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Abstract: In this study, a software technique for the design of combinational digital circuits with mnimum
silicon surface allocation and gate propagation delay using genetic algorithm is presented. In existing methods
which use the initial chromosome for the gate and then find the optimum solution using a library of gates, there
1s a possibility of missing some possible combinations of primary circuits with which the desired function may
be realized. Thus, the outcome may be a local optimum, not the global one. In our approach to this problem, all
the possible states of a circuit are first analyzed. The program will automatically define the initial chromosome
and proceed to find the optimum circuit for the desired function. The program has been coded in C++ and it
includes a library of the various gates with their respective size on the silicon wafer and propagation delay.
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INTRODUCTION

There has been comsiderable use of genetic
algorithms in the various aspects of design of VLSI
circuits and systems. Many researchers have presented
various applications of genetic algorithms. One may name
automatic test generation as a specific application. For
example, Sabry et al. (1998) presented a new technicue for
test pattern generation based on a genetic algorithm and
parallel processing techniques. Their method offered
compact test sets, compared to other methods that
achieve maximum coverage.

What is usually important in the design of VLSI
circuits is area consumption on the silicon chip and the
circuit speed or its propagation delay. Moreover, optimum
design of floorplannig in the layout design of VLSI
circuits is anocther application. Floorplanning of VLSI
design 1s a key design flows which determines chip size,
electrical characteristics, timing constrains, etc. of the final
silicon chip. Many useful floorplan tools are available
which provide user-friendly interactive environments with
useful information for chip design. However, construction
and decision-making of floorplan design itself relies on
the insight of human beings. Therefore, the results
depend on the person who uses the tool and the initial
conditions. Maurizio and Matteo (1996) presented a
genetic algorithm to optimize floorplan area based on
suitable techniques for solution encoding and evaluation
function definition, effective cross-over and mutation
operators. Their
approach automatically provided the optimal values for

operators and heuristic adaptive

the activation probabilities of the operators. Experimental
results showed that their proposed method 1s competitive
with the most effective ones as far as the CPU time
requirements and the result accuracy is considered.
Moreover, it required a limited amount of memory.
Eguchi et al. (1998) proposed application of genetic
algorithms to floorplamming for the purpose of providing
better initial conditions as a starting point of design work
to novice designers. They discussed a floorplan
placement model suitable to Genetic Algorithms and
carried out some computational experiments to show
practical possibility. Circuit synthesis of a given function
1s another possible application since power dissipation 1s
becoming a limiting factor in the realization of VLSI
systems due to maximum operating temperatures and
battery life constraints in the ever-increasing portable
applications. Digital Signal Processing (DSP) applications
are relatively complex. Therefore, their power dissipation
15 of special significance and low-power design
techniques are emerging which vary depending on the
level of the design that they target, ranging from the
semiconductor technology to the higher algorithmic level.
Arslan ef al. (1996) used genetic algorithms for synthesis
of low power digital signal processing circuits. They
described two different techniques which employed
genetic algorithms for synthesis of digital circuits. Their
first technique employved a multi-objective genetic
algorithm for synthesizing low power circuits. A gate-
level description of the circuit is encoded into a single
chromosome and the genetic algorithm evolves by
searching for circuit structures that are optimized for both
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overall capacitive area and critical path which would allow
operation under reduced power supply voltages. Their
second technique operated on a Data Flow Graph (DF3)
comsisting of high level blocks such as registers, adders
and multipliers. Operations such as retiming and
automatic pipelining were used to reduce the critical
path  of the DFG, hence allowing operation under
reduced supply voltage. Bright and Arslan (1996)
presented a technique for optimizing CMOS based DSP
systems for power. They used a genetic algorithm to
power, while tracking area and speed
specifications, through the application of high level
transformations. Their algorithm searches for systems
with the lowest power consumption within a large
solution space. They showed that the genetic algorithm 1s
an efficient tool for optimizing power consumption in the
design of complex VLSI systems. Other researchers have
used other techniques for similar goals. For example,
Raja et al. (2004) used linear programming to design
CMOS cireuits with mimmum dynamic power and highest
speed, i.e., least delay. Present experience has shown that
optimal design using genetic algorithm is able to provide
us with the optimum circuit design for both area
consumption and speed for a given desired function.
Reis et al. (2003) proposed a genetic algorithm for
designing combinational logic circuits. They studied four

reduce

2 input adder circuit

" B

cases with the objective of generating a functional circuit
with the minimum number of gates. Reis et al. (2007)
presented an analysis of the performance of a genetic
algorithm in the synthesis of digital circuits using two
approaches. Their first concept was to improve the static
fitness function by including a discontinuity evaluation
and their second concept was to extend the static fitness
by mtroducing a fractional-order dynamical evaluation. In
this study, the results of applying genetic algorithms for
the optimal design of combinational circuits in terms of
both surface area of silicon and speed are presented. The
techmque presented here can be extended to the optimal
synthesis of sequential circuits and even more
sophisticated digital applications. The general approach
1s to encode a chromosome with the inputs and outputs
of the gates and genetic operations are carried out on the
chromosomes until the optimal selution is obtained.

EXISTING GENETIC APPROACH

Arslan et al. (1996) used genetic algorithm for the
synthesis of digital circuits. Their main objective was to
minimize power consumption. They presented details on
how they defined a chromosome to mcorporate the
attributes of digital circuits. For example, you can see how
the circuit shown in Fig. 1 is coded into a chromosome.

Out 1=A+B

The circuit

| Input, input, cell, cutput

/s A

LLGOLLGYLLG2(LLG3(LL,G4|LLG 5

LLG6(LLG7| LLGE|LLG?Y

I | A

|— Out 1 =A+B

Out2=AB

The coded chromosome

Fig. 1: A two mput adder circuit and the corresponding chromosome
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Chromosome 1 |

1101110000111101011000011101 |

Chromosome 2 |

1101006110111111101110110101 |

Chromosome 3 |

1000011100001110000100001000 |

Chromosome ...||

Chromosome N |

0111110001111110101100001101 |

Fig. 2: A starting population of chromosomes

4 Fitness function

LA L

[

Chromosome in populaﬂo;

1 2 3 4 N

Fig. 3: An example fitness function to be used for the
above population

0.254
0.204
0.154
0.10

0.051

Probability based on fitness

0.004
1 2 3 4 5 6 7 8

Chromosome

Fig. 4: The roulette wheel selection method proportional
to fitness

This way, they defined a chromosome and generated
others which make up the starting population as shown in
Fig. 2. Some of the existing genes such as those related to
the input-output of the circuit are constant in all
chromosomes. However, other parts on which the various
genetic operators function are different in various
chromosomes.

They started out with this starting population each of
which indicates a possible solution to the problem at
hand. Then a fitness function such as shown in Fig. 3 is
used to evaluate the fitness of each chromosome in the

Table 1: Roulette wheel probability according to fitness value
Fitness value

Probability
0.030303
0.090909
0.060606
0.181818
0.212121
0.151515
0.090909
0.181818

Chromosome No.

Oy W La - Oy b W

T2 00 1 Oy Lh R o
L)

starting population. This fitness function should be
defined in such a way that it helps identify the optimal
solution.

Defining the starting population and the fitness
function are the preparatory steps of a genetic algorithm.
This population must reproduce to start the algorithm. At
first the best chromosomes are chosen using the fitness
function to be used in the reproduction cycle. Three
methods that are usually used for this selection are
roulette wheel (Table 1), rank selection and tournament as
shown in Fig. 4-6.

Since the roulette wheel selection method gives the
probability of selection proportional with the fitness of
the chromosomes, even the weak chromosomes have
some chance of selection. Even the weak chromosomes
may have genes with positive qualities which may be
useful in the latter generations, this selection method is
used in this research. The next step of the algorithm
would be crossover and mutation which are used to
generate the next population. Two forms of crossover
operation are shown i Fig. 7 and a circuit level
description of the crossover operation is shown in
Fig. 8.

In the mutation operation, some of the bits (or
digits) which malke up a given chromosome are changed
at random. An example of mutation is shown in Fig. 9.
Usually a very low probability is used for the operation of
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Chromosome 1
Chromosome 2
Chromosome 3
Chromosome N-1
Chromosome N
N
N-1

Chromosome 4
Chromosome 5

Fig. 5: Ranking selection method

Tournament

- —
B i s " 2| = ~lualZz -0z w | &
| 8|88 | B - gl & g g § g E
s|13lslg] g g| g E|E 8 E
(=3 =] =] =] 2 [=3 =] Q
1L | HHEE LI
g g &) &) o (&) Q Q Q
Size of
tournament
Fig. 6: Tournament selection method
Multi-point crossover
Parent 1 0111110001101 011 11100011010111
Parent 2 1601000000011 101 | 10000000000011
Cut position
Child 1 0111110001101 101 11100011¢10111
Child 2 1001000000011 011 | 10000000000011

Fig. 7: Two forms of crossover operation

mutation on the chromosomes. Then the best again until the optimal solution is found using a

chromosome in the new population is determined predefined limit for the fitness function as a criteria as
using the fitness function and the procedure 1s repeated shown in Fig. 10.
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Before
Chromosome 1
Inl
Out 1
™\ Dd Oout2 §
InN —/ g
a
Chromosome 2 g
= >d—|_
)__0“" 1
| Out2
InN
Fig. 8: A circuit level crossover operation
0 1 11 0 1 0 1
Mutation l
1 0 0 0 1 0 1 0

Fig. 9: Mutation operation

Gate delay and total area: The speed of operation of a
VLI circuit depends on the technology used, the size of
the transistors in the circuit and the circuit topology and
structure. For example, the normalized delay of several
gates i 2 micron technology is shown in Fig. 11.

Gate delay consists of an electrical and a parasitic
component. The resistance of the interconnects and the
capacitive effects of the source drain regions may be
modeled as an RC circuit to compute the gate delay.

After
Chromosome 1

Out 1

Yy

InN

Chromosome 2

oF

%

InN

| Create a random population |

¥
| Evaluste the fitness of individusls |

”

| Reached desired fitness value
Yes

Rank individuals

| Select mating pairs |

v

Create a new population by mating and mutation

-

Fig. 10: The wusual flow of operations in a genetic

algorithm

Table 2: Gate delay for a few CMOS gates

Cell type Logic style Delay (ns)
NAND2 CMOS 0.67
AND4 CMOS 1.09
MUX2 CMOS 0.93
MUX4 CMOS 1.39
MUX4 CMOS 1.39

Typical values of gate delay for several gates are
shown in Table 2 as an example. The numbers shown in
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«—— Multiplier
7.5
7.0+ Clock generator
6.5
6.0+
5.5+
5.0+
4.5+

4.0

Normalized delay

2.0 pm technology

3.5 \ \ Ring oscillator
3.0 \
2.54 \ Microcoded DSP chip
N

2.0 b
1.54 Adder / 2
1.0

Adder (Spice)

2.0 4.0 6.0

V (volts)

Fig. 11: Normalized delay for several gates in 2 micron technology

Table 3: Library of gates

D (ns) $ (um®) Fanout Input Gate code  Gatename D (ns) S (um®) _ Fanout Input Gate code Gate name
0.06 0.55 2 2 82 Nand 0.13 1.2 1 2 65 And

0.07 0.58 1 3 83 Nand 0.15 1.21 2 2 66 And
0.072 Q.60 2 3 84 Nand 0.16 1.22 1 3 67 And
0.074 0.61 1 4 85 Nand 0.17 1.24 2 3 68 And
0.076 0.62 2 4 86 Nand 0.19 1.26 1 4 69 And
0.078 0.64 1 5 87 Nand 0.20 1.27 2 4 70 And
0.079 0.66 2 5 88 Nand 0.21 1.30 1 5 71 And

0.08 0.71 1 2 89 Nor 0.22 1.50 2 5 72 And
0.082 0.73 2 2 20 Nor 0.23 1.80 1 2 73 Or

0.084 0.75 1 3 91 Nor 0.24 1.90 2 2 74 Or

0.085 0.76 2 3 Q2 Nor 0.25 2.10 1 3 75 Or

0.087 Q.77 1 4 93 Not 0.26 2.20 2 3 76 Or

0.088 0.78 2 4 o4 Nor 0.27 2.30 1 4 77 Or

0.89 0.79 1 5 Q5 Nor 0.28 2.40 2 4 78 Or

0.09 0.80 2 5 26 Nor 0.30 2.50 1 5 79 Or

0.015 041 1 1 97 Not 0.31 2.60 2 5 80 Or

0.02 042 2 1 o8 Not 0.05 0.50 1 2 81 Nand
Table 2 are not exact and their true value depends on gate and their interconnection. The physical

the technology scale and the exact specifications of the
gate.

The total area used by a given circuit is the total size
of the transistors, their interconnections and the spacing
required by the design rules.

Coding a chromosome: A circuit must be converted into
a sequence of digits which indicate its behavior, structure
and physical characteristics in order to generate the initial
chromosome. The behavioral section shows the inputs
and the outputs. The structural part shows the type of
gate used such as an AND gate, an OR gate or a NOR

characteristics part shows circuit qualities of interest such
as die area consumption and propagation delay. These
characteristics are shown m Table 3 for gates used in
CMOS technology where, S denotes the area and D
denotes the delay of the gate.

The chromosome of a given logic circuit would have
several sections each of which 1s related to the coding of
the gate that it is made of. Each gate is described by a
sequence of digits made up of nine pairs as shown in
Table 4.

For example, the logic circuit shown in Fig. 12 below
is coded into the following chromosome:
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Table 4: Coding a gate into a sequence of digits

Two pairs are used to show Five pairs are used to
the outputs of the gate show the inputs to the gate

One pair is used to show the
characteristics. of the gate from
the library of gates. The number
corresponds to the gate code in
the table as shown in Table 3

One pair to show the location
of the gate in the circuit- the
first mumber shows which stage
and the second digit shows

which gate it is in that stage.

v

1.’5/

Fig. 12: A sample logic circuit with three inputs and one
output

The chromosome for the gates in the above circuit are
as follows:

1-A two mput AND gate
116601020000002100
2-A three input AND gate
126701020300002100
3-A three mput OR gate
217511120300001000

The overall chromosome 1s the sequence of the above

three.

Forming the population: The program developed uses this
chromosome and generates the starting population
considering the number of gates and the mput and output
of the circuit.

Fitness of the initial chromosomes: The most important
part of the genetic algorithm is the fitness function.
Arslan et al. (1996) who aimed at minimizing power
consumption used the following flowchart in order to
process the chromosomes in their genetic algorithm as
shown in Fig. 13.

What is important here is that they aimed at
minimizing power consumption, while we intend to find
the best circuit with minimum die area consumption and
delay. The procedure starts out with a target logic
function which is to be synthesized. The chromosomes in
the starting population are processed and then their
functional fitness, delay fitness and area fitness 1s
evaluated. The fitness function is defined as a three part
function each of which is used for evaluating one of the
characteristics of the generated circuit. The first part
checks for the validity of the generated function for each
chromosome and allocates a score to it. The second part
calculates the total silicon area consumption and allocates
a score to the chromosome. The third part calculates the

Target logic fimction | The chromasome |
== 1r ‘
Logic analysis Circuit construction
-~ -~
Verification pattern The circuit _g
Ey= =y _‘I.J =
Backtrack and propagate Connectivity analysi
7
| Functional fitness | | Delay fitness | | Area fitness |
.4
I Weighting |

Fig. 13: The various parts of the fitness function

propagation delay in the circuit as the sum of the delays
of the longest path from the input to the output and
allocates a score to the chromosome.

In present approach, to calculate the function fitness
for the imtial chromosomes, the truth table of that
chromosome is tested by applying the inputs and
checking the output with the desired output. Each
mstance of correspondence with the desired output 1s
given a value of one and each instance of not
corresponding with the desired output is given a value of
zero. Thus the overall fitness of the initial chromosome is
calculated from the following equation:

r;=102F°i

where, F; 1s one whenever the output of the circuit
matches the desired output and is zero whenever it does
not match. Obviously n is the number of rows in the truth
table and the value of t is always somewhere between 0
and 10.

To calculate the fitness of the chromosome in terms
of delay, the delay of the path with the longest delay
between the inputs and the output of the cireuit 1s found
by using the delays of the gates in the library. This value
is also always between 0 and 10.

As far as silicon area used is concerned, the circuit is
more fit if the total area used by the gates m it is less. The
part of the fitness function related to surface area
consumption of the circuit is calculated from the following
equation which is also demonstrated in Fig. 14:
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S+ S s.. Area

Fig. 14: Fitness function for die surface area

consumption of the circuit
F. 4

10

d. 4 d.. Delay
Fig. 15: Fitness function for delay of the circuit

(Sc - Smax)
(Spin = Spar)

3=10

where, 5, equals the upper limit of the No. of gates times
the area of the gate with the maximum surface area m the
table, 3., 1s the lower limit of the No. of gates times the
area of the gate with the minimum area and 5, is the
silicon die area for the circuit in the chromosome. A circuit
with S, would then have a fitness value of 0, while, a
circuit with S, would have a fitness value of 10.

As far as delay is concerned, the circuit is more fit if
the total delay used by the gates in it is less. The part of
the fitness function related to delay of the circuit is
calculated from the followmg equation which is also
demonstrated in Fig. 15:

d=10 (dc ’dmu)
(e = s

where, d is the delay of the critical path of the
chromosome, d,,, 13 set to be six times the lighest delay
n the available gates since a maximum of five stages of
gates are assumed in our synthesis and d,;, is the delay of
the gate with the minimum delay in the library of gates
assuming a minimum of one stage for the realization of a
given function.

Thus, the overall circuit fitness may be computed
using the above three criteria by using the following
overall fitness function that 1s used for the circuit:

F=At+Bd+Cs

where, the coefficients may be chosen based on the
importance of each factor which makes up the fitness
function. In this function, t denotes the function fitness,
d denotes the delay fitness value and s denotes the
silicon consumption fitness value. Each of these values
are chosen between 0 and 10, but may be changed
depending on how we value the optimality of each factor.

Since we cannot find the smallest gate with the least
delay at the same tume, this combined fitness function
may be used to enable the designer to make a trade-off
between optimum size and speed. The value of t is always
set to ten for chromosomes which are suitable for the
realization of the desired function and set to 0 otherwise.
The coefficient used for t in the fitness function can be
used to place more or less importance on this factor
compared to optimality for size and speed. The values
mostly used 1 this research were ten for A, two for B and
one for C. However, any other combination of these
coefficients may be used. Once the fitness value of the
chromosomes in the initial population is calculated, some
chromosomes should be selected using crossover and
mutation operations. The Roulette wheel approach is used
for the selection of chromosomes in this research where,
the probability of selection i1s proportional with the fitness
of each member. Therefore, an upper bound and a lower
bound for their fitness for the circuit are computed. We
generate a random number based on which the
chromosome 1s selected. The number of chromosomes 1s
predetermined based on the size of the population. The
selected chromosomes are ordered as they are selected.
Two crossover operators act on each chromosome. If the
number of the gates m the chromosome 13 assumed to be
1, one of the gates in the chromosome 15 selected with the
probability of 1/n. Since each gate consists of four
sections, one section of the gate is selected with a
probability of 0.25 and 1t 1s crossovered with the same
section of another gate producing two new chromosomes.
The number of chromosome pairs on which the crossover
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operator is performed is controlled by an input from the
program. Many states may be generated as a result of the
crossover operator which are not acceptable at all. For
example, there may be too many outputs, two few mputs
or even a sequential circuit may be generated. To reduce
the chances of such chromosomes from being selected in
the next generations, theirr function fitness value 15 set
equal to zero and only their area consumption is
computed. Mutation is carried out in the next step on
selected chromosomes based on a predefined percentage
which 13 mput by the operator. A percentage of the
chromosomes 1s thus selected using a roulette wheel and
mutation is done on predefined sections at random. Again
the function fitness for
acceptable such as having loose internal connections, or
being sequential n nature are set to zero to reduce the
chances of such chromosomes from being selected in the
next generations. Next, the elitism operation is performed
onn the resuling chromosomes. The most elite
chromosomes are selected and they form the next
generation. This procedure is repeated until the fittest
chromosome is found based on a predefined lower bound
mput by the operator.

instances which are not

RESULTS AND CONCLUSIONS

The code has been developed in Borland C++ Builder
6 and ran on an IBM personal computer with the following
bounds imposed on the genetic operators:

2 < population < 200,1 < generation <1000,0 < crossover <100,0 < mutation <100

The maximum value for the fitness function is 130
using A = 10, B= 2 and C = 1. Therefore, the least value
that a suitable circuit which could satisfy the desired
function could have was 100 and the maximum value that
an unsuitable circuit which could not satisfy the desired
function could have was 30. Thereby, unsuitable
chromosomes would be eliminated rapidly as the new
generations evolved. Present experience with this
software showed that for many circuit synthesis examples
which we ran, the results approached the optimal design
after 100 or more generations had evolved and the fitness
value exceeded 127.

The details of a genetic approach to the synthesis of
combinational circuits has been presented here and it is
shown that this approach can lead to the synthesis of
circuits with optimum silicon area consumption and
minimum delay in a very short time. Present approach is
superior to existing synthesis approaches where, a
predefined algorithm 1s used to generate the circuit.
Present approach gives a wider selection possibility and

vields optimum circuits for the realization of the desired
function. The program developed is easy to use and can
be extended to cover the optimal synthesis of analog and
more soplusticated digital circuits if the necessary
funding for its extension is provided.
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