been widely used in ECG signal 

classification [121-123]. Hermite basis function expansion has a unique width 

parameter that is an effective parameter to represent ECG beats with different QRS 

complex duration. The coefficients of Hermite expansions characterize the shape of 

QRS complexes and serve as input features. Let us denote x(t) be the discrete time 

QRS complex of ECG curve. The expansion of x(t) into Hermite series may be 

presented in the following way: 

���� � �� �	
	��� ��

��

	��
������������������������������������� 

where an (n = 0, 1, 2, …, N – 1) are the expansion coefficients while 
	��� �� is the 

Hermite basis function defined as 


	��� �� � �
���	�� �� ���

��� �!	������������������������� 

The functions !	����� are the Hermite polynomials. With !���� � �  and  

!���� � ��, the Hermite polynomials are defined recursively by 

!	��� � ��!	����� " ��� " ��!	����������������������#�  
For example, !���� � $�� " ��!%��� � &�% " ��� . Figure 5.2 shows 

Expanded QRS complex, �����with the Hermite basis functions 
	��� �� as a function 

of time for different orders. 

The higher in the order of the function, the higher its frequency of changes within 

time domain and the better its capability to reconstruct the quick changes of the ECG 

paradigms. 

To illustrate the way, in which Hermite polynomials approximate the ECG curve, 

the QRS segment of ECG signal is handled in a window with  91 data points around 

the R peak (45 points before and 45 after). At the data sample rate of 360 Hz, this 
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gives a window of 250 ms, which is long enough to cover most of QRS signals. They 

have been also expanded by adding 45 zeros signals to each ends of the beats. After 

that all ECG signals are normalized by linear scaling to the range of and substracting 

the mean level of the first and the last data points. An example of normalized QRS 

complex of ECG signal is presented in Figure 5.3 

 

Figure 5.3: Expanded QRS complex of (a) ECG waveform and its estimation 

using (b) 6, (c) 9, and (d) 15 Hermite basis functions. 
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Figure 5.4: time-sampling methods for extracting ECG morphology features. 

The modified QRS complex is decomposed onto a linear combination of Hermite 

basis functions. In the experiments the width ��has been set up in order to make 

almost half of the Hermite basis function signal values are close to 0 in the considered 

range. The expansion coefficients are obtained by minimizing the sum squared error, 

defined as follows: 

' � (���� " � �	
	��� ��

��

	��
(
�

�
����������������������������������$� 

 This error function represents the set of linear equations versus an in practice it 

can be solved by using SVD decomposition and pseudoinverse technique which can 

be done in a Microcontroller or it can be solved using the concept of adaptive filter 

and finding the coefficients by using the cellular genetic algorithm. In this thesis at 

this point, we find the coefficient of the Hermite function using the Matlab functions. 

However, finding coefficient of Hermite polynomial with the adaptive filter 

techniques with the cellular genetic algorithm can be an another add-on research topic 

and can provide the complete ECG signal classification using evolvable hardware 

approach on a single chip without processor core. 
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Different numbers of expansion coefficients can be used to approximate a QRS 

complex. The approximation error depends on the number of coefficients. There is a 

tradeoff between approximation error and computation time. More coefficients lead to 

smaller errors, but result in heavy computation burden. Furthermore, a small number 

of coefficients are able to approximate the heartbeats with small representation errors. 

Five Hermite functions allow a good representation of the QRS complexes and fast 

computation of the coefficients [121-123]. Besides the basis function coefficients and 

width parameter , the time interval between two neighboring R-peaks is included to 

discriminate normal and premature heart beats. 

5.3 Classification Process 

For the classification process, the two nodes of combined BBNN and CCGA are used 

to perform the experiment.  Each node consists of 7x2 BBNN and two CCGAs.  In 

BNNNs, the number of columns is equal to or greater than the number of input 

features. The number of rows needs to be determined so that the network has 

sufficient complexity for a given problem. A small network size is preferred, provided 

that it achieves the desired performance. Too big a network runs the risk of overfitting 

that causes poor generalization performance, and requires a more complex 

optimization process because of higher degree of freedom in the search space. Thus, a 

2x7 network was selected as a minimum-size BBNN that can take seven input 

features. For CCGA, the first CCGA is for topology optimization since it requires 

only 2-bit per BBNN node which is 16x2 bits for this one combined 7x2 BBNN and 

CCGA. The second CCGA is for weight optimization which supports fixed-point 15-

bit fraction number precision. The optimization of problems for the second CCGA is 

the size of 140 variables since each node of BBNN requires 10 parameters to be 

optimized. Each variable has the precision of 15-bit, so that it’s the problem of total 

chromosome length of 2100 bit for each of the CCGA that find the weights of BBNN. 

Fitness function evaluates the quality of the solutions. The fitness of an individual 

BBNN is defined as 

)*���++ � � ,
� - ���.�/ 0123 " 4230563��

- � " ,
� - ���.�/ 0123 " 42305�3��

�������� 
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where M1 and M2 are the numbers of samples in the common and patient-specific 

training data, respectively.n0 donote the number of output blocks. , controls relative 

importance of the common and patient-specific training in the final fitness, and a 

small value less than 0.5 (0.2 in this paper) gives more weight for correctly classifying 

patient-specific patterns. Both common and patient-specific training patterns are 

considered in the fitness function. While patient-specific data may serve as the 

training data for evolving BbNN specific to a patient, the inclusion of common 

training data is useful when the small segment of patient-specific samples contains 

few arrhythmia patterns [114].  

5.4   Experimental Results 

Figure 5.4 shows the results of the training experiment. The dotted and solid line 

corresponds to using 4-Node CCGA with communicating between CCGA nodes and 

without communicating between CCGA nodes. The evolution stops when the desired 

fitness is met after approximately 2200 generations. From Figure 5.4, the solid line 

indicates the occurrences of near-optimum structure and weights. The others represent 

four non-optimal. The 4-node CCGA with communicating between nodes perform 

significantly better than then non-communicating one. 

 

Figure 5.5: Fitness and number of generation. 
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Table 5.6: Summary of beat-by-beat classification results for the five classes. 

Truth Classification Result 

 N S V F Q 

N 23049 340 256 10 0 

S 603 641 48 1 0 

V 232 86 1978 7 1 

F 71 37 105 107 0 

Q 4 0 2 1 0 

Table 5.6 summarizes classification results of ECG heartbeat patterns for test 

records. Two sets of performance are reported: the detection of VEBs and the 

detection of SVEBs, in accordance with the AAMI recommendations. Four 

performance measures, classification accuracy (Acc), sensitivity (Sen), specificity 

(Spe), and positive predictivity (PP), are defined in the following using true positive 

(TP), true negative (TN), false positive (FP) and false negative (FN). Figure 5.5 

summarizes how to calculate classification accuracy. Classification accuracy is 

defined as the ratio of the number of correctly classified patterns (TP and TN) to the 

total number of patterns classified. Sensitivity is the correctly detected events (VEB 

or SVEB) among the total number of events and is equal to TP divided by the sum of 

TP and FN. Specificity refers to the rate of correctly classified nonevents (non-VEBs 

or non-SVEBs) and is, therefore, the ratio of TN to the sum of TN and FP. Positive 

predictivity refers to the rate of correctly classified events in all detected events and 

is, therefore, the ratio of TP to the sum of TP and FP. The classification of ventricular 

fusion or unknown beats as VEBs does not contribute to the calculation of 

classification performance according to AAMI recommended practice. Similarly, 

performance calculation for detecting SVEBs does not consider the classification of 

unknown beats as SVEBs.  

For VEB detection, the sensitivity was 85.8%, the specificity was 98.7%, the 

positive predictivity was 86.6%, and the overall accuracy was 97.7%. For SVEB 

detection, the sensitivity was 49.6%, the specificity was 98.2%, the positive 

predictivity was 58.06%, and the overall accuracy was 96.05%. From the results, the 

performance of SVEB detection is not as good as VEB detection, and the possible 
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reasons include the more diverse types in class and the lack of class training patterns 

in patients [2], [5]. 

Table 5.7 summarizes sensitivity, specificity, positive predictivity, and overall 

accuracy of the four methods. The proposed method overall outperforms the methods 

in [112, 118].  The method in [128] performs slightly better than the proposed 

method.  

 

Table 5.7: Performance comparison of VEB and SVEB Detection (in percent) 

 

Method VEB SVEB 

 Acc Sen Spe +P Acc Sen Spe +P 

Hu et. al. [103] 94.8 78.9 96.8 75.8 N/A N/A N/A N/A 

Chazal et. al.[95] 96.4 77.5 98.9 90.6 92.4 76.4 93.2 38.7 

Jiang et. al. [121] 98.8 94.3 99.4 95.8 97.5 74.9 98.8 78.8 

Proposed 97.7 85.8 98.7 86.6 96.0 49.6 98.2 58.1 

 

5.5  Discussion 

The proposed technique is similar to the technique in [121]. However, in [121] the 

evolution algorithm with back-propagation learning is used for BBNN learning. Our 

purposed technique only uses the proposed CCGA for BBNN optimization. By using 

only CCGA, our proposed method is suitable for hardware implementation and by 

estimation, can provide speed up of over 100 times to software version in [121]. Our 

proposed method with four CCGA nodes has some disadvantage in comparison with 

work in [121]. This is due to the precision of hardware implementation and the 

limited number of CCGA nodes.  With our proposed solution, the complete hardware 

solution of ECG signal classification can be implemented in hardware if the wavelet 

transform is used for feature selection. 
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5.6   Summary 

This chapter presents the integration of CCGA and the feedforward implementation of 

BBNNs with its application to personalized ECG heartbeat classification. Network 

structure and connection weights are optimized using CCGA with four nodes that 

utilize evolutionary and gradient-based search operators. An adaptive rate adjustment 

scheme that reflects the effectiveness of an operator in generating fitter individuals 

produces higher fitness compared to predetermined fixed rates. The GDS operator 

enhances the performance as well as the optimization speed. The BBNN demonstrates 

a potential to classify ECG heartbeat patterns with a high accuracy for personalized 

ECG monitoring. The performance evaluation using the MIT-BIH arrhythmia 

database shows a sensitivity of 85.8% and overall accuracy of 97.7% for VEB 

detection. For SVEB detection, the sensitivity was 49.6% and the overall accuracy 

was 96.5%. These results shows improvement over other major techniques compared 

for ECG signal classification [112, 118]. The CCGA and BBNN approach can also be 

used where the dynamic nature of the problem needs an evolvable solution that can 

tackle changes in operating environments. The key contribution for our purposed 

technique is that the capability to be implemented in hardware for personal portable 

ECG classification because the CCGA and BBNN are designed to be implemented in 

hardware. The evolvable hardware based-on CCGA and BBNN can perform online 

ECG signal classification. 
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Figure 5.6: Fitness performance measures used for (a) distinguishing vebs from 

non-vebs, (b) distinguishing svebs from non-svebs, and (c) distinguishing the five 

AAMI heartbeat classes. 
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