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Abstract: This work shows the results obtained with the com-

bined application of simulating annealing (SA) and genetic al-

gorithms (GA) in the generation of inputs pairs that cause the

maximum number of switching gates in combinational cir-

cuits. We found that a combination of SA and GA produces

better results than those obtained using only one of them.

1. Introduction

Modern VLSI designs use integration technologies that make

them very complex and with billions of transistors. This com-

plexity now allows us to put a complete system on a chip and

fostered the development of very complex portable devices

that to handle their multiple functions require high perfor-

mance designs. High performance usually implies the use of

high frequency clocks and brings the problems of increasing

heat and power consumption. This also comes together with

the fact that each generation of mobile devices reduces the

space allowed to batteries. Moreover, battery technology has

not been able to keep pace with this downsizing trend mak-

ing power reduction a pervasive problem in any new develop-

ment. We can estimate the power consumption of a design at

different levels. At the system level, high-level descriptions

of the circuit and abstractions of capacitance and switching

are used to estimate power [1]. At the functional level, ab-

straction of functional blocks (muxes, ALUs, registers) pro-

vide the models to get power estimates [2]. At the gate level,

we can use BDD (Binary Decision Diagrams) to get some

estimates [3] to address power related problems. At the tran-

sistor level, we can use model correlations to predict worst

case power consumption [4]. We can break these techniques

in non-simulative, simulative, and hybrid techniques. At the

gate level we can divide these techniques in probabilistic and

sampling-based (deterministic) techniques [5], [6], [7]. This

paper is about an heuristic of the last type. There are sev-

eral methods to find an input pair that causes the maximum

number of switching gates in a circuit. The simulated anneal-

ing method of [9] improved the results of the iterative method

of [8], but has the bottleneck of its running time for circuits

with many inputs. Genetic algorithms (GA) have been used

to determine the lower bounds on the maximum power [10].

Recently, a method using GA showed that the running time

problem could be reduced, but at the expense of results with

a reduced number of switching gates [11]. In the following

section, we show our SA algorithm and the modifications we

made to use it with the crossover and mutation operations of

a GA. In section III, we show the experimental results we

obtained with our approach and their comparison with other

published results. In the last section, we give some conclu-

sions and outline some topics that need further consideration.

2. Hybrid SA-GA Method
A brief scheme of the SA algorithm we use in our work is

shown in Fig. 1. In it we can see that a new pair (pi) is gen-

Figure 1. Flow diagram of the SA algorithm used in this work.

erated and compared to a current one pi−1. If the difference

in the number of switching gates ΔG (Gi − Gi−1) is greater

than zero (i.e., there is an increase in the number of switching

gates) we use the new pair to generate the next one pi+1. This

process is repeated a number of times (Nin) dictated by the

inner loop of SA. In the case that ΔG does not show an in-

crease in the number of gates, we do not discard immediately

the new pair. Instead, we use the rejection algorithm (known

also as the Metropolis algorithm[12]), and determine stochas-

tically if we use the ”bad” pair or not. If we reject the pair, the

previous one, pi−1 will be used to generate a new one pi+1.

Otherwise we use pi to generate a new one. The rejection

or acceptance of a ”bad” pair is subject to the evaluation of

equation (1).

ρ < e
ΔG
Tk (1)

Where Tk is the parameter know as temperature in SA. This

parameter is usually set to a big value, so we accept a lot of

bad pairs at the beginning. This parameter is decreased every

time we left the inner loop of SA so the chances of accept-

ing ”bad” pairs decrease with time. The decreasing of pa-

rameter Tk is done following a scheme known as the cooling

scheme of SA. To accomplish this, we have a lot of differ-

ent approaches. In this work, we use the simple geometric
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cooling scheme given by equation (2).

Tk+1 = Tk × α (2)

Where α takes a positive value lower than 1 (usually it takes

values between 0.7 ∼ 0.9). The number of times the tem-

perature is reduced in SA is controlled by the outer loop of

SA (Nout). In this paper, the number of solutions (pairs in

our case) searched by SA is given by Nin × Nout. However,

in some cases it is tied to the elements that control the search

space (in our case the number of inputs of a circuit). In the SA

of [9], the number of inner loop repetitions is given by Nin

multiplied by the number of circuit inputs. This approach in-

creases the number of solutions searched, but also increases

the running time needed. Once we complete the number of

cycles of the outer loop, we leave our SA given as output of

the best pair we were able to find (the one that causes the max-

imum number of switching gates among all pairs searched).

In this work, we have adapted the crossover and mutation op-

erations used in a GA to generate a new pair pi+1 in the inner

loop of SA. They are explained in what follows.

2.1 Input Pair Representation

To handle input pairs with the crossover and mutation opera-

tions of a GA we need to represent them as chromosomes (an

array of elements (genes in GA)). We use the representation

of [9] and [11]. Where a pair of binary inputs, 00, 01, 10, and

11 is replaced by 0, 2, 3, and 1, respectively.

Figure 2. Four-valued signal change representation.

We use the values corresponding to the inputs of the circuit

as a chromosome(Fig. 2).

2.2 Generation of Input Pairs in a SA

In a SA algorithm we work with one solution at a time, and

a new solution (input pair) is usually generated from a current

one. The SA of [9] uses two methods for generating input

pairs. The best one determines randomly the number of pins

to change and also those that will change. Fig. 3 shows this

method when four inputs (the highlighted (underlined) ones

of Fig. 3(a)) are selected to change. In Fig. 3(b) we can see

that with the new pair we increase the number of switching

gates from two to three (the ones with a gray circle inside the

gate). In our work we replace this way of generating a new

pair from a current one applying the operations of crossover

and mutation used in a GA.

(a) (b)

Figure 3. Input pair generation in [9] (a) previous pair (b) new

pair.

2.3 Crossover and Mutation for SA

In a GA new chromosomes (in our case pairs) are generated

using crossover and mutation. Mutation is applied to each

individual obtained after crossover. However, crossover is

usually applied to two parent chromosomes to produce two

new children chromosomes for a new generation. Since in

SA we work with one pair at each time, we had to adapt the

crossover operation to handle only one chromosome. In the

design of a GA, we have many ways to implement crossover.

We chose one-point crossover. Fig. 4 shows it when applied

to one chromosome. We apply crossover to a current pair with

Figure 4. Crossover adapted to work with only one chromo-

some.

a probability pc set to 0.9. When the pair crossovers, the point

of crossover is determined randomly and the pair is cut in two

and those parts transpose. When the pair does not crossover it

is left unchanged. After crossover the pair is subject to muta-

tion. Mutation is applied to each gene with a probability pm

given by equation (3).

pm =
1

number of inputs in the circuit
(3)

To see if a gene changes or not, we generate a random

number between 0 and 1. If this number is smaller than pm the

gene takes a value different from the one it has. One example

of mutation is shown in Fig. 5. In it, three genes change to

new values generating a new pair pi+1 to be used in the next

iteration of the SA algorithm.
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Figure 5. Mutation to generate a new input pair.

3. Experimental Results
We ran a set of simulations using the ISCAS85 combinational

benchmark circuits. In the cooling scheme we set α to 0.5,

0.6, 0.7, and 0.9 to see the range where we obtain the best

results. We determined that the best values where within 0.6
and 0.7. To complement these first results we ran a new set

of simulations with α set to 0.62, 0.64, 0.66, and 0.68. The

maximum number of switching gates is plotted for all these

values of α in Fig. 6. We set T0 (the initial temperature in

Figure 6. Maximum number of gates for different values of α.

SA) to 1000. The inner and outer loop parameters (Nin and

Nout) were both set to 100. These values of T0, Nin and Nout

were chosen to compare our results to those of [9]. The best

results were obtained with α set to 0.66, and are shown in Ta-

ble 1 together with the results of [8], [9] and [11]. In Table

Table 1. Comparison with other methods.
ISCAS85 Max. Switching Gates

circuit gates [8] [8]GA [9] [11] SA-GA

c432 161 145 NA1 102 103 119

c499 202 118 NA 157 160 161

c880 383 318 318 280 235 304

c1355 546 299 296 327 328 326

c1908 880 601 588 710 526 748

c2670 1193 809 791 1130 927 1161

c3540 1669 921 919 953 834 990

c5315 2307 1484 1449 1912 1321 2057

c6288 2416 1564 1539 1630 1324 1697

c7552 3512 2178 2100 2933 2235 2916
1NA: Not Available

2 we set the values of [9] as reference and could see that our

approach excels at the number of switching gates for almost

all the benchmark circuits of ISCAS85 (the only exception is

c7552). These figures show that our approach leads to better

input pairs than those of the SA of [9] and also better than

those given in the iterative method of [8] or in [11] for a GA

Table 2. Comparison taking [9] as reference.
ISCAS85 [9]=1

circuit [8] [8]GA [9] [11] SA-GA

c432 1.42 NA 1.0 1.01 1.17

c499 0.75 NA 1.0 1.02 1.03

c880 1.14 1.14 1.0 0.84 1.09

c1355 0.91 0.91 1.0 1.00 1.00

c1908 0.85 0.83 1.0 0.74 1.05

c2670 0.72 0.70 1.0 0.82 1.03

c3540 0.97 0.96 1.0 0.88 1.04

c5315 0.78 0.76 1.0 0.69 1.08

c6288 0.96 0.94 1.0 0.81 1.04

c7552 0.74 0.72 1.0 0.76 0.99

approach. We have added also in these tables the values ref-

erenced in [8] for a GA (these are shown as [8]GA). With the

hybrid SA-GA method, we see an increase in the number of

switching gates that ranges from 3% to 17%. We ran all of

our experiments in a Dual Core 2GHz PC the same machine

machine used in [11]. The corresponding running times are

given in Table 3 together with the values published in [11].

The running time reduction is mainly due to the fact that the

number of iterations does not depend on the number of inputs

as it is does in [9].

Table 3. Running Time Comparison.
ISCAS85 run time (secs) [9]=1

circuit [9] [11] SA-GA [9] [11] SA-GA

c432 45.7 1.3 1.2 1 0.03 0.03

c499 44.7 1.1 1.0 1 0.02 0.02

c880 241.0 4.0 3.9 1 0.02 0.02

c1355 241.1 6.0 5.8 1 0.02 0.02

c1908 366.6 11.2 11.0 1 0.03 0.03

c2670 3178 13.7 13.4 1 0.004 0.004

c3540 1217 24.5 24.1 1 0.02 0.02

c5315 6735 39.1 38.9 1 0.01 0.01

c6288 3082 99.9 103.5 1 0.03 0.03

c7552 9908 51.3 52.6 1 0.01 0.01

Therefore, the running times of our hybrid SA-GA are only

a small fraction (0.4% to 3%) of the one needed by the SA of

[9] and comparable to the GA of [11].

4. Conclusions
To ensure reliability, signal integrity, and an adequate thermal

design of a circuit we need to know its maximum power dis-

sipation. If we have several implementations of a design and

have to choose the lowest power consuming one, we need to

know their maximum power consumption. This work aims

to find the pair of inputs that cause the maximum number

of switching gates (hence the maximum power consumption)

in a combinational circuit. We have shown a hybrid SA-GA

method that is very promising. We obtained results similar or

better than those given by a pure SA method. Our results in

some cases improved them even in 17%. The running time of

our SA-GA is no more than 3% of the time required by the

SA of [9].

We worked with only one value of the initial temperature

of SA (T0). Clearly, other values need to be evaluated. We

also used a geometric cooling scheme in this work, but plan
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to use the cooling scheme of [9] and others to make further

comparisons and see the influence of the cooling scheme in

the hybrid approach. As detailed in the crossover section, we

used a fixed value of 0.9 for pc. Usually, a high value of it in a

GA leads to rapid convergence to a local solution. However,

in our work it led to very good results. Further work is needed

regarding the setting of this value and the one of mutation

(pm). This last one has been made dependent on the number

of the inputs the circuit has, but we need to see the influence

of it when set to a constant value.
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