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Abstract

In this paper, we present a new approach to the problem
of local logic transformation for reduction of power dissipa-
tionin logic circuits. Based on thefinite-state input transition
(FIT) power dissipation model, we introduce a cost function
which accountsfor the effects of input capacitance, input slew
rate, internal parasitic capacitance of logic gates, intercon-
nect capacitance, as well as switching power. Our approach
provides an efficient way of estimating the global effect of lo-
cal logic transformations in logic circuits. In our approach,
the FIT model for the transitive fanout cells of a locally trans-
formed subcircuit can be reused to measure the global power
dissipation by varying the input probabilities of the transitive
fanout cells. Local logic transformation is carried out based
on compatible sets of permissible functions (CSPF). Experi-
mental results show that local logic transformation based on
CSPF using our cost function can reduce power consumption
by about 36% on average without increase in the worst-case
circuit delay.

1 Introduction

At thelogic synthesislevel, logic transformation has been
proved to be an effective technique to reduce power con-
sumption by restructuring a mapped circuit by way of per-
missible signal substitution or perturbation. Logic transfor-
mation techniques based on the logic perturbation method [1]
are used to re-synthesize a combinational circuit [9]. In [7],
a structural transformation technique is proposed based on
compatible sets of permissible functions (CSPF) [5]. Re-
cently, in [2], more comprehensive permissible functions,
referred to as set of pairs of functions to be distinguished
(SPFD) [10], are introduced to obtain better FPGA imple-
mentations with lower power dissipation.

In this paper we present a new approach to the problem of
logic transformation for the reduction of power dissipation.
Thetwo key ideasin our approach are :

(1) signa lines for logic transformation are identified as a
group, not one-by-one sequentially.

(2) anew power dissipation model isused to compute power
consumption effectively so that a large number of logic
transformation candidates can be examined.

2 Local Logic Transformation
Traditionally, logic transformationin alogic circuit is car-
ried out by identifying signals with high switching activities
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Figure 1: Local logic transformation example

and re-synthesizing the signalsone at atime [2, 7, 9]. Such
a sequential, greedy approach is very fast. However, the fi-
nal solution depends on the order in which the signals are re-
synthesized, and yet very littleis known on how to determine
an optimal ordering of these signals.

Take the circuit in Figure 1 as an example. Suppose we
can

(1) replacesignal L3 by signal L7 and
(2) replacesignal L4 by signal L1.

A sequential approach will replace the two signal lines one
a atime. If (1) is carried out first, then because gates v3
and v1 will be deleted and signal L1 will no longer exist, (2)
cannot be carried out. On the other hand, if (2) is carried out
first, then (1) can be carried out subsequently. This example
illustrates that a sequential approach will not be able to take
into account the inter-dependency of signal lines.

On the other hand, for a non-sequential approach, when
there are M modifiable signal lines and N candidate sig-
nals on average for each modifiable signal line, there will
be NM possible transformations. To consider all such trans-
formations will be prohibitive in terms of computation time.
To overcome such an exponential explosion in computational
complexity, we propose alogic transformation scheme asfol-
lows:

(1) A subcircuit C of alogic circuit is identified.

(2) Structural transformationsof the subcircuit C are carried
out.

(3) For each structura transformation of C, compute the
power consumption of the restructured circuit.

(4) Select the best structural transformation of C'.



A significant advantage of such an approach isthat we can
try to identify a small subcircuit C the behavior of which is
less dependent upon the signals outside of C. In this way,
the number of possible structural transformations of C' isrel-
atively small and can be examined exhaustively. The details
on how to identify asubcircuit C' will be presented in Section
3.

To compute the power consumption of each restructured
circuit in (3) could be extremely time-consuming because we
need to recompute the power dissipation in the whole circuit.
Note, however, that a structural transformation of C' changes
only the signal probabilities of the transitive fanout signals of
C.

L et us partition the circuit into three parts as shown in Fig-
ure 1: asubcircuit C, the subcircuit 7' which contains all the
transitive fanout cells of the cells in C, and the remainder
of the circuit, R. Suppose a structural transformation is car-
ried out to transform subcircuit C into C'. Clearly, the power
consumed in subcircuit C' isdifferent from that consumed in
subcircuit C'. The power consumed in subcircuit 7" will also
be different because of changes in the input signals (or sig-
nal probabilities) to subcircuit 7' although the structure of T'
remains unchanged.

Therefore, the power gain AE corresponding to a trans-
formation is given by

AE =AE(C)+ AE(T) (1)
where AE(C') corresponds to the changein power consump-
tion in subcircuit C' (from C to C') which is referred to as
local power gain, and AE(T') corresponds to the change in
power consumption in subcircuit 7" which is referred to as
global power gain. The globa power gain is known to domi-
nate the local power gain in many cases.

Clearly, the computational cost to recompute the power
dissipation for every candidate transformation will be expen-
sive[7], when alogic simulation is used to estimate the power
consumed by a whole circuit. A power computation model
which can take advantage of the structure invariant of the sub-
circuit T' is required. We propose a new cost function based
on the FIT power model which can overcome such computa-
tional difficulty while providing very accurate estimations on
power consumption, as we shall seein Section 4.

3 ldentification of a Subcircuit C
Theidentification of a subcircuit C' isbased on the notion
of direct and indirect dependency of signals. Let L beasignal
line. If L' isone of the candidate signals that can be used to
replace L, then we say that signal line L is directly dependent
onsignd lineZL'. InFigure 1, L3 isdirectly dependenton L7.
To define the notion of indirect dependency, we introduce
first the notion of dominating fanin lines. Let £ be a set of
signal lines. The dominating fanin lines of £, denoted by
FI(L), are signa lines such that any transitive fanout path
between asignal linein FI(£) and aprimary output line will
includeasignal linein £. InFigure 1, L1isin FI({L3}).
Then, we say a signal line L is indirectly dependent on
L' if L is directly dependent on any of the signal lines in

FI({L'}). InFigurel, Llisin FI({L3}) and L4 isdirectly
dependent on L1, so L4 isindirectly dependent on L3.

A subcircuit C' can be defined conveniently by two sets F
and G where F' isthe set of output signals (of the subcircuits)
and G isthe set of all the signals in the subcircuit. A set of
subcircuit C's can be identified as follows:

Step 1. Seti=1. Select amodifiable signal line L that is not
included in any subcircuit C. Let F; = {L}.

Step 2: If F; = null, then stop.
Step 3: LetG; = F; U FI(F;).

Step 4: For al modifiable lines Ly, if Ly, is directly or indi-
rectly dependent on alinein G;, then F; = F; U {L}

Step 5: Increasei by 1. Goto Step 1.

As aresult, one or more subcircuits defined by F; and G;
areidentified. Each subcircuit C' can be transformed indepen-
dently. So, for adigoint set of K subcircuit C’s, therewill be
N¥ . K possible transformations, assuming that modifiable
lines are equally distributed among the subcircuits C’s.

4 Power Mode

We propose a finite-state input transition power model
which enables us to determine the total power consumption
in the circuit in three steps : cell characterization, subcir-
cuit characterization, and input statistics application. One of
the main features of the FIT model is the separation of input
statistics application step from logic simulation step.

41 FIT Model for aCdll : Cell Characterization

Most of the power dissipated in CMOS logic is due to the
dynamic power consumption P which consists of switching
power and short circuit power [4]

P = CLVd?df + kVgar @)

where C, correspondsto the load capacitance, V4 and f cor-
respond to the supply voltage and the clock frequency, and
correspondsto the input slew rate. The load capacitance con-
sists of three components, namely

CL = Cint + sz're + Cewt (3)

where C};,,; denotesthe drain capacitance and the overlapping
capacitanceinternal to the driver, C ;.. denotesinterconnec-
tion parasitic capacitance, and C.,; denotes the gate capaci-
tances of the fanout nodes.

We characterized each cell by measuring the power con-
sumption due to C;,,¢ and C.,; by using SPICE for varying
input slew rates in order to consider the power consumption
due to short circuit current. To account for the contribu-
tion of interconnection capacitances, interconnection capac-
itances Cyire, Weighted by the number of fanout nodes, are
provided as a parameter of power consumption of the whole
circuit. Here, asin the case of the AUTOROUTE option in
the conventional place and route tool, C\y;.. IS assumed to
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Figure 2: FIT model example

have a unit value per fanout, since the exact value for C\ ;.
will not be available until placement and routing have been
performed.

4.2 FIT Model for a Circuit :
terization

Subcircuit Charac-

The FIT model of acircuit contains complete information
on power consumption for every input transitionin thecircuit.
The FIT model for acircuit is constructed based on the FIT
models for the individual logic cellsin the library.

Figure 2(a), (b) and (c) showsthe FIT model for a 2-input
AND cell, a 2-input OR cell, and an inverter, respectively.
The states in the finite-state transition diagram correspond to
the input vectors for the cell. The weight, in uV, for each
transition accounts for the power dissipation when an input
transition takes place. For thebooleanfunction F' = a’ (b+c¢),
and the implementation shown in Figure 2(d), the FIT model
for the circuit can be constructed as in Figure 2(e) by logic
simulation. (For brevity, we show only some of transitionsin
the FIT model.)

Note that the FIT model for a circuit takes into account
delaysinindividual cells and consequently glitch activitiesin
the circuit. In other words, the FIT model enables us to esti-
mate the average power dissipation of combinational circuits
with readlistic delays.

4.3 Power Computation :
tion

Input Statistics Applica-

Once the FIT model for a circuit is built, we can easily
compute the average power dissipation E in the circuit by
applying the input transition probabilities

E=2Eij'Pij (4)

i,jeT
where I is the set of input states, £;; corresponds to power
dissipation resulting from a transition from state i to state j,

and P;; corresponds to the transition probability from state
to state j.

4.4 Local and Global Power Gain

We are now ready to show how the power gain AE in
Equation (1) can be computed for our power model.

The local power gain arises from reconfiguring a subcir-
cuit C into C'. Meanwhile, the input transition probabilities
for a subcircuit C' remain unchanged. Therefore, the local
power gain is computed as

=Y [E;(0) -

i,j€T

Ei;(C")] - Py ©)

where E;;(C) and E;;(C") denote the power consumption
resulting from atransition from state ¢ to state j in subcircuits
C and C', respectively. E;;(C) and E;;(C") are obtained by
constructing the FIT modelsfor C and C'. The computational
cost to build the FIT model for every candidate of local logic
transformation is not high since C' is usually composed of a
small number of cells.

On the other hand, the structure of the transitive fanout
cells remains unchanged. Meanwhile, the transition proba-
bilitieswill vary depending on new subcircuit C’. Therefore,
the global power gain is computed as

Z Ezg ) PZIJ) (6)
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where P;; denotesthe transitional probability observed at the
input sgnal lines of subcircuit 7" when the subcircuit C' is
replaced by C'. The global power gainsfor all candidatesfor
local logic transformation can be obtained by applying the
corresponding P;; to the FIT model of subcircuit T'. The key
part is to note that the FIT model for a subcircuit 7' can be
reused to compute the global power gain once the FIT model
has been constructed. Consequently, we do not need to carry
out asimulation for the subcircuit 7' for each candidate of the
local logic transformation for C.

5 Local Logic Transformation Based on Per-
missible Function
The transformation methods we use to restructure the net-
work include gate substitution, inverter insertion, and com-
bined gate insertion based on permissible function [5]. The
procedure for local logic transformation is as follows.

Step 1: Select asubcircuit C. Let F' denote the set of output
signalsin subcircuit C.
1. Calculate the CSPF for dl thesignal linesin C.

2. Construct a FIT model for the transitive fanout
cellsof F.

3. For al candidate transformations for C, construct
a FIT model for each transformation and compute
the corresponding local power gain.

4. Select the best candidate.



Step 2: If thereisno power reduction for al candidates, then
stop.

Step 3: Goto Step 1.

Inthisprocedure, in order to compute the power consumed
by the subcircuits C and T, we need the exact transition prob-
abilities corresponding to the spatio-temporal correlations on
all signal lines in the logic network. However, even under a
zero delay model, correct computation of the transition prob-
ability for any internal node is proven to be very time con-
suming. So, we compute the transition probability of a signal
line based on both signal probability and switching activity of
the signal line.

6 Experimental Results

FIT-based gain functions were implemented. Results for
power minimization on CMOS combinational circuits using
CSPF-based logic transformation were obtained.

First, each circuit in the benchmark set was optimized for
areausing SIS, and then mapped using the power driven tech-
nology mapper POSE [3], which implemented the low power
mapping technique presented in [8].

Table 1 shows the results of power reduction for the
MCNC benchmark circuits using logic transformation tech-
nigue based on CSPF. The input transition probabilities are
assumed to be given. Columns 2, 3 and 4 give the power,
area and delay of the technology mapped circuits when they
are optimized for minimum power using the POSE tool. The
power, in mWW, consumed by the circuit is measured by the
FIT power estimator described in Section 4.

Columns 5, 6 and 7 correspond to the power, area and
delay of the transformed circuits without delay constraints,
whose values are normalized with respect to columns 2, 3 and
4, respectively. Theaverage power consumption decreased by
38% on average. Gate elimination during the transformation
contributesto a 15% area reduction on average.

Columns 8, 9 and 10 correspond to the power, areaand de-
lay of the transformed circuits with delay constraints, whose
values are normalized with respect to columns 2, 3 and 4, re-
spectively. The circuits consume 36% |less power than the cir-
cuits mapped with the low power option. With the worst-case
delay reduced by 5% on average, the transformed circuits re-
quire 15% less area than the circuits before transformation.

The column “TP Ratio” denotes the ratio of the technol-
ogy power of transformed circuits with delay constraints to
that of initially mapped circuits [6]. The larger the technol-
ogy power, the more the on-chip functional events per unit
time. The transformation results in a 22% technology power
increase on average.

Figure 3 shows the relationship between power reduction
and delay increasein thecircuit cc of which delay increaseis
maximal among the benchmark circuits. Even for the circuit
cc, the power reduction is up to 22% while the worst-case
delay constraint is observed.
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7 Conclusions

We presented an accurate and efficient cost function to ac-
count for local and global power gain based on the FIT power
dissipation model. Power estimation based on the FIT power
model involvesthree steps: construction of the FIT model for
acell, construction of the FIT model for the circuit, and ap-
plication of input statisticsto the FIT model.

The FIT model enables us to consider a group of candi-
date transformations at the same time. Simultaneous prob-
ing to select the best set of transformations enables us to ac-
count for the correlation between transformations, and thus
provides better result than a greedy approach. Based on the
dependency of signal lines, we presented a method to decide
how cells are grouped to form a subcircuit C'.

We implemented and used our gain function in local
logic transformations based on CSPF. The CSPF-based |ocal
logic transformation produced 38% power reduction while
the worst-case delay of the circuit decreased by 4% on aver-
age. With delay constraint, the power consumed by the circuit
decreased by 36% on average.
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