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Abstract

Increasingly rapid improvements in silicon process tech-
nologies have made it possible to integrate tens of millions
of transistors operating at frequencies in the GHz range
on a single silicon die. This has led to a great increase
in the amount of power consumed per area unit in a sili-
con die, which makes power consumption optimisation a
fundamental design objective, along with area and per-
formance. In this paper we present two new approaches
based on genetic algorithms (GAs) to reduce power con-
sumption by address buses in an embedded system. The
first approach (GEG) makes it possible to obtain the truth
table of an encoder that minimizes switching activity on a
bus, whereas the second (GNEG) outputs the netlist of the
encoder using the lowest possible number of logic gates.
The approaches are compared with the most effective ones
already presented in literature, on both multiplexed and
separate buses. The results obtained demonstrate the va-
lidity of the approaches, which on average save up to 50%
of the transitions normally required, as well as their prac-
tical applicability, even in an on-chip environment.

1. Introduction

Up to a few years ago VLSI design was mainly ori-
ented towards optimisation in terms of area and perfor-
mance. Levels of integration and operating frequencies
were not so high as to cause power consumption problems.
Nowadays, however, rapid improvements in silicon pro-
cess technologies have made it possible to integrate tens
of millions of transistors operating at frequencies in the
GHz range on a single silicon die. This has led to a great
increase in the amount of power consumed per area unit in
a silicon die, which makes power consumption optimisa-
tion a fundamental design objective, along with area and
performance. The increase in power dissipation has com-
pounded the problems of packaging and ensuring reliable
operations by these chips (every 10°C increase in power
doubles the failure rate). Thus, for many applications, it
is essential to minimize the amount of power dissipated
in order to reduce the costs associated with cooling the
chip. In addition, the increase in levels of integration has
led to the concept of system-on-a-chip (SoC) and the pro-
liferation of portable battery-driven applications such as
mobile phones, PDAs, digital cameras, laptops, etc. The
competitiveness of these products in the marketplace de-
pends to a great extent on the functionality-to-weight ra-
tio. Most of these portable applications run on batteries,

which are also the heaviest component of these systems.
Without power minimization, these systems would need
heavy batteries to ensure reasonable time of operation be-
tween battery recharges.

One of the main contributors to power consumption is
switching activities on the high-capacity lines of an inter-
connection system. It is estimated that power dissipated
on the /O pads of an IC ranges from 10% to 80% of the
total power dissipation with a typical value of 50% for cir-
cuits optimized for low power. Whereas up to a few years
ago these problems were only due to switching activity
on off-chip buses, today they are of increasing importance
for on-chip buses as well. The wire-to-gate capacitance
ratio has, in fact, gone from 3 for old technologies to 100
for the new ones and is continuing to rise [5], shifting the
problem of power consumption from computing to com-
munications. Various techniques have been proposed to
reduce switching activity on the lines of a bus and thus the
amount of power dissipated. The technique consists of
encoding data prior to transmission and decoding it once
it reaches its destination. Unfortunately, many of them in-
troduce extra lines along the bus or are so complex that the
great overhead in terms of power for the encoder/decoder
means that they can only be used in an off-chip environ-
ment.

In this paper we propose two bus encoding techniques
based on genetic algorithms (GA). Both can be applied
to embedded systems, i.e. ones in which it is possible to
know in advance the trace of the patterns transmitted on a
communication bus following execution of a specific ap-
plication. The first technique generates a truth table for
an encoder which minimizes switching activity on a bus.
The second, on the other hand, operates directly on the
scheme of the encoder, modifying the connections and
type of logic gates used so as to obtain a structure that
will minimize the number of outgoing transmissions and
at the same time the number of logic gates used.

The results obtained on a set of benchmarks confirm
the validity of the approaches: the saving in terms of tran-
sitions is greater than that obtained by the most efficient
techniques so far proposed in the literature.

2. Formulation of the Problem

Let us consider a binary alphabet to compose words with
a fixed length of w bits. Let U(*) be the universe of dis-
course for words of w bits (i.e. the set of words it is possi-
ble to form with w bits). The cardinality of U (%) is there-



fore 2%,

An encoder associates each word in U (%) with one and
only one word in U(®) in such a way that there is only
one output coding for each input, thus making the decoder
able to decode the word univocally. In formal terms, an
encoder £ is an injective and surjective (and therefore in-
vertible) function £ : U®) — U™, ie. such that the
following condition is met:

Va,8 U™, a# = E(a) #E(p) @

We will call the inverse of £ decoder and indicate it with
&L

As no redundancy is being considered, it is easy to cal-
culate that 2%! different encoders are possible. Once the
reference stream has been fixed, the ensuing number of
transitions on the bus depends on the encoder used. The
aim is therefore to find the best encoder that will minimize
the number of transitions on a bus for a specific reference
stream. Of course, as the space of possible encoders grows
in size with the factorial of the size of the bus, exploration
based on an exhaustive technique would be unfeasible.

3. Our Proposal

In this section we will present two approaches for gener-
ating an encoder that will minimize switching activity on
a communication bus. Both are static, in the sense that the
encoder is generated ad hoc on an address stream taken as
input.

In Section 2. it was pointed out that designing an en-
coder that will minimize switching activity on a bus can
be seen as a problem of optimization and dealt with using
design space exploration techniques. The design space,
which includes all the encoders that could possible be re-
alized, grows in a factorial fashion along with the number
of words to be encoded, which in turn grows exponentially
with the size of the bus.

In general, when the space of configurations is too large
to be explored exhaustively, one solution is to use evolu-
tionary techniques. Genetic algorithms have been used in
several VLSI design fields [4]: in problems relating to lay-
out such as partitioning, placement and routing; in design
problems including power estimation, technology map-
ping and netlist partitioning and in reliable chip testing
through efficient test vector generation. All these prob-
lems are untreatable in the sense that no polynomial time
algorithm can guarantee an optimal solution and they ac-
tually belong to the NP-complete and NP-hard categories.

3.1. GEG: Genetic Encoder Generator

Figure 1 shows the design flow called GEG (Genetic En-
coder Generator).

The starting point is the specific application being exe-
cuted (e.g. simulated), to obtain a memory reference trace
file which will be the address stream used to generate the
encoder. In order to facilitate generation of the encoder,
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Figure 1: Encoder design flow.

the stream is compressed, as will be explained later. Ini-
tially a population of encoders is initialized with random
encoders and evaluated on the compressed stream. Each
encoder in the population has an associated fitness value
which represents a measure of its capacity to reduce the
number of transitions on the bus. Encoders with higher
fitness values are therefore those which determine a lower
number of transitions on the bus when stimulated with the
compressed stream. The classical genetic operators, suit-
ably redefined for this specific context, are applied to the
population and the cycle is repeated until a stop criterion
is met. At the end of the process, the individual with the
highest fitness value is extracted from the population. This
individual will be the optimal encoder being sought. As
will be seen later on, the encoder is expressed in the form
of a truth table. The last step in the flow is therefore log-
ical synthesis of the optimal encoder, which can be done
using any automatic logical synthesis tool. To obtain the
encoder it will, of course, be sufficient to exchange the
encoder input and output columns and perform the syn-
thesis.

The memory reference trace file produced following ex-
ecution of an application typically comprises hundreds of
millions of references. It is therefore advisable to com-
press the stream so as to obtain a stream with an upper
bound on the number of patterns. If S is the initial stream
and S* is the compressed one, the optimal encoder ob-
tained using S* has to be the same as the one that would
have been obtained if we had used S as the input to the en-
coder design flow. The compression is therefore lossless
for encoder generation purposes. Rather than compres-
sion, the technique used is based on a different represen-
tation of the reference stream. Let us consider a bus with a
width of w. A reference stream is a sequence of patterns.
Each pattern is an address of w bits. A compressed stream
is also a sequence of patterns. A generic pattern is a 3-
tuple (r;, r;,ni;) withi, j =0,1,2,...,2% —1andi > j
that specifies the number of occurrences n;; when the ref-
erences 7; ad r; are consecutive in S. The meaning of the
condition s > j can be explained by observing that, for
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Figure 2: Representation of the chromosome.

our purposes, it is only necessary to know what the con-
secutive addresses are and not their order. If inverted, in
fact, the number of transitions does not change. Using this
transformation, the maximum number of patterns in S*
wil be 2@—1 x (2% — 1) whatever the number of patterns in
S. For example, if S = [12,3,12,12,5,7,12,5,7, 5] the
compressed stream will be made up of the following four
patterns $* = [(3,12,2), (5,7,3), (5,12,2), (7,12, 1)]

3.1.1. GA-based BusEncoding

The approach we propose uses genetic algorithms as the
optimization tool. Application of GAs to an optimiza-
tion problem requires definition of the following three at-
tributes: the chromosome, the fitness function, the genetic
operators.

The chromosome is a representation of the format of the
solution to the problem being investigated. In our case it
is a representation of an encoder. The representation we
chose consists of encoding the truth table of an encoder.
In this way the chromosome will be made up of as many
genes as there are rows in the truth table of an encoder.
The gene in position ¢ represents encoding of the word s.
That is, for an encoder of w bits, we will have 2% genes.
The ¢-th gene will represent encoding of the binary word
that encodes 7 with w bits.

For reasons that will be explained when we deal with
the definition of the genetic operators, the chromosome
was enriched with further information. The chromosome
can be represented as a table with 2% rows and 2 columns.
Each row corresponds to a gene. Once the generic row i is
fixed, the first column represents the encoding of 4, while
the second gives the position of the gene whose encoding
is 7 (Figure 2).

The fitness function measures the fitness of an individ-
ual member of the population. In our case the individual is
represented by an encoder, so the fitness function assigns
each encoder a numerical value that measures its capacity
to reduce switching activity on a bus. Naturally, the fitness
function will depend not only on the encoder but also on
the reference stream the encoder is stimulated by.

Let Tooe(S*) be the number of transitions on the bus
due to S* without encoding and T, (E, S*) the number
of transitions on the bus due to S* when it is filtered by

the encoder E. The fitness function is defined as follows:

Twoe(s*) - Twe(Ea S*)
Twoe(S*)

f(E,S7%) = )
that is, f(E, S*) returns the number of transitions saved
when the encoder FE is used for the compressed stream S*.

The fitness function defined by Equation (2) is applied
to each individual in the population (i.e. to each encoder).
The aim of the GA is thus to make the population evolve
S0 as to obtain individuals with increasingly higher fitness
values.

The encoders are ordered by decreasing fitness values.
The individual with the highest fitness value will always
be inserted into the new population (elitism). The en-
coders making up the population are selected with a prob-
ability directly proportional to their fitness value. With a
user-defined probability the genetic operators are applied
to them and they are inserted into the new population.
This selection process is repeated until the new popula-
tion reaches the size established by the user.

The genetic operators were appropriately redefined so
as to guarantee that application to an encoder (in the case
of mutation) or a pair of encoders (in the case of cross-
over) always gives rise to an encoder.

Mutation Mutation is a unary operator that is applied
with a certain probability (which we will call mutation
probability) to an encoder. Application of the mutation
operator to an encoder consists of varying the coding of a
word with a probability equal to the mutation probability.

Mut at e( EncDec encoder, doubl e prob)
begin
for i=0 to encoder.rows do
if (Event(prob))
new_enc = randonl nt (0, encoder.rows-1);
Updat e(encoder, i, new_encoding);
end if
end for
end

where the function Event ( p) returnst r ue with a prob-
ability of p, and the function random nt(m M re-
turns a random integer ranging between mand M The
function Updat e(...) updates the coding of a word
while maintaining consistency at the end of the decoding
phase.

Cross-over Cross-over is a binary operator that is ap-
plied to two elements of the population with a certain
probability that we will call cross-over probability. Given
two encoders E; and E», and having chosen two random
indexes ¢ and j where ¢ < j, the coding of the words
i,i+1,...,7 — 1,7 is exchanged between E; and E,.

xOver (doubl e prob, EncDec E1, EncDec E2)
begin
if (Event(prob))
int i = randomnt(0, El.rows-1);
int j random nt (0, El.rows-1);
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gets its second input from either one of two
gates in the previous column.

for r=i toj do
int aux = E1[r]. enc;
Update(E1l, r, E2[r].enc);
Updat e( E2, r, aux);
end for
end if
end

3.2. GNEG: Genetic Netlist Encoder Gener ator

The second technique proposed uses GAs to directly ob-
tain the scheme of the encoder. The first problem to solve
is encoding (i.e. the representation) of the solutions as
chromosomal strings that the GA can evolve. The repre-
sentation we chose is a 2D matrix in which each element is
a gate (there are 5 types of gates: AND, NOT, OR, XOR
and WIRE) that receives its two inputs from any gate in
the previous columns, as shown in Figure 3. A chromoso-
mal string encodes the matrix shown in Figure 3 by using
triplets in which the first two elements refer to each of the
inputs used, and the third is the corresponding gate.

The aim is to generate logic circuits that are encoders
(i.e. that meet the condition (1)), which will minimize the
number of output transitions for a fixed amount of input
traffic, and maximize the number of WIREs (or, equiva-
lently, use the lowest possible number of logic gates). Let
C be a logic circuit with an input of n bits and an output
of n bits. Let us indicate as C'(z) = y the output y of C
when an input z is present. Let us also indicate as O(C)
the number of pairs of input words that generate the same
output:

O(C) = {(z1,22) : 71 # 22 A C(21) = C(22) }|

Of course, if C' is an encoder, O(C') = 0. We define the
fitness function as follows:

[ 2"~ 0(C) if O(C) #0
f(C) = { 2" + s(C) + w(C) otherwise

where s(C) is the fraction of transitions saved by using the
encoder C' as compared with the amount required when
no coding is used, and w(C) is the number of wires in
the circuit C. In other words, we can say that our fitness
function works in two stages. In the first stage the search
space is explored to find the encoder. In the second, the

fitness function is modified and each valid design is eval-
uated according to the number of gates it contains and the
output transitions required: the fewer the gates and output
transitions, the more positive the evaluation.

4. Experiments

In this section we will present the results obtained by ap-
plying our approaches, comparing them with the most ef-
fective approaches proposed in the literature.

The application scenario referred to is encoding of the
addresses transmitted on a 32-bit bus and generated by a
processor during execution of a specific application. Two
cases are considered: (i) the bus is multiplexed, (ii) it is a
dedicated bus. In the former case the addresses travelling
on the bus refer to both fetching instructions and accesses
generated by load/store instructions. In the latter case, the
bus considered is dedicated address bus for fetching in-
structions (e.g. the address bus between a processor and
an instruction cache).

The 32-bit bus is partitioned with clusters containing
the same number of bits and the approach was applied to
each cluster separately. It is, in fact, computationally un-
feasible to apply the approach to the whole bus, given that
the data structure used would require tables of 232 rows to
be handled. The cases studied referred to clusters of 4 and
8 bits. No particular criterion was followed in grouping
the lines into clusters — they were grouped sequentially
in a cluster. With ¢ clusters, for example, each will in-
clude w = 32/c lines. The i-th cluster will contain the
linesixc,ixc+1,...,ixc+w—1. Adifferent way of
clustering the lines of the bus (e.g. allocating lines with a
higher correlation to the same cluster) may well enhance
the performance of the approach and will be investigated
in subsequent analyses.

We considered the same reference traces as are used
in [1], generated following the execution of specific appli-
cations in the field of image processing, automotive con-
trol, DSP etc.. More specifically, dashb implements a car
dashboard controller, dct is a discrete cosine transform,
fft is a fast Fourier transform and rmat _nmul a matrix
multiplication.

In all the experiments that will be discussed in the fol-
lowing subsections, we considered a population of 10 in-
dividuals, a mutation probability of 50%, and a cross-over
probability of 25% for GEG. For GNEG we considered a
population of 100 individuals, a cross-over probability of
90%, a mutation probability of 1%, and a 3x5 gate matrix.
These parameters were set following an exhaustive series
of simulations.

4.1. AddressBus (fetch + load/store)

In this subsection we will comment on the results obtained
when encoding is applied to a multiplexed address bus
(i.e. one on which addresses generated by both fetch and
load/store instructions are travelling).



bench trans GEG8 GEG4 GNEG4 Beach Others
trans | saving | trans | saving | trans | saving | trans | saving | trans | saving
dashb 619680 | 317622 | 48.74% | 435516 | 29.71% | 420353 | 32.17% | 443115 | 28.40% | 486200 | 21.50%
dct 48916 28651 41.40% 33179 32.17% 35464 27.50% 31472 35.60% 39327 19.60%
fft 138526 | 67468 | 51.30% | 85405 | 38.30% | 78525 | 43.31% | 85653 | 38.10% | 100127 | 27.70%
mat _nul 105950 | 50552 | 52.30% | 60446 | 42.90% | 62360 | 41.14% | 60654 | 42.70% | 77384 | 26.90%
| Average saving | 48.44% | 35.77% | 39.69% | 36.20% | 23.93% |
Table 1: Transitions saving for the address multiplexed bus.
Encoder _ Decoder bench Area (um?) Delay (ns) | Power (mW)
Enc | Dec | Enc | Dec | Enc | Dec
ﬁ . GEG
L SN : dashb [ 10806 | 10397 | 1.50 [ 1.42 | 0.46 [ 0.47
high capacitive dct 10642 | 10352 | 1.67 | 1.38 | 0.45 | 0.44
e J fft 10753 | 10397 | 1.49 | 1.38 | 0.46 | 0.46
mat _mul 8916 8729 153 | 1.51 | 0.40 | 0.42
Figure 4: Block diagram of the GEG+T0 encoder. GNEG
dashb 265 273 0.38 | 0.42 | 0.09 | 0.11
] . _ dct 255 275 0.39 | 0.43 | 0.09 | 0.11
Table 1 summarizes the results obtained. The first col- fft 298 301 041 1 048 1 010 | 0.10
umn (bench) identifies the benchmark. The second (trans) mat _nmul 279 280 | 0.39 | 0.41 | 0.08 | 0.09

gives the total number of transitions on the bus when no
encoding scheme is applied. The remaining columns (in
groups of two) give the number of transitions for each
approach (trans) and the percent saving in transitions as
compared with the case in which no encoding scheme is
applied (saving). GEG8 and GEG4 represent the same
implementation of the approach GEG applied to parti-
tioned buses of 4 and 8 bits respectively. GNEG4 repre-
sent the same implementation of the approach GNEG ap-
plied to partitioned buses of 4 bits.Beach is the approach
proposed in [1]. Others indicates the best result obtained
by the encoding schemes Gray [7], TO [2], Bus-invert [6],
TO+Bus-invert, DualTO and DualTO+Bus-invert [3]. As
can be seen, GEG4 and GNEG4 are on average equiva-
lent to Beach. Increasing the size of the clusters to 8 bits
increases the saving by about 13% as it is possible to ex-
ploit the temporal correlation between the references more
fully.

4.2. AddressBus (fetch only)

When the address bus is not multiplexed the percentage
of addresses in sequence increases considerably. Table 2
gives the results obtained on an address bus carrying ref-
erences to fetch operations alone.

In this case TO achieves much better savings than the
other approaches by exploiting the high percentage of ad-
dresses in sequence which do not determine any transi-
tions on the bus. GEG8 maintains its efficiency with av-
erage savings of over 40%. The efficiency of TO can be
further enhanced by using a hybrid approach GEG8+TO0.

Figure 4 shows a scheme of how this can be achieved.
The pattern to be transmitted is encoded with both TO
and GEG. If it is in sequence with the previous one, the
TOencoding is transmitted; otherwise the GEG encoding is
transmitted. Even though GEG+TO is extremely efficient
at reducing the amount of power dissipated on the bus, in

Table 3: Area, delay and power characteristics of
the encoders and decoders.

calculating the saving account has to be taken of the over-
head due to power consumption by the encoding/decoding
logic. In GEG+TO, in fact, this contribution is certainly
greater than that of both TO and GEG, as it contains them
both, and both are active at the same time. Another point
against GEG+TO is that in inherits from TO the use of a
signaling line that is not present in GEG.

4.3. Overal Power Analysis

Table 3 gives the area, delay and power characteristics of
the encoders and decoders generated by GEG for 8-bit
clusters and the benchmarks described previously. The re-
sults were obtained using Synopsys Design Compiler for
the synthesis, and Synopsys Design Power for the power
estimation. The circuits were mapped onto a 0.13um,
1.2V gate-library from Virtual Silicon. The clock was
set to a conservative frequency of 100 MHz (i.e. a pe-
riod of 10 ns) for GEG and 300MHz (i.e. a period of 3.3
ns) for GNEG. The average delay introduced by the en-
coder/decoder is, in fact, shorter than 4 ns for GEG and
shorter than 1.3 ns for GNEG and so less than 40% of the
clock cycle is dedicated to encoding and decoding infor-
mation.

An encoding scheme is advantageous when the power
saved on the bus (due to less activity) is greater than the
power consumed by the encoding and decoding blocks.
The power consumed by the bus can generally be ex-
pressed as Pg = %Vfda fC; where V4 is the supply volt-
age, a is the switching activity (i.e. the ratio between the
total number of transitions on the bus and the number of
patterns transmitted), f is the clock frequency and Cj is



bench in-seq trans GEG8 GNEG4 Gray TO GEG8+T0

trans | saving | trans | saving | trans | saving | trans | saving | trans | saving
dashb 55.88% | 111258 | 65694 | 40.96% | 72528 | 34.81% | 70588 | 36.55% | 41731 | 62.49% | 30182 | 72.87%
dct 60.31% 11675 6639 43.13% 7072 | 39.43% 6885 | 41.02% 2851 75.58% 1851 84.14%
fft 59.92% | 25017 | 14486 | 42.09% | 15743 | 37.07% | 15969 | 36.16% | 7021 | 71.93% | 5063 | 79.76%
mat _nmul 63.63% | 26814 | 13802 | 46.08% | 16212 | 39.54% | 17095 | 36.24% | 7850 | 70.72% | 4345 | 83.79%
| Average savings | 43.06% | 37.71% | 37.49% | 70.18% | 80.14%

Table 2: Transitions saving for fetch only address bus.

Ci (pF)
| dashb | dct | fft | mat-mul | Average
GEG 1.61 274 | 1.70 1.78 1.93
GNEG 0.12 0.20 | 0.12 0.13 0.14

Table 4: The minimum capacity a bus line has to
have for the approach to be effective.

the capacity of a bus line (assuming that all the lines have
the same capacity). The overall percentage of power saved
when an encoding scheme is used, as compared with when
no encoding is used, can be calculated as follows:

Pwoe_Pwe

Py =1 _—
sav 00 x Pwoe

where P, is the power consumed when no encoding
strategy is used (which therefore corresponds to Pg) and
P, is the power consumed when an encoding strategy is
used (i.e. the sum of the power consumed by the encoder
Pg, the decoder Pp and the bus Pg). Solving the inequal-
ity P,o, > 0 as afunction of Cy, we find the minimum bus
line capacity with which there is a positive net saving in
power:

2(Pg + Pp) 3)
dedf(a'woe - awe)

Table 4 summarizes the minimum capacity a bus line has
to have for the approach to be effective for each bench-
mark. It is not a large value even for an on-chip bus line.
We can therefore conclude that the techniques proposed
can effectively be used even with on-chip buses.

C; >

5. Conclusions

In this paper we have presented two GA-based strategies
for designing an encoder that will minimize switching ac-
tivity on a bus. The first, called GEG (Genetic Encoder
Generator), draws up a truth table for the encoder that will
minimize switching activity on the communication buses
in an embedded system. The second, called GNEG (Ge-
netic Netlist Encoder Generator), evolves a population of
encoders with the dual aim of obtaining the least com-
plex structure (i.e. comprising as few gates as possible)
and minimizing switching activity. The results obtained
on a set of specific applications for embedded systems
have demonstrated the superiority of our approaches, with
savings of around 50% on multiplexed address buses (in-
structions/data) and close to 45% on instruction address

buses. In the latter case the TO scheme [2] performs bet-
ter than the approaches proposed here, with average sav-
ings of 70%. A mixed technique GEG+TO (in which a
GEG and T0O works concurrently) further enhances the ef-
ficiency of TO, achieving average savings of 80%. Finally,
the low level of complexity of the encoder and decoder
obtained make it possible to use them even in an on-chip
environment.
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