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GA-Based Assignment of Supply and Threshold Voltages and
Interconnection Simplification for Low Power VLSI Design

Hasitha M. WAIDYASOORIYA, Masanori HARIYAMA, and Michitaka KAMEYAMA
Graduate School of Information Sciences, Tohoku University

Abstract This paper presents a method to minimize the total energy consumption under time and area constraints,
considering interconnection and functional unit (FU) energy. Multiple supply and threshold voltage scheme is used
to minimize the static and dynamic energy in the FUs. A genetic-algorithm-based-search method is proposed for
the energy consumption minimization problem, so that near-optimal solution can be found in a reasonable time
for large-size problems. Interconnection energy reduction is achieved by increasing the sharing of interconnections

among FUs. Experimental results show that up to 50% of energy can be saved by our proposed method.
Key words high-level synthesis, low power, interconnection, genetic algorithm

1. Introduction

In recent years, low power/energy has become a primary
concern in VLSI design. As a result, different power reduc-
tion techniques has been praposed, focusing on various areas
of power consumption in VLSI processors. Some of thase fo-
cused on dynamic energy [1], {2] in functional units (FUs) and
some others focused on static energy in FUs (3]. Interconnec-
tion energy reduction techniques based on interconnection
simplification has been proposed in (4].

Dynamic energy has a quadratic relationship with the sup-
ply voltage. Therefore, an efficient way to reduce the dy-
namic energy is to use a low supply voltage. However, this
increases the delay time. Therefore, a better way to reduce
the dynamic energy while maintaining the time constraint
is to use low supply voltages in non-critical paths and high
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supply voltage in the critical path [1], {2].

Static energy due to leakage current is a major concern in
deep sub-micron process. The scaling of supply and thresh-
old voltages has reduced the threshold voltage significantly.
This has coursed a severe increase in subthreshold leakage
current, because there is an exponential relationship between
the leakage current and subthreshold voltage. A dual thresh-
old voltage scheme, that uses low threashold voltagé in the
critical path and high threshold voltage in non-critical paths,
is a very efficient and popular way to reduce the static en-
ergy [3].

However, above-mentioned methods comes with an ad-
ditional overhead penalty such as additional multiplexers,
wires, functional units, level converters, power supply lines,
etc. This overhead of extra functional units and multiplex-

ers can increase the interconnection complexity as well as



the interconnection energy. As the process technology pro-
ceeds, the interconnection energy consumption is increasing
and comparable to the FU energy consumption. As a result,
interconnection energy is a severe problem in VLSI design.

Interconnection simplification based on the regularity of
the computation patterns is proposed in[4). Even though
this effectively simplifies the interconnections, it does not
consider the leakage power due to the increased number of
functional units. This leads to a greater leakage power.

Therefore, to reduce the total energy consumption, func-
tional unit energy and interconnection energy have to be
considered together. This paper presents an efficient method
based on the genetic algorithm (GA) to assign supply and
threshold voltages to minimize the FU energy consumption.
Then, it performs interconnection simplification to minimize
the interconnection energy. After the circuit is optimized for
both FU and interconnection energy, the best solution with
the minimum total energy can be found.

Experimental results demonstrate that our method re-
duces up to 50% of total energy consumption in comparison
with the conventional method considering only the energy

consumption of FUs.

2. Problem description

2.1 Architecture model

Qur targeted architecture model has functional units with
two different supply and threshold voltages. Therefore each
operation has four different modules as shown in the module
library in table 1. Each functional (FU) unit has a register
or a register file in their input ports to store the inputs they
need. Note that, each register uses gated clock to avoid un-
necessary data writings. Level converters are used to drive
the outputs of low-supply-voltage functional units to high-
supply-voltage functional units. Therefore we also have a
set of high-supply voltage functional units that include level
converters in their input ports. We consider a multiplexer
based interconnection network. All the functional units has
dedicated input and output buses. The supply voltages of
the registers and multiplexers are depend on the voltage of
their input signals. If all the inputs are in high voltage, we
use high voltage registers to minimize the delay. Otherwise
low voltage modules are used.
Assumption 1: Operations are driven by a clock signal.
One clock cycle is equal to one step.
Assumption 2: Area and delay of the level converters are
negligible.
Assumption 3: Delays of writing data into Registers and
reading from registers are negligible. Data transfer delays

are also negligible.
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Table 1 Module library

Oper- | FU | Vgg | Vrp | Area | Delay | Dynamic | Static
ation | type energy | energy
FUy | 33 | High| 1 1 20 2.0
ADD | FUz | 3.3 | Low 1 1 18 0.18
FU3 | 1.8 |High| 1 2 6 0.6
FUs | 1.8 | Low 1 4 5 0.08
FUs | 3.3 | High| 16 2 240 24.0
MUL | FUg | 3.3 | Low | 16 3 220 0.22
FU7 | 1.8 |High| 16 5 65 6.5
FUg | 1.8 | Low | 16 10 55 0.55

Assumption 4: All the functional units have two input
ports.

2.2 Energy estimation

In the energy consumption minimization problem, a data
flow graph (DFG) with n nodes is considered. Qur objective
is to minimize the total energy consumption under area and
time constraints. For the interconnection energy consump-
tion, we assume that the number of fen-outs and fan-ins
have a linear relationship with the energy, based on the ex-

perimental observations. The objective function is given by

n m

Z DEFy(node ) + Z (SEru, x Ni) +IE (1)

i=1 i=1
where DEpy (node iy is the dynamic energy dissipation per op-
eration of the FU that executes node i. The number of FU
types is m. The term N; is the total number of idle control
steps for FUs of type FU;. The static energy dissipation of
the F'U; per control step is denoted by SEFry,;. The term IE
is the interconnection energy consumption given by

IE = a x (fan—in + fan—out) x V3 2

The term o is a constant that depends on the architecture.
It shows the ratio of interconnection energy to FU energy.
Fig. 1 shows the experimental results obtained using spice
simulation under 0.18um CMOS design rules. It shows there
is a linear relationship between the objective function and
the actual energy consumption. Since there is a linear rela-
tionship exists between the objective function and the actual
energy consumption, the total energy can be reduced by min-

imizing the objective function.

3. GA-based efficient search method

3.1 Overview

A GA is a stochastic search technique{l] based on the
mechanism of natural selection and natural genetics. It
starts with an initial set of random solutions called popu-
lation. Each individual in the population is called a chro-

mosome which represents a solution to the problem at hand.
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The chromosomes evolve through successive iterations, called
generations. During each generation, the chromosomes are
evaluated, using some measures of fitness. In order to cre-
ate the solutions for the next generation, new chromosomes,
called children are formed by either (i) merging two chro-
mosomes from current generation using a crossover operator
or (ii) modifying a chromosome using a mutation operator.
A new generation is formed by selecting some of the par-
ents and rejecting others, according to their fitness values,
Fitter chro-
mosomes have higher probabilities of being selected. After

to keep the size of the population constant.

processing for several generations, the algorithm converges
to the best chromosome, which hopefully represents the op-
timal or suboptimal solution to the problem. Figure 2 shows
the flow chart of the GA based search algorithm.

3.2 Reducing invalid chromosomes

The main problem in the GA is the formation of invalid
chromosomes. This decreases the variety of the chromo-
somes. As a result, the local optima does not improve af-
ter processing for a small number of generations. Therefore,
conventional GA approaches do not give a good solution for

the energy consumption minimization problem. There are 3
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Fig. 4 Example of a local search for an operation o1

types of invalid chromosomes.
Type 1: chromosomes which violate the data dependency.
For example, in Fig 3(a), nodes Nz and N3 are scheduled
before the execution of their predecessor N; is completed.
As a result, Fig 3(a) does not represent a valid scheduling
result for the problem.
Type 2:
Type 3:
For type 2 and 3, the possibility of producing a valid chro-

chromosomes which violate the time constraint.

chromosomes which violate the area constraint.

mosome after merging with another valid or invalid chro-
mosome, is relatively high. However, for type 1, the prob-
ability of producing a valid chromosomes after merging is
extremely low. Our proposed algorithm eliminates all the
invalid chromosomes of type 1 by re-scheduling the nodes.
The re-scheduling algorithm is as follows.

Let us explain the re-scheduling algorithm using Fig. 3.
In Fig. 3(a), nodes N2 and N3 violate the data dependency.
Abcording to step 1, ¥ equals to the set of V2 and Na. Step
2 is skipped because the set ¥ is notempty. In Step 3, the
node Nz is selected, because it has the minimum mobility.
According to Step 4, N is re-scheduled after its predecessor
N, as shown in Fig. 3(b). Let us assume that the FU of N,
has the shortest processing time. Therefore, the algorithm
returns to Step 1, without replacing the FU of N2. The al-
gorithm continues until the set 1 becomes empty, i.e. all the

data dependency problems are solved.

3.3 Selection
Even though, the above method effectively removes the
invalid chromosomes of type 1, it may also increases the
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chromosomes that violate the time constraint, after the re-
scheduling. Therefore we propose method 2 to remove the
rest of the invalid chromosomes. Method 2 focuses on the
selection process. According to the experimental results of
various examples, the invalid chromosomes produced after
the first generation were about 10% ~ 40% of the total pop-
ulation. For example, let us assume that the population
equals to 100 and the invalid chromosome percentage is %
after the initial generation. Now, we increase the number of
genes generated after the crossover to less than 100/(100—xz).
After that, we select only 100 chromosomes from the pool of
100/(100 — z). Note that, for the better performance, the
number of chromosomes generated after the crossover should
not be extremely larger than the population. If we produce
huge amount of chromosomes and select only a small amount
of high fit ones, then most of the selected chromosomes will
be identical, so that the variation of the chromosomes will
decrease resulting bad performance. In case of a extremely
higher number of invalid chromosomes, we recommend to in-
crease the population, in order to keep the variety of the chro-
mosomes. Fig. 5 shows an example of this selection method.

3.4 Local search .

A local search is applied to new chromosomes generated by
crossover and mutation operators. All the individuals in the
population obtained by the local search represent the local
optima. After these individuals evaluated based on their en-
ergy consumption values, promising individuals are selected
to form the next generation. The local search algorithm is
shown as follows.

Step 1: Select one individual (I;) from the population (P),
where P is a set of individuals generated by crossover and
mutation operators. P = P — I;.

Step 2: Select one operation (0;) from Oy,, where Oy, is a
set of nodes in the individual (I;). Oy, = Oy, — 0i.

Step 3:
to improve the solution, while the module selection for all

Search a feasible module selection for operation o;

the operations except o; are fixed.
Step 4: if Oy, ¥ ¢ then go to Step2.
Step 5: if P § ¢ then go to Stepl.
Since the module selection for every operation except oper-

ation o; are fixed, local optima can be found in a reasonable
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time period. Suppose that an individual is shown in Fig 4(a),
let us explain the local search for operation o0;. In this case,
the module selection for all the operations except o1, i.e.
operations o2, 03, 0s and os are fixed. A feasible module
selection for only operation oy is searched. The resulting
individual obtained by the local search for operation o; is
shown in Fig. 4(b), where Vjy < Vya. Therefore, the energy

consumption is reduced, i.e. the solution is improved.

3.5 Binding

We adopt the binding algorithm [4] since it efficiently re-
duces the interconnection complexity. An e-instance is a pair
of nodes connected by an edge. E-instances are classified
into types called e-templates, based on the operation types
of their source and destination nodes. Fig. 6(b) shows the e-
templates and e-instances that can be derived from the DFG
in Fig. 6(a). E-instances in the same e-template can share
the same functional units, if their operations are not over-
lapped. Figs 7(a) and 7(b) show the binding results based
on the e-templates and without using the e-templates respec-
tively. E-template based binding in Fig. 7(b) provides a sim-
ple interconnection network for the DFG. Nodes O, and Oz
share the same interconnection with O4 and Os. As a result,
energy reduction in the interconnections can be achieved.

We extend the concept of e-templates to be applicable in
the multiple supply and threshold voltage scheme. We de-
fine e-templates considering, not only the operation types but
also the FU types specified in the module library (Table 1).
Unlike the original e-templates, we use a DFG after schedul-
ing and module selection as shown in Fig. 8(a). Note that in

Fig. 8(b), e-instances with same operation type (O1 — O2
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and O4 — Og) are classified into different e-templates (E1
and E2) based on the FU type.

Qur proposed method minimizes the functional unit en-
ergy consumption first and then performs binding to esti-
mate the interconnection energy consumption. As shown in
Fig. 2, binding is performed for all the chromosomes in the
population after the local search. Then, FU energy and in-
terconnection energy are calculated. We assume that the
interconnection energy is proportional to fan-outs and fan-
ins as mentioned in the section 2. All the chromosomes in
the population are evaluated considering interconnection and
functional unit energy consumptions. Then, the chromosome
that has the minimum total energy is considered as the best
solution. This gives a better result for the total energy con-
sumption minimization problem.

The above process gives a near optimal solution for a par-
ticular o value. However the value o cannot be determined
in high level synthesis, since it depends on the low level tasks
such as placement and routing. Therefore, above high level
synthesis process is performed for different « values. Then
each solution will be subjected to the low level tasks such
as placement and routing as sh'own in the Fig.9. After the
low level tasks, each circuit is evaluated for the energy con-
sumption and the one with the least energy consumption is
chosen as the best design.

Fig. 10 shows the a value and the actual energy consump-
tion obtained using spice simulation under 0.18um CMOS
design rules. According to the Fig. 10, we can say that there
is an optimal value for a which gives the circuit design with

the minimum energy consumption.

4. Evaluation

The evaluation is based on 0.18m CMOS design process.
We use several benchmark examples such as EW filter, FIR
filter, etc. Evaluation was done for different a values and best
solution is chosen according to the circuit simulation results.
We compare our approach with conventional method that
use a single supply and threashold voltage and only optimize
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FU energy. The comparisons with the conventional method
gives up to 50% of energy savings in some of the benchmark

examples and about 30% energy savings in average.

5. Conclusion

We have presented a method that considers functional unit
and interconnection energy consumption together. It gives
better results when the a is high. Therefore, higher percent-
age of energy savings can be achieved for the designs with
complex interconnection networks.

We used a GA for the energy consumption minimization
problem. Therefore, our approach can also be used in large
size DFGs and reasonable solution can be found in a shorter
time.

Acknowledgement This work is supported by VLSI
Design and Education Center(VDEC), the University of
Tokyo in collaboration with Synopsys, Inc.

References

[1] Masanori Hariyama, Tetsuya Acyama and Michitaka
Kameyama, “Genetic Approach to Minimizing Energy Con-



(2

(3]

4]

sumption of VLSI Processors Using Multiple Supply Volt-
ages”, IEEE Transactions on Computers, Vol. 54, No. 6, pp.
642-650, June 2005.

Noureddine Chabini and Wayne Wolf, “Reducing Dynamic
Power Consumption in Synchronous Sequential Digital De-
signs Using Retiming and Supply Voltage Scaling”, IEEE
Transactions on Very Large Scale Integration (VLSI) Sys-
tems, Vol. 12, No. 6, pp. 573-5689, June 2004.

L. Wei, Z. Chen, M. C. Johnson, K. Roy, and V. De, “De-
sign and optimization of low voltage high performance dual
threshold CMOS circuits”, Design Automation Conference
Proceedings pp. 489-494, June 1998.

Renu Mehra and Jan Rabaey, “Exploiting Regularity for
Low-Power Design”, Proceedings of the International Con-
ference on Computer-Added Design, 1996.

-90-





