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Design of Digital Circuit Structure Based on
Evolutionary Algorithm Method

K. H. Chong*, I. B. Aris**, S. M. Bashi** and S. P. Koh***

Abstract — Evolutionary Algorithms (EAs) cover all the applications involving the use of
Evolutionary Computation in electronic system design. It is largely applied to complex optimization
problems. EAs introduce a new idea for automatic design of electronic systems; instead of imagine
model, abstractions, and conventional techniques, it uses search algorithm to design a circuit.

In this paper, a method for automatic optimization of the digital circuit design method has been
introduced. This method is based on randomized search techniques mimicking natural genetic
evolution. The proposed method is an iterative procedure that consists of a constant-size population of
individuals, each one encoding a possible solution in a given problem space.

The structure of the circuit is encoded into a one-dimensional genotype as represented by a finite string
of bits. A number of bit strings is used to represent the wires connection between the level and 7 types
of possible logic gates; XOR, XNOR, NAND, NOR, AND, OR, NOT 1, and NOT 2. The structure of

gates are arranged in an m * n matrix form in which m is the number of input variables.

Keywords: Digital structure design, Evolutionary Algorithm, Genetic Algorithm, Optimization,

1. Introduction

One of the factors to reduce the cost of the digital circuit
is to minimize the number of gates used per system. As a
result, the higher the integration level, the better and the
cheaper is the final product produced. Many general
applications such as the binary adder and subtractor have
been fabricated into a single integrated circuit (IC). The
level of integration becomes complicated when the number
of bits per IC increases. Subsequently, the number of gates
used per single substrate will be increased as well as the
power consumption.

The conventional digital circuit design is a very complex
task which requires much knowledge in domain-specific
rules. The design procedures involve such processes as
choosing suitable gate types to match the logical
specification and minimizing and optimizing the boolean
representation with respect to the user defined constraints
[7].

Besides the conventional method, the Evolutionary
Algorithm (EA) has been widely applied to complex
optimization problems. One of the applications can be
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presented as the nation of structure design for the digital
circuit [111.

Genetic Algorithm (GA) is one of the search techniques
of EA. The GA secarch technique was founded by Holland
[2] and extensively applied into optimization tasks by
Goldberg [1]. GA is a stochastic search method that
mimics the metaphor of natural biological evolution. GA
operates on a population of potential solutions by applying
the principle of survival of the fittest to produce better and
better approximations to a solution. At each generation, a
new set of approximations is created by the process of
selecting individuals according to their level of fitness in
the problem domain and breeding them together using
operators borrowed from natural genetics. This procedure
leads to the evolution of populations of individuals that are
better suited to their environment than the individuals that
they were created from, just as in the natural adaptation.

The application of GA in combination logic design was
firstly proposed by Louis [5]. In his work, he combines GA
with knowledge-based systems and uses masked crossover
operator to solve the combination logic circuit. His method
can solve the functional output for the combination logic
but does not place emphasis on the optimization of gate
usage.

Liew utilized the combination technique of case-based
reasoning and genetic algorithm in combination logic
circuit design [10]. This approach borrows ideas from case-
based reasoning (CBR), the technique of reasoning and
learning from prior experience. Domain knowledge
acquired from an old problem is stored as cases in a case
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base. When combining GAs and CBR, appropriate cases
are injected into an initial population and run the genetic
algorithm. The injected cases guide a GA's search by
providing domain information learned from a previous
search and consequently improving the current search. Her
method is tested on the parity checker.

Miller used GA in designing the functional arithmetic
circuits. The design involves one-bit, two-bit adders with
carry, two and three-bit multipliers, and details of the 100%
correct evolution of three and four-bit adders. The largest
and most complicated digital circuits have been designed
by purely evolutionary means. The proposed algorithm is
able to re-discover conventionally optimum designs for the
one-bit and two-bit adders, but more significantly, it is able
to improve on the conventional designs for the two-bit
multiplier. The technique is based on evolving the
functionality and connectivity of a rectangular array of
logic cells and is modeled on the resources available on the
Xilinx 6216 FPGA device [3].

Nilagupta proposed an approach to enhance the

designing process by minimizing the number of transistors
used in designing a combinational logic circuit by using
GA [8]. The chromosome representation is based on Louis’
[5] method, which is a bi-dimensional matrix. Each cell in
the matrix is a logic gate, and it includes NULL, NOT,
NAND, NOR, and XOR. The fitness function works in two
stages. The validity of the circuit outputs or the functional
output is taken into account in the initial stage. GA is used
to optimize the number of transistor counts after the
functional solution has appeared. This research is mainly
focused on the optimization of the transistor used in the
digital circuit but not on the number of gates.
In this paper, we propose a method to design the structure
of the combination logic circuit using GA. This approach is
able to optimize the usage of logic gate compared to the
conventional method. The main objective of this research
is to design a digital circuit that can produce the desired
minterm specified by user with the minimum usage of
logic gates. The types of gates used can be a combination
of Wires, XOR, XNOR, NAND, NOR, AND, OR, and
NOT. The structure of the digital circuit is encoded into
one-dimensional genotype as represented by a finite string
of bits. The design process is then performed by GA
operator such as selection, crossover, and mutation. The
best solution found is decoded back to the digital circuit
structure.

2. Methodology

GA is an adaptive heuristic search algorithm premised
on the evolutionary ideal of natural selection and genetics.
The basic concept of GA is designed to simulate processes

in the natural system necessary for evolution, specifically
those that follow the principles first laid down by Darwin
regarding survival of the fittest.

The proposed approach is represented by the solution inside
the block in Figure 1. The input signals are represented by J
and the output signals are represented by O. The detail
solutions inside the block are encoded into a string of
chromosome bits and subjected to the process of GA.

The architecture of the proposed system is shown in Fig.
2. An encoding system is used to represent the structure of
combination logic circuit. The two-dimension phenotype is
encoded into one-dimension genotype as represented by a
finite string of decimal bits. A group of bit strings is used to
represent 7 types of possible logic gates and two wire
connection which are listed in Table 1. Every logic gate has
two inputs and one output.

The structures of gates are arranged in G, matrix form
in which x represents the gate in row and y represents the
gate in the column. The m inputs are connected to x row of
the logic gates. The possible input combination is based on
2". The output constraint signal is obtained at y+#» column
of the logic gates and » is the number of columns.

We define that G,,; gate always obtains one signal
from the output of G,, gate and another signal from the
G.i;, gate, while Gy.,,;+; obtains the signals from the
output of G,+,,, and G,,. The system process is started with
the random generation of initial population. The length of
the chromosomes depends on the size of the entire
structure. The number of bits in the chromosomes
represents type of gate. The collection of all individuals of
the cell represents a solution.

Iy—» The Structure >0y
[,/ of >0,
1,—> Combinati ,
IInput | ombmation | & Qutput
Signals | Digital ! Signals
! Circuit '
I,—»

Fig. 1. Block Representation of Combination Digital
Circuit Structure

Table 1. Logic Gate Representation

Bit Representation Gate Representation
0 Wire 1
1 Wire 2
2 XOR
3 XNOR
4 NAND
5 NOR
6 AND
7 OR
8 NOT 1
9 NOT 2
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Fig. 2. Block Diagram of the Proposed System
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The algorithm for the proposed system shown in Figure
2 is as follows:

begin
create a random initial population N;
evaluate the fitness of each chromosome in the
population;
(there is no design with fitness = 1.0)
conduct selection, crossover, and mutation
replace the old generation by the new generation of
designs
re-evaluate fitness of the designs in the population
end
decode the chromosome with fitness = 1.0
end

The design has fitness equal to 1 if its output value
satisfies the constraint specification. Otherwise the
structure design is deviated from the performance
specification. The fitness of the process is the correctness
of the obtained logic circuit in matching the truth table of
the required function. In this work, we proposed the fitness

functional called Constraint Fitness (CF). CF is based on
the comparison of circuit output with the constraint output.
The formula for CF is:

x= Z c,—f, @
i=1,2,3,..2"
1
Fo=—o 3)
 l+x

Fc achieves 1 when x is zero. ¢, is the constraint output
set by the user and f, is the functional output generated
from the circuit. When the functional output is exactly
equal to the constraint output, this will cause (2) to equal 0.
Consequently, F will be equalled to 1 due to x equal to
Zero.

It is possible to get more than one constraint fitness in a
population. In order to determine the minimum gate use of
the design, we accumulated all the population with the
constraint fitness equal to 1 for further evaluation.

In this work, we are targeting the optimization of a
number of gates used in the structure design. After
obtaining CF, the second objective is to get the fitness of
gate optimization used in the circuit design. The population
for this Gate Optimization Fitness (GOF) evaluation is
based on the chromosome with CF of 1. Each string of
chromosome is evaluated for the gate optimization fitness.
The algorithm for this fitness is:

ZGF =1 4

F,, =<t “)
ZGx+m,y+n

0<F, <1 ®)

The numerator part of (4) is the summation of the gates
which can produce the constraint fitness equal to 1. The
denominator part is the summation of the gate per structure.
The fitness of GOF should be in between 0 and 1. The
global optimal is achieved when the smaller fitness of GOF
is met.

3. Experiment Results

Experiments have been conducted using the system to
investigate its effectiveness in constraint-directed logic
synthesis. The results produced by the proposed approach
were compared with those generated by Karnaugh
Minimizer {9] and Boolean algebra [7]. GA approach can
generate the design of the logic circuit with using XOR or
XNOR directly without further optimization. Both of these
conventional methods need human effort to optimize the
function.
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The experiments use population size N = 1000,
percentage of crossover reproduction C= 70, and
percentage of mutation reproduction M = 50.

The author used the proposed method to design a 3-bit
circuit with the minterm F(a, b, ¢) = Z(0, 3, 5, 6). Part of
the result is illustrated in Table 2.

The system is evaluated using CF for each of the
chromosome strings. CF is equal to 0.142857 at the early
stage. The chromosome string is evolved through the GA
process to improve the CF. The table values indicate that
CF increases and eventually achieves the value of 1. The
plot of CF versus number of generations is illustrated in
Figure 3.

Moreover, there is more than one combination of gates
that can produce the desired output bit. The chromosome
bits are shown in Table 3 together with the corresponding
output function and GOF value.

The last chromosome string produces lower GOF
compared with the others. The chromosome bits are 1 03 0
2 1. After the chromosome is decoded, the resulted circuit,
which can generate the corresponding minterm, is shown in
Figure 4.

Constraint Fitness Plot

0.9-
0.8
0.7-

0.6

CF

0.5-
0.4
0.3

0.2-

0.1 .
0 5 10 15 20

Generation

Fig. 3. The plot of CF versus number of generation

The output function of the circuit in Figure 4 is
f=(B®@dc)). The circuit needs only 1 XOR and 1

XNOR to generate the desired output bits.

Table 2. The Generated Error and CF for Each

Chromosome

Chromosome CF

1 0 0.142857

0.166667

0.166667

0.166667

0.200000

0.200000

0.200000

0.200000

0.200000

0.200000

0.200000

0.200000

0.200000

0.200000
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0.200000

0.200000

0.200000
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Fig. 4. The Schematic Diagram of the Digital Circuit with
F(a, b, c) =X(0, 3, 5, 6)

b

Table 3. The Required No. of Gates and GOF for the Digital Circuit with F(a, b, ¢) =Z(0, 3, 5, 6)

Chromosome Output Function GI\; (t)e GOF

(((a+b)D(B+c))®

2 3 0 3 3 3 (b ® YD) 5 0.8333
(b® (b)) ® ((be)

1 4 3 2 2 2 ® (a+ o)) 5 0.8333

1o 2133 |3 |((G9n)®b@d))y 4 0.6666

1 0 2 4 1 2 | B'®(a@c)

1 2 1 b (a®c)) 2 0.3333
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Besides, three 3-bit, two 4-bit, and one 5-bit digital
circuits were designed using the proposed method as well.
The minterm of each circuit is as follows:

D1: F(a,b,c) = £(3, 5, 6)

D2: F(a,b,c) =%(3, 5,6, 7)

D3: F(a,b,c) = %(0, 3, 4, 5, 6)

D4: F(a,b,c,d)=%(2,3,5,6,8,9, 12, 15)

D5: F(a,b,c,d)=2(7, 10, 11, 13, 14, 15)

Dé6: F(a,b,c,d,e) =2(1, 2, 4,7, 8, 11, 13, 14, 16, 19, 21,
22,25, 26,28, 31)

The results for the circuit designed by the proposed
method, Karnaugh Minimizer and Boolean algebra, are
shown in Table 5, Table 6, and Table 7, respectively. The
tables are compared for the output function and gate count
for the circuit designed by each of the methods. The gate
count for all designs is based on 2 input gates listed in
Table 1. These results show that the proposed system is
able to produce effective solution of constraint-directed
logic optimization.

Table 5. The Output Function and Gate Count for the
Circuit Designed by the Proposed Method

D Output Function Gate count
1 ((cD(@a@b)+(a+c)) 4
2 | ab+(a+b) 4
3 1 (a+b)+(b@(a®c)) 4
4 {((bd)® a) @ ¢) 3
5 (c+(bd)a+(c-(bd))) 5
6 | (@®D)D(c@d)®e) 5

Table 6. The Output Function and Gate Count for the
Circuit Designed by Karnaugh Minimizer

D Output Function Gate
count
1 ab'c+a'bc+ abc' 8
2 ab + ac + be 5
ac'+ab+b'c'+a' be 8
4 a:cd: +abc+abc +acd + 19
abcd+abed
5 ac + bed + abd 7

abcde+abcde+abcde
+d'b'cde+a'bc'd' e+a'bc' de
+a'bed'e+ a'bede'+ab'c'd'e
+ab'c'de+ab'cd'e + ab'cde'
+abc'd'e+ abc' de'+abed' e

+ abede

Table 7. The Output Function and Gate Count for the
Circuit Designed by Boolean Algebra

w]

Output Function Gate count

c(a® b)+ abc'

c(a® b))+ ab
b'c'+a'bc+a(b@c)
b(a®c)+bla®(c®d))
ab(a ® b))+ ac(b® d)
+ab(c D d)

Bl WN| =
AN ||| W

The circuit structure for D1 design requires 4 gates; 1
OR, 1 NOR, and 2 XOR if designed by the proposed
method. The design needs more gates if designed by
Karnaugh Minimizer, which is 8 gates in total; 2 OR and 6
AND while Boolean algebra approach requires 5 gates in
total; 1 XOR, 1 OR, and 3 AND. The schematic diagram
for the designs is illustrated in Figure 5, Figure 6, and
Figure 7, respectively.

a——<j
b —

Fig. 5. The schematic diagram for D1 which is designed by
the proposed method.

Fig. 6. The schematic diagram for D1 which is designed by
Karnaugh Minimizer.

a-—-ﬁq)
b

7

ot

Fig. 7. The schematic diagram for D1 which is designed by
Boolean algebra.
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For D2, the proposed method needs only 4 gates to
generate the desired minterm; 2 AND and 2 OR. The same
output specification was designed by Karnaugh Minimizer
as well. The total number of gates required is 5; 3 AND
.and 2 OR. Boolean algebra method also needs 4 gates; 1
XOR, 1 OR, and 2 AND. Boolean algebra and the
proposed method used the same number of gates in this
design. The schematic diagram for the designs is shown in
Figure 8, Figure 9, and Figure 10, respectively.

D3 is a 3-bit digital circuit, the design of which requires
4 different types of gates if designed by the proposed
method; 1 OR, 1 NOR, 1 XOR, and 1 XNOR. The design
needs more gates by Karnaugh Minimizer, 3 OR and 5

a
b~

£
c

Fig. 8. The schematic diagram for D2 which is designed by
the proposed method.

Q [oa
h

Fig. 9. The schematic diagram for D2 which is designed by
Karnaugh Minimizer.

2*@%
: T

Fig. 10. The schematic diagram for D2 which is designed
by Boolean algebra.

1)
D

Fig. 11. The schematic diagram for D3 which is designed
by the proposed method.

AND for a total of 8. On the other hand, Boolean algebra
approach requires one gate less than Karnaugh Minimizer;
1 XOR, 2 OR, and 4 AND. The schematic diagram for the
designs is illustrated in Figure 11, Figure 12, and Figure 13,
respectively.

For D4 design, the proposed method needs only 3 gates
to generate the desired output; 2 XOR and 1 AND. The
same output specification was designed by Karnaugh
Minimizer. The total number of gates required is 19; 14
AND and 5 OR, while Boolean algebra approach needs 6
gates; 1 OR, 2 AND and 3 XOR. The schematic diagrams
for the designs are illustrated in Figure 14, Figure 15, and
Figure 16, respectively.

Fig. 12. The schematic diagram for D3 which is designed
by Karnaugh Minimizer

a

Fig. 13. The schematic diagram for D3 which is designed
by Boolean algebra.

a ) D—=

Fig. 14. The schematic diagram for D4 which is designed
by the proposed method.
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For D5, in order to produce the expected output bit, the
proposed method just requires 5 gates; 2 AND and 3 OR.
Moreover, in the case of Karnaugh Minimizer approach,
the total number of gates required is 7; 2 OR and 5 AND.
Boolean algebra method needs 10 gates; 1 XNOR, 2XOR,
2 OR, and 5 AND. The schematic diagram for the designs
is shown in Figure 17, Figure 18 and Figure 19,
respectively.

D6 is a 5-bit digital circuit design. Obviously, the
proposed method provides optimized design compared to
Karnaugh Minimizer. The circuit design only needs 5 gates
1 NOT, 2 XOR, and 2 XNOR to generate the desired
minterm, while Karnaugh Minimizer requires up to 79
gates; 64 AND and 15 OR. On the other hand, the required
minterm of this design is too complicated to solve by
Boolean algebra approach. Therefore, the authors only
used the proposed method and Karnaugh Minimizer to
generate the circuit design.

£l

d' e'b s’

Fig. 15. The schematic diagram for D4 which is designed
by Karnaugh Minimizer.

1
-4 |

Fig. 16. The schematic diagram for D4 which is designed
by Boolean algebra.

a

Fig. 17. The schematic diagram for D5 which is designed
by the proposed method.

By referring to the experiment results, the proposed
method is able to design a circuit in nonstandard output
function and can optimize the circuit by using XOR and
XNOR gates. In fact, the optimization using XOR and
XNOR can be performed by Boolean algebra approach as
well, but this procedure of minimization is awkward
because it lacks specific rules to predict each succeeding
step in the manipulative process, and this is the limitation
of Boolean algebra.

Furthermore, the result also indicates that the proposed
method can give better design compared to Boolean
algebra. Karnaugh Minimizer needs more gates because it
can only give the circuit output function in sum of product
(SOP) form.

In fact, the output function produced by Karnaugh
Minimizer can be further optimized by applying Boolean
algebra theorem. However, for complicated circuit design,
Boolean algebra theorem may not be a practical option to
be implemented. Besides, Karnaugh Minimizer is unable to
optimize the logic function using XOR and XNOR
operation.

Moreover, the number of gate counts for Karnaugh
Minimizer and Boolean algebra method exclude the NOT
gate which is used to generate the compliment input to the
circuit. The authors assume that the input variables are
directly available in their complement form, so NOT gates
are not included in the design. Therefore, the number of
gate counts for both of these designs should be more if
consideration is given to the compliment inputs.

Fig. 18. The schematic diagram for D5 which is designed
by Karmaugh Minimizer.

Fig. 19. The schematic diagram for D5 which is designed
by Boolean algebra.
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4. Conclusion

The experiment results show that the proposed method
is able to optimize the gate count in the digital circuit
design. The advantages of the proposed method are as
follows:

i) The proposed method can generate the circuit output
function in nonstandard form.

ii) The proposed method can optimize the circuit output
function with XOR and XNOR function.

iil) The proposed method uses decimal numbers instead of
binary numbers for the chromosome representation.
Therefore, the process duration can be reduced.

iv) The proposed method can archive the functional and
optimal solution within a small population of
chromosomes as well as the number of generation.

v) The proposed method offers flexibility of gate
selection in the design. For example, the designer can
select only 4 types out of 8 types of gates that are
listed in Table 1 by limiting the bit representation in
the chromosome.

In conclusion, the obtained result shows that the
proposed method manages to produce the digital circuit
structure with lesser gate count. The EA method can
produce the global optimal solution but the drawback of
this method is that the process duration becomes longer for
more complicated structure.
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