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The switching gates in CMOS logic circuits are closely related to the power dissipation. This paper presents a new
method of evaluating the maximum number of simultaneous switching gates for combinational circuits. In this
method, an initial primary input vector pair is iteratively improved through changing its values pin by pin orderly so as
to increase the number of switching gates in the circuit. To find a larger number of switching gates, the procedure is
repeated with the different initial vector pairs generated randomly. Also, our method is extended to the method with
multiple selected pins. Experimental resuits for ISCAS benchmark circuits show the effectiveness of our method.



1. Introduction

The severity of the problem of power
dissipation increases in proportion to the level of
integration of LSI. The advent of VLSI has led to
much recent work on the estimation of power
dissipation during the design phase ([1]-[4]), so
that designs can be modified before
manufacturing.

The switching gates in CMOS logic circuits are
closely related to the power dissipation. We
address the problem of evaluating the maximum
number of switching gates for combinational
circuits.

There have been published several methods of
evaluating the maximum number of switching
gates, such as the partial exhaustive enumeration
method [5], the branch-and-bound method {6] and
the method using genetic algorithm (GA) [71. The
partial exhaustive method is powerful though the
procedure is simple, but it tends to spend too
much computational power on the local
optimization. The branch-and-bound method
needs much more CPU time than the other
methods. The GA method may be effective if the
appropriate parameters can be provided. However,
it is difficult to decide the values of parameter
properly.

We propose a new method by which an
initial primary input vector pair is iteratively
improved through changing its values pin by pin
orderly so as to increase the number of switching
gates in the circuit. To find a larger number of
switching gates, the procedure is repeated with the
different initial vector pairs generated randomly.
The rest of this paper is organized as follows.
Section 2 indicates the origin of our research
problem and explains the meaning of simultaneous
switching' gates. In Section 3, our iterative
improvement method for evaluating the maximum
number of simultaneous switching gates is
presented. In Section 4, experimental results are

shown.

2. Problem Formulsdtion

Most of the power in CMOS circuits is
dissipated by switching of output values of the
gates in the circuits. The power dissipated by the
circuit is given by:

P(VYy=L*E**Y Ci*Ti(V) (1)

Where V (V= ((usuz...utn), (viva...,vn) )
ujvj €{0,1}) is a primary input vector pair
(hereafter, we call it vector pair), which means that
the values given to the primary input.pins are
changed from wiuz,...unto viva...va. P(V)
denotes the power dissipation, Ci is the load
capacitance of a gate i, E is the supply voltage and
L is a constant. And Ti(V) is 1 when the output of

the gate i is changed by the vector pair v
otherwise, Ti(V) is 0. Here, static currents are
negligible compared to transient currents ([81.[9D).
Although the load capacitance Ci varies with the
number of fanouts and the other factors of each
gate, it is assumed to be identical in order to make
the problem simple in this paper. The program can
be easily modified by giving the weight,
corresponding to the load capacitance, to each
gate. As E is a constant as well, the equation(1)
can be changed to the following equation (2).

P(V)=KY Ti(V) (2)

‘

Here, K is a constant and XYTi (V) is the
number of simultaneous switching gates. If we
can find the maximum number of switching gates,
we can evaluate the maximum power dissipation.
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Fig.3(a) a Single Initia! Vector Pair

Next, we explain the meaning of simultaneous
switching gates. A gate of which the output value
changes with the input vector pair is called the
switching gate. In Fig.1, suppose that the vector



paitV=((0,0,1, 1), (0, 1, 1,0) ) is given for
the primary inputs, i1, i2 is fs, then the output
values of g.. g+ g4, are changed from 1, 0, O to
0, 1, I, respectively. The output value of g:
remains unchanged. The gates g, gs, g4, are
switching gates. There are three simultaneous
switching gates for the vector pair V. If the vector
pair V is changed to V' (Fig.2), there are two
simultaneous switching gates for the vector pair
V'. It is understood that the number of
simultaneous switching gates varies with vector
pairs.

3. Iterative Improvement Method

3.1 Overview of the Method

Our approach to evaluate the maximum number
of simultaneous switching gates is to modify the
values of an initial vector pair pin by pin orderly
toward the increase of the number of simultaneous
switching gates, as follows. This approach is
called the iterative improvement method.

First, generate an initial vector pair randomly
and compute the number of switching gates for it
by logic simulation.

Then, select a primary input pin; modify the
corresponding values of the selected pin in the
vector pair; and compute the numbers of switching
gates for the new vector pairs. Additionally, keep
the "current best vector pair" that brings the
current fargest number of switching gates obtained
so far.

This step is repeated by carrying the "current
best vector pair” to the next repetition. In the next
repetition, another primary input pin is selected to
modify the "current best vector pair". The
repetition continues until the current largest
number of switching gates does not increase even
though the values of every primary input pin are
modified.

As the finally obtained largest number of
switching gates depends on the initial vector pair,
the above procedure is applied to multiple initial
vector pairs.

Before describing the procedure of the iterative
improvement method in detail, we illustrate it
through the example in Fig. 4.

First, an initial vector pair V is generated
randomly, as V= ( (1,0, 0, 0), (0, 0, 1,0) ) in the
left part of Fig. 4, and the number N of switching
gates for V is computed, as N=0 unfortunately in
this case.

Secondly, select a primary input pin for
improvement at random. We call it the "selected
pin". Now, suppose that Pl2 is the selected pin.
Compute the numbers N', N”, N of switching
gates for V', V", V""" modified from V. Although
V. V., V" V" are different from each other,
they have the same values except the selected Pl2.
In this case, the value on PI2 for V is 00, then the

values on Plz2for V', V", V" are OI, 10, 11,
respectively, and the computed values of N', N”,
N'"" are 1, 2, 3, respectively. The maximum
number of switching gates (N"') and its vector
pair (V') are reserved. As the maximum number
of switching gates (N'”) in this step has become
larger than the number of switching gates (V) for
the vector pair (V ), we call such a step an
improved process and the new vector pair (V' in
this step) is carried to the next step. If every value
of N', N" and N"" does not exceed N, we call it
an unimproved process. In this case, the vector
pair which was carried from the previous step
survives and passes to the next step. In this way,
the "current best vector pair" that brings the
current largest number of switching gates obtained
so far is carried to the next step.
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In the next step (Fig: 5), the next primary input
pin, Pl3, is selected as the selected pin. And the
same procedure is repeated. As the maximum
number N’ in this step is equal to the current
largest number N, this step is judged as an
unimproved process, the vector pairV that was
carried from the previous step passes to the next
step. Next, Pl4 becomes the selected pin. The
same procedure is repeated as in Fig. 6.

This repetition continues until the current
largest number of switching gates does not
increase even though the values of every primary
input pin are modified. This condition is
determined with the times of successive
unimproved processes that have reached the
number of primary input pins.



As the finally obtained largest number of
switching gates depends on the initial vector pair
_ as explained generally in the next paragraph, the
above overall procedure is repeated again and
again, starting with another initial vector pair
generated randomly.

We generally explain the necessity of the
repetition. Fig. 3(a) represents the behavior without
any repetition. In this case, only one of the local
maximum solutions will be obtained. Fig. 3(b)
implies the effect by multiple initial vector pairs
generated randomly. In this case, a better solution
can be obtained.
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3.2 Procedure for the Iterative
Improvement Method

The main flow of our method is as shown
in Fig.7. and the procedure is described as
follows:

The Procedure of our method:
(Stepl ) Set R and Nmax=0. Here, R
.denotes the counter of the main repetition, and

Nmax is the maximum number of switching
gates. .
(Step2 ) Generate an initial vector pair V at

random. Then, enter the iterative improvement .
This part is shown at Fig.8 and will be explained
later.

(Step3 ) Suppose that N is the result of the
iterative improvement. Set Nmax = N, if N is
larger than Nmax. And increase the repeated
counter R by 1. If R has reached the
predetermined limit value Rmax, the procedure
concludes. Otherwise, go back to Step2.

It follows that the flow of iterative
improvement is as shown in Fig.8, and the
procedure is described as follows:

stepl

INIAX
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Generate an Initial
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[[Tterative Improvement ]

R : the number of initial nvo-pattern tests
Nmax: the maximum number of switching gates

N : munber of switching gates computed for V

Fig.7 Main Flow of Our Method

The Procedure of Iterative Improvement:

(Stepl ) Compute the number N of switching
gates for the vector pair V by logic simulation.

(Step2 ) Select a primary input pin Pli(I1<i
<n) at random for initial improvement, where n
denotes the number of the primary inputs. Set
K=0. Here, K is used for counting the times of
successive unimproved processes.

(Step3 ) Compute the numbers N, N’ and
N''" of switching gates for V', V” and V'"
modified from V. Although V, V', V" and V"
are different from each other, they have the same
values except the value on the primary input pin
Pl; . For example, if the value on PI; for Vis 01,
then the values on P; for V', V" and V' are 00,
10 and 11, respectively. Let Nc be the maximum
number of N, N" and N'”, and let V¢ be the
vector pair that brings  the number Nc.

(Step 4) IfN < N, then set V=V, N=Ng,

K=0 and i=i(mod n)+1, and go back to Step
3. Otherwise, proceed to the next Step 5.

(Step 5) Set K=K+1. If K2n, then return to
the main flow. Otherwise, set i=i(mod n)+1 and
go back to Step 3.
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3.3 Iterative Improvement by
Mutltiple Selected Pins

In the above iterative improvement procedure,
only a single pin is selected for improvement each
time. We can select multiple pins instead of a single
pin. The number of switching gates is computed for
every combination of values on the selected pins.
We call the method of iterative improvement with
multiple pins [IP(k). Here, k is the number of the
selected pins and in section 3.2, k is equal to 1. The
larger the number of selected pins is, the greater is
the possibility of finding the optimal solution.
When the number of selected pins is equivalent to
the number of primary input pins, it results.in
exhaustive enumeration and the optimal solution can

be found. As the exhaustive enumeration needs

enormous computational time, it is impracticable.
The more the number of selected pins is, the more
computational time is needed, and therefore we
select only 2 pins in view of the limits permitted by
time.

We consider a representation of the procedure
for 11P(2) similar to that for 1IP(k) (k >= 3) as
follows. :

First, an initial vector pair V is generated
randomly, and the number N of switching gates for
V is computed.

Secondly, select two successive primary input
pins for improvement at random. For example, the

pin PI; and Plj. are the selected pins. Compute the
numbers NI, N2..,NI15 of switching gates for VI,
V2,...,VI15 - modified . exhaustively from V.
Although V, VI,...,VI5 are different from each
other, they have the same values except the values
on the primary input pins Pljand Plj+1. The
maximum number among N, Ni,.., NI5 is
reserved and its vector pair is carried to the next
step. In the next step, the input pins for
improvement are moved to Plj+s and Plj+2 and the
above procedure is repeated. The iterative
improvement continues until the times of successive
unimproved processes has reached the number of
primary input pins.

Finally, the above-mentioned procedure is
repeated with the different initial vector pair
generated randomly. '

4. Experimental Results

Our method has been implemented on a
personal computer 466/m DELL Computer
Corporation. We used the ISCAS'85 benchmark
circuits[10] for our experiments. There have been
published several methods of evaluating the
maximum number of switching gates, such as the
partial exhaustive enumeration method[5], the
genetic algorithm method[6] and the branch-and-
bound method[7]. Table 1 shows our
experimental results together with the results of the
previously published methods.

In the case of our method IIP(1), we have
obtained larger Nmax's for ¢880, c1908, c5315,
c6288 and ¢7552 than those by the previous
methods. Moreover, the method 1IP(2) has not
only enhanced the results obtained by the 1IP(1)
for ¢880, c1908, ¢5315 and ¢7552, but also found
the largest Nmax's for 2670 and 3540 among all
methods in the table, though the CPU time has
increased. Notably, the Nmax's for ¢5315 and
¢7552 by our method are much larger than those
by the previously published methods. This shows
the effectiveness of our method for large circuits.

5. Conclusions

We presented a new method by which an initial
primary input vector pair is iteratively improved
through changing its values pin by pin orderly so as
to increase the number of switching gates in the
circuit. To find a larger number of switching gates,
the procedure is repeated with the different initial
vector pairs generated randomly. Also, our method
is extended to the method with multiple selected
pins. For each circuit of ISCAS'85, we compared
the number of the switching gates obtained by our
method to those obtained by the previous
methods. These results show the effectivess of our
method. Especilly, our method is effective for the
large-scale circuits.



Table 1. the Comparision between our Method and the Previous Methods

circuit our method partial exhaustive enumeratidR) nethod using genetic algoritl*{rg] bbran;h—an:- d
name  |1pin (Rmax:150) | 2pins(Rmax:150) |RND2(N=6)-s[Pack operation | 7.5 M2s | e
Nmax |CPU *1 Nmax _|CPU*1 _|Nmax|CPU*2 Nmax|CPU+2 [NmaxiCPU*3 |Nmax]CPU*3 Nmax|CPU3
c432 [ 145| 16 145 53— | — |1~ | = = [— [ — [— ] =
c499 |119] 12 119 63 |~ | — | —| —~ | | = |— | = |- -
c880 |[318] 81 319 399 [300| 180 [315| 91 | 318 468 | 315 373 [ 313] 2521
c1355 | 282 S5 295 342 | 296 | 269 | 290( 378 | 288| 203 | 296 309 | 305| 3337
c1908 | 595 86 598 467 | 591 | 241 | 592| 395 | 588| 438 | 587 | 307 | 590]| 3676
c2670 | 793| 869 807 4640 | 758 | 826 | 776| 623 | 791|2439 | 755 (1368 | 806| 6024
c3540 [917| 290 923 1442 | 915] 454 | 904| 726 | 919 833 {901 | 495 | 869] 8381
c5315 1461} 1465 1478 7845 (1429|1406 [1412] 1511 |1402{4528 [1449 {3005 |1434/3600Q
c6288 [1562| 326 1556 1591 |1556| 1484 [1449] 823 [1538{1226 [1539{1100 [1516] 6511
c7552 R150| 2648 2172 13716 209412974 [2125| 2114 |2100{6434 [2099 |4462 12133]10878

*1
‘2
'3

cpu time (in sec.), on DELL466/M
cpu time (in sec.), on Fujitsu S-4/LC
cpu time (in sec.), on Sun SS./ Classic
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