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Abstract— Dynamic voltage scaling (DVS) which is
an effective energy minimization technique has been
well-studied in recent years. Yet the problem of se-
lecting voltage levels for multiple voltage DVS sys-
tems remains an unresolved issue. In this paper, we
present a novel technique for dealing with the prob-
lem of finding k operating voltages to minimize the
energy consumption (voltage set-up problem). A new
formulation of the voltage set-up problem is given to
make our solution less dependent on the specific DVS
scheme. Then it is solved optimally using dynamic
programming in polynomial time. With almost the
same time complexity we extend the proposed tech-
nique to explore the design space to determine the
best number of voltage levels. It is confirmed from the
experiments that the proposed voltage set-up solution
reduces energy consumption by 19.2% on average over
that of previous technique [7].

I. INTRODUCTION

Over the past decades there have been enormous efforts to min-
imize the energy consumption of CMOS circuit systems. Dy-
namic voltage scaling (DVS) framework — involving dynamic
adjustments of the supply voltage and the corresponding oper-
ating clock frequency — has emerged as one of the most effective
energy minimization techniques. A one-to-one correspondence
between the voltage and the clock frequency in CMOS circuits
imposed an inherent constraint to DVS techniques to ensure
that voltage adjustments do not violate target system timing
deadlines.

There are several contemporary classifications of DVS
schemes; soft real-time vs. hard real-time, inter-task vs. intra-
task, online vs. offline, continuous voltage vs. discrete voltage,
etc. According to the domain of the target system, the two key
players, voltage adjustment and timing constraint raise various
practical issues, which results in a diversity of DVS techniques.
Although in recent years several instances of DVS problem
with less specific constraints have been solved optimally, e.g.
[1, 2, 3], many researchers are still working on more specific
unsolved problems. Since most existing works assume that the
available voltage set is given and focus on how to exploit the
pre-defined voltages, one of the major remaining challenges
— particularly for customizable Systems-on-Chips (SoCs) — is
the determination of energy-efficient operating points (volt-
age/frequency points) that are tuned for specific applications.

To the best of our knowledge, the operating voltage set-up
problem has been dealt with in the past few years, only in the
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following contexts: Chen and Sarrafzadeh [4] addressed the
gate-level supply voltage selection problem, where the number
of available voltages is fixed to two (dual voltages). They pro-
posed an optimal dual voltage estimation technique starting
from the maximal weighted independent set-based analysis of
the delay and power consumption within a circuit.

Dhar and Maksimovié¢ [5] presented a multiple voltage dis-
tribution technique for finite impulse response (FIR) filter de-
sign. For a given filter order N, the proposed algorithm finds
a set of 2N 41 voltages based on the method of Lagrange mul-
tipliers to minimize the average energy consumption of each
module.

Recently, Hua and Qu [6] proposed an application level volt-
age set-up technique. They considered the problem of deter-
mining the number of voltages and each voltage value on a
multiple-voltage application-specific DVS system such that the
system’s energy consumption is minimized. An analytical solu-
tion for dual-voltages system and a heuristic-based numerical
method for the general case were proposed. One limitation of
their approach is that the derivation of the solutions is based
on a simple application model in which each application is
specified only by execution time, deadline and probability to
be executed. They also assumed that the execution time which
varies dramatically due to the input data is fixed and known a
priori. The intrinsic dependency on the application model of
their approach makes it virtually impossible to apply to other
popular DVS domains, such as intra-task DVS [3, 8].

Buss et al. [7] presented an execution profile-based operat-
ing points exploration technique targeting the outlined static
intra-task voltage scheduling. In their approach, a cumulative
energy distribution graph where the energy consumptions are
accumulated with increase of the voltage level is constructed
from the execution profile and then divided uniformly for no
specific reason to determine the operating point set. Although
they made no mention of its applicability, the proposed tech-
nique can be easily incorporated into other DVS domains.

The major contributions of our work — both different from,
as well as complementary to related previous efforts — are:
(1) We formulate the voltage set-up problem in a new way
that the proposed technique is less dependent on the specific
domain making it widely applicable to various DVS schemes,
(2) we solve the problem of finding k voltages optimally in the
sense that the minimum energy consumption is obtained and
(3) we provide a fast exploration scheme to help determine the
number of operating voltages at the initial system design stage.

The remainder of this paper is organized as follows. In
Section II, we present a new formulation of the voltage set-
up problem. Section III explains the proposed approach. In

836

ASP-DAC 2005



Section IV, experimental results are provided to validate our
methods. Finally, concluding remarks are given in Section V.

II. PROBLEM FORMULATION

A. Voltage set-up problem

Without loss of generality we can define the voltage set-up
problem as follows.

Problem 1 (kVoltage Set-up Problem) For a given volt-
age scaled processor with k operating voltage levels and its spe-
cific application or a set of applications, determine each volt-
age level of k voltages to minimize the energy consumption of
the system within a specified timing constraint.

Note that depending on the domain of the target system
and the corresponding voltage scheduling technique we em-
ploy, we have different specific instances of the above voltage
set-up problem. For example, the timing constraint of a typical
inter-task voltage scheduling is represented by the arrival time
and the deadline of each real-time task and the remaining slack
time caused by earlier termination of the task is reclaimed by
other tasks. On the other hand the typical intra-task voltage
scheduling specifies its timing constraint by simply assigning a
deadline to the task and schedules it not to produce any slack
time. Since the way of specifying the timing constraint is quite
different from each other, the voltage set-up problems for these
two voltage scheduling techniques should be treated differently.
Moreover in most cases we obtain the actual energy consump-
tion of the system only after the voltage scheduling procedure
has finished, thus the quality of the solution to the voltage
set-up problem is significantly affected by the choice of the
voltage scheduling technique. The strong correlation between
the voltage set-up problem and the employed voltage schedul-
ing technique necessitates devising an individual voltage set-up
strategy for each voltage scheduling technique, which is unde-
sirable in the sense that it is difficult to cover the diversity of
DVS techniques. One of the promising features of our method
is that our voltage set-up technique is widely applicable to
various voltage scheduling schemes and for that purpose we
formulate the voltage set-up problem trying to minimize the
dependency on the voltage scheduling technique, which will
be explained in more detail later. However for the sake of
illustration, we use the recently proposed optimal intra-task
voltage scheduling technique [3], which achieves the minimum
average energy consumption and can handle both limited and
unlimited set of voltages. We begin by examining the desirable
voltage schedule for our voltage set-up solution.

B. Energy model

It is known [8] that the amount of energy consumption during
the execution of a task is expressed as

2
E o« Vbp”© X niotal

(1)

where 7notar is the total number of instruction cycles exe-
cuted. The relationship between clock frequency and voltage
in CMOS circuits is

fouk «< (Vop — Vr)®/Vop = Vbp (2)

where V7 is the threshold voltage and « is the velocity satura-
tion index. Based on the one-to-one correspondence between

clock frequency fcrk and supply voltage Vbp, we use the term
voltage and corresponding speed (i.e., clock frequency) inter-
changeably throughout the paper.

Since many tasks exhibit different behaviors depending on
input data, we cannot directly apply the simple energy model
of Eq. (1). Thus, we extend the energy model of Eq. (1) so
that it can handle general cases. One way to deal with the
non-uniform execution path lengths is to consider the average
(i.e., expected) energy consumption, which can be expressed

as

> (P(m) - B(m)) 3)

Vexecution path =

where P(7) is the probability that the execution of the task
follows path 7 and E(m) is the energy consumption for that
path. The fact that many tasks in real-time environments are
executed repeatedly provides the rationale for the use of this
model.

Eavg -

C. Optimal intra-task voltage scheduling

We denote a real-time task 7 as having a corresponding dead-
line D,. The task 7 is represented by its Control Flow Graph
(CFG) Gr = (V,E), where V is the set of basic blocks and
FE corresponds to the set of directed edges which impose the
control dependency between basic blocks. The set of succes-
sor basic blocks of any v € V is denoted by succ(v). Each
basic block b; is annotated with its non-zero number of exe-
cution cycles n; (by definition of basic blockl, n; is constant.)
Each directed edge (b;,b;) is annotated with probability p;
that the control flow follows the edge. Given a task’s CFG
and its execution profile which offers the probabilities of exe-
cution paths, if we set the operating speed of basic block b; to
0;/T; (and adjust the supply voltage accordingly) then we have
the minimum average energy consumption of Eq. (3), where §;
is defined as

ni, if succ(b;) =0

0 = Y mi+ S p;6;%, otherwise
Vb €suce(b;)

and T; is the remaining time to deadline from basic block b;.
More detailed explanation including the proof of the optimal-
ity is presented in [3]. Consider for example a simple real-time
task Tsimple shown in Fig. 1(a). Each node represents a ba-
sic block and each edge indicates a possible flow of control
between two basic blocks. The number within each node indi-
cates its number of execution cycles and the number assigned
to each edge indicates the probability. Fig. 1(b) shows the pro-
cedure of calculating each §; value according to Eq. (4). Once
we have computed every § value for each basic block, the op-
erating speed of basic block b; is simply obtained by dividing
d; by the remaining time to deadline. Note that the thick,
dotted and regular arrows in Fig. 1(b) represent increase, de-
crease and no change of the speed, respectively and only the
gray-colored basic blocks receive new operating points.

(4)

D. Voltage distribution graph

What we can get from the previous optimal intra-task volt-
age scheduling technique is the minimum energy speed /voltage

ITypically, a basic block is defined as a sequence of instructions
that does not contain any jumps.
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TABLE 1

EXECUTION PROFILE OT TASK Tgimple (D

Tsimple

= 10 UNIT TIME)

Execution Exec. Schedule of Operating Points Expected Number of Execution Cycles
Path Prob. Speed | Voltage
b by bs bg bg 0.14 2.93-2.78-2.78-1.99 - 1.99 Vg V3 V3 V] V1 0.84 - 0.42-0.14 - 1.12 - 0.70
bo b1 bs by bs 0.56 2.93 - 2.78 - 2.78 - 2.92 - 2.92 V6 V3 V3 Us U5 3.36 - 1.68 - 0.56 - 7.84 - 2.80
bo bz b3 bs be bg 0.054 | 2.93 - 3.23 - 3.14 - 3.14 - 2.26 - 2.26 | vg vg v7 V7 V2 V2 0.324 - 0.216 - 0.108 - 0.054 - 0.432 - 0.270
bg b2 b3 bs by bg 0.216 | 2.93-3.23-3.14-3.14 - 3.30 - 3.30 | we vg V7 V7 V9 Vg 1.296 - 0.864 - 0.432 - 0.216 - 3.024 - 1.080
b b2 by bs bg bs 0.006 | 2.93 - 3.23 - 3.89 - 3.89 - 2.80 - 2.80 | ve v8 V10 V10 V4 V4 0.036 - 0.024 - 0.042 - 0.006 - 0.048 - 0.030
bo ba by b by bg 0.024 | 2.93-3.23 - 3.89 - 3.89 - 4.10 - 4.10 | vgwvg vipviov11v11 | 0.144 - 0.096 - 0.168 - 0.024 - 0.336 - 0.120

3
dD:G+\/O.7*22.13 +0.3%25.7°

d2 4+\/o 9:21.1°+0.1726.°°
cg 2+19
@ =211 d =7+19.1
=26.1

d5 1+ o 2*13% 0.8419°

d,=14+5=19

a5
®)

Fig. 1. (a) CFG of example task Tgimple; (b) Calculation of §
values

schedule for a given task, which is the most desirable result we
can have.

Table I shows the execution profile of the task Tgimple Ob-
tained assuming that the deadline D is 10 unit time. For
each execution path, the probability that the execution follows
the path and the minimum energy speed/voltage schedule are
presented. Note that v; denotes the voltage corresponding to
the ith higher operating speed. Last column of the table in-
dicates the expected number of cycles to be executed at the
corresponding operating point in the path, which is obtained
by multiplying each basic block’s number of cycles by the path
probability.

To see how much energy is consumed at each voltage level,
we group all instances of basic blocks that are executed at
the same voltage level and construct voltage distribution graph
where z-axis represents each voltage used in the obtained
schedule and y-axis corresponds to the total expected number
of cycles executed at each voltage. For example, only basic
block b; and bs in both path bg b1 bs b bs and bg by bs by bg are
executed at voltage vs, the total expected execution cycles for
vz is 0.4240.14 + 1.68 + 0.56 = 2.80. Fig. 2 shows the voltage
distribution graph for task Tsimple.

Suppose that we have n voltage levels in the voltage distri-
bution graph. Let v; be the ith higher voltage (1 < i < n)
in the graph and ¢; be the total expected number of cycles
executed at the voltage v;. Then the average energy consump-
tion for the voltage distribution graph is given by the following

equation.
§ ’Uz *Ci
1<i<n

(®)

1dea1

Voltage Distirbution Graph of t
simple

e
IS o © 5

Total Expected Number of Execution Cycles

~

vi v2 v3 v4 V5 v6 v7 v8 vo
Operating Voltage

v10 vil

Fig. 2. Voltage distribution graph of 7gjmple obtained from the
execution profile shown in Table I

Note that this equation is essentially identical to Eq. (3) since
the energy consumption for each execution path of Eq. (3) can
be decomposed into the sum of energy consumptions for indi-
vidual basic blocks and the all instances of basic blocks that
are executed at the same voltage level are grouped together
producing the energy consumption for each voltage level as
shown in Eq. (5).

Since the voltage schedule is obtained without any limi-
tation on the number of voltage levels and it produces the
optimal energy consumption in the sense that the minimum
average energy consumption is achieved, we call its voltage
distribution graph ideal voltage distribution graph and the set
of voltage levels used in the schedule ideal voltage set.

E. Minimum energy k-voltage cover problem

Returning to Problem 1, since only k voltages are permit-
ted, we should carefully choose k voltages to replace the ideal
voltage set. It can be considered that each selected volt-
age substitutes for a subset of the ideal voltage set i.e., we
select k voltages 01,72,...,0r and corresponding k subsets
Vi, Va, ..., Vi of the ideal voltage set Vigea1 such that Vi, V; # 0
and Vi = Videal. Since the operating speed is proportional

to the corresponding voltage level, replacing a voltage v with
a lower voltage implies that the portion of the task which was
originally executed at the speed corresponding to the voltage v
is now executed at a new lower speed, which may cause missing
the deadline due to the increased execution time. Thus each
voltage ©; and the corresponding subset V; should be selected
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to satisfy following constraint.

Voltage-cover Condition : Vv € V;,v < 9;

(6)

We call the set of k voltages satisfying the above condition
k-voltage cover. After replacing the ideal voltage set with k-
voltage cover, the energy consumption becomes:

A2
El-cover = § § Vi - Gy

1<i<k Vo €V;

(7)

Then our purpose is to find a k-voltage cover that minimizes
the Eq. (7), which can be stated as follows.

Problem 2 (Minimum Energy k-Voltage Cover Prob-
lem) For a given ideal? voltage distribution graph with n volt-
age levels and corresponding expected numbers of execution cy-
cles, find a k-voltage cover that leads to the minimum energy
consumption.

Note that this new formulation only requires the informa-
tion about the tasks’ execution profile from which the voltage
distribution graph is obtained, and does not assume anything
about the specific voltage scheduling technique.

III. PROPOSED APPROACH

A. Finding minimum energy k-voltage cover

For the sake of illustration, assume that the number of avail-
able voltage levels is three (k=3). Note that the following
voltage cover selection technique is easily extended to handle
various numbers of voltage levels and we also present the gen-
eral version of the algorithm at the end of this section. For
a given ideal voltage distribution graph with voltage levels
v1 < vg < -+- < vy and corresponding expected numbers of
execution cycles ci1, ¢, ..., c,, We are to select three ‘represen-
tative’ voltages Diow, Umid and Onigh (Plow < Omid < Ohigh)
to cover the entire voltage spectrum vi,v2,...,v,. With-
out loss of generality suppose that v1 < -+ < v; < Vow <

Vig1 < < v < Omida < vj41 < < vp < ODnign,
then we set Viow = {v1,v2,...,v:}, Viia = {vit1,Viq2...,0;}
and Viigh = {vj4+1,Vj42...,0n} l.e., we use Diow instead of
V1,02, . ..,Vi, Umid instead of vi41,viy2...,v; and so on. Re-

call that due to the linear dependency of the operating speed
on the operating voltage, the selected voltage, say Ujow, should
not substitute for any other voltages higher than it to avoid
possible deadline miss (voltage-cover condition). From Eq. (7)
the energy consumption for this 3-voltage cover is expressed
as

~2 ~2
E3 cover = § Viow * Cm + § Umid * Cm

0<m<i i<m<jg

2
+ E Vhigh * Cm

j<m<n

(®)

Our objective is to select Diow, Umia and Onigh appropriately
so as to make the above energy consumption approximate the
ideal energy consumption of Eq. (5) as closely as possible. Note
that it is obvious that we should set these voltages tightly
making Oiow = Vi, Umia = v; and Onigh = vy, for that purpose.

2In this definition the term ideal does not require that the given
voltage distribution graph shows the minimum energy consumption.
It is ideal in the sense that unless k=n, we cannot achieve the min-
imum energy consumption using a k-voltage cover.

Let Esub(l,m) be the energy consumption for sub-spectrum
of execution cycles, ¢, ci41,...,em (1 <1 < m < n) where
we use the voltage v,, as a ‘representative’ voltage. More
specifically, Esub (I, m) is defined as

E311b(l7m) = Z 'Um2 *Ci

1<i<m

(9)

Let E¥£°V°" (m) be the minimum energy consumption for ex-
ecution cycles ci,ca, ..., cm Where only k voltages are permit-
ted. We wish to determine E35°V°" (n), which can be expressed
recursively as

Bz (n) = min {ERZY (1) + Bown (i +1,n)} (10)

where Efi" (i) = min {EL(5) + Bsun (5 +1,4) ) (11)

1<j<i

and Erln_icr?ver(j) = Esub(Lj) (12)
The intuition is based on the fact that if we already know
how to select a 2-voltage cover for any sub-spectrum of volt-
age levels, then we can easily find a 3-voltage cover since we
need to select only one additional voltage. Note that Fq. (12)
implies that in case only one voltage is to be selected as a
‘representative’, we should choose the highest v; among all
available voltages v1,v2,...,v; so as to avoid any timing vio-
lation (voltage-cover condition).

In general, the minimum energy consumption of k-voltage
cover with n voltage levels, EXS"(n) (1 < k < n, n > 0),
can be expressed as

EEc e (n) = min {EEV () 4 Eaw(i +1,n)} (13)

k—1<i<n ' min
The following theorem states that based on the above
derivation of the minimum energy consumption for k-voltage
cover we can solve the minimum energy k-voltage cover prob-
lem in polynomial time.

Theorem 1: For a given ideal voltage distribution graph with
n wvoltages, we can determine its minimum enerqgy k-voltage
cover in O(kn?) time.

Proof: 'We can compute Fgup (I, m) of Eq. (9) for all pos-
sible pairs of (I,m) (1 <1 < m < n) in O(n?) time. (See
lines 1-6 of Algorithm 1.) For fixed p and ¢ (1 < p < ¢ < n),
EP eV (q) is obtained in O(n) time from Fq. (13), provided

min

that Er(figw_cover(i) has already been calculated for p — 1 <
i < g. Consider we compute all values of EP "V (.) at the

pth stage. Then each stage can be completed in O(n?) as-
suming that the previous stage has already been completed.
Since EF£oVer () is calculated at the kth stage, we have O (kn?)
time complexity to obtain the minimum amount of energy con-
sumption with k-voltage cover. Including the time taken to
compute Esub(l,m), finally we have the time complexity of
O(kn?). Note that the list of voltages in the k-voltage cover is
obtained by backtracking the calculation process as described
in Algorithm 1, which can be done in O(k) time. ]

Algorithm 1 describes the procedure of finding the minimum
energy k-voltage cover for a given voltage distribution graph.
First, we compute Esub(l,m) according to Eq. (9) for all pairs
of (I,m) (Lines 1-6). Then each Fmgo®"(i) is obtained by
simply setting it equal to Esub(1,4) (Lines 7-9). For p > 2, each
EP oV (q) is calculated using Fq. (13) starting from the 2nd

min
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Algorithm 1 Finding minimum energy k-voltage cover

for alli=1,2,...,n do
Eumin[1[i] = Euun [11[i];

9: end for

10: for all p =2,3,...,k do

11: for allg=p,p+1,...,ndo

1: for allm=1,2,...,n do

2: Esupb [m} [m} <~ ’Ugn *Cmj;

3: foralll=m-1m—-—2,...,1do

4: Egup[J[m] <= Esup[l +1][m] + v, - e
5: end for

6: end for

7

8:

122 Eminlpll] < +oo;

13: foralli=p—1,p,...,q—1do

14: tmp < Emin[p — 1][i] + Esub [t + 1][q];
15: if tmp < Emin[p][g] then

16: Enin[p][q] < tmp;

17: history[p|[q] < i;

18: end if

19: end for

20: end for

21: end for

22: seleted < n;

23: for alli=k,k—1,...,2do

24: output selected;

25:  selected < historyl[i][selected];
26: end for

27: output selected;

stage (p=2) to the kth stage (p=k) (Lines 10-21). Note that
the array ‘history’ keeps the record of selected voltages i.e.,
the ¢ values of Eq. (13) that minimizes its quantity (Line 17).
Finally, the algorithm outputs the selected voltages starting
from the highest voltage referencing ‘history’ array (Lines 22-
27).

B. Determine k - the number of voltage levels

If there is no hardware overhead to increase the number of
operating voltage levels it is obvious that we should use as
many voltages as possible. However it does require additional
hardware and will introduce area, delay and power penalties
on the voltage regulator or DC-DC converter. Thus it becomes
important to investigate the tradeoff between the number of
voltage levels and the overhead they incur.

To help determine the number of operating voltage levels at
the initial design stage, we provide k-E°V" graph where the
minimum energy consumption E¥S°V" is plotted varying the
number of voltage levels k. Then the designer can select the
proper number of voltages which leads to the minimum en-
ergy consumption within acceptable overheads. The following
theorem states that we can construct k-EX<°V" graph within
almost the same time complexity as the one taken to determine
the minimum energy k-voltage cover.

Theorem 2: For a given ideal voltage distribution graph with
n voltages, we can determine its all minimum energy voltage
covers in O(n®) time.

Proof: Recall that we compute the minimum energy k-
voltage cover at the kth stage of calculation, provided that all
the previous stages have already been completed. Therefore
by the time we compute E[;57V" (n), we already have all other
minimum energy voltage covers. Thus the time complexity is

O(n®). ]

K-EX" SV Graph
min

I I I IS IS e
5 o IS o > S
T T T T T

Energy Consumption ( normalized to the ideal energy)
~

N
T

°

©
~
wl|

4 5 6 7 8
Number of Available Voltage Levels (k)
Fig. 3. k-Ei}'ﬁf"’cr graph for 30 randomly generated tasks

We omit the algorithm of drawing the k- E¥:°V°" graph since
it is a simple extension of Algorithm 1 by adding a step be-
tween line 20 and line 21 that plots (p, E?5°¥*"(n)). Note that

in this case the input &k of Algorithm 1 is set to n.

IV. EXPERIMENTAL RESULTS

We test the proposed approach on a set of benchmark tasks as
well as randomly generated tasks to demonstrate the effective-
ness of our technique. The voltage distribution graph is con-
structed from the optimal execution profile which is obtained
using our optimal intra-task voltage scheduling technique. We
set the slack factor of each task 7, defined as (D, — W;)/D-
where W, is the worst-case execution time of 7 executed at
the highest voltage, to 0.1 giving a tight timing constraint. A
random task is generated by splitting the arbitrarily chosen
basic blocks repeatedly until the number of branches reaches
some fixed number. The probability at each branch of the gen-
erated tasks is drawn from a random normal distribution with
a standard deviation of 1.0 and a mean 0.5 and the number of
execution cycles of each basic block is restricted such that the
length of the longest basic blocks does not exceed 1000 times
length of the shortest one.

Fig. 3 shows k-EF:°v" graph for 30 randomly generated
tasks varying k from 2 to 10. Note that the energy consump-
tion of each task is normalized to the corresponding ideal en-
ergy consumption (k=00). We can easily see that the energy-
efficiency increases as we are permitted to use more voltages.
However it is reported that only 10% more energy is consumed
when we use 4 voltages (k=4) compared to the ideal energy
consumption.

Fig. 4 shows the distribution of the selected voltages in the
minimum energy 10-voltage cover of 100 randomly generated
tasks. z-axis indicates the each voltage level normalized to the
highest one and y-axis represents the corresponding frequency
of selection. Contrary to the expectation that the selected
voltages will reveal a uniform distribution, it is observed that
the higher voltage levels are more likely to be chosen, which
suggests that the simple uniform selection-based voltage set-up
process may fail to find the energy-efficient solution.

The effectiveness of our technique is evaluated by compar-
ing the results against those of the other technique proposed
by Buss et al. [7]. To verify the applicability of our solution
we also obtain the energy consumption using another voltage
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TABLE II
COMPARISONS OF RESULTS PRODUCED BY OUR TECHNIQUE AND BuUsS [7}

Benchmark Task [9] Energy Overhead (%) (compared to ideal energy consumption)
Voltage Scheduling Optimal Intra-Task Scheduling [3] Shin [8]
k=2 k=4 k=38 k=2 k=4 k=28
Voltage Set-up || Ours [7] Ours [7] Ours | [7] Ours [7] Ours [7] Ours [7]
amotsa 8.03 5.51 1.04 2.25 0.12 | 0.12 20.46 11.24 7.56 7.88 4.89 4.89
dawson 7.9 29.39 0.24 29.39 0.14 0.14 7.9 29.52 0.37 29.52 0.25 0.25
gef 6.07 6.07 1.09 6.07 0.03 | 6.07 7.45 7.45 8.28 7.45 7.42 7.45
gser 3.61 6.19 2.66 4.35 0.33 | 2.53 5.81 6.19 5.64 5.81 2.72 4.34
gsimp 0.01 210.38 0.0 210.38 0.0 0.0 210.33 | 210.38 210.32 | 210.38 210.32 | 210.32
hypser 3.49 3.02 1.09 0.24 0.02 | 0.51 3.49 3.02 2.93 3.02 2.49 2.49
igray 11.68 11.68 1.72 8.61 0.0 8.43 11.68 11.68 4.04 11.1 4.0 11.08
realft 26.3 26.3 7.43 26.3 4.49 | 7.43 26.3 26.3 9.48 26.3 9.32 9.48
rtnewt 5.3 33.06 0.23 5.3 2.86 | 0.23 20.68 33.06 5.55 20.68 5.25 5.55
trsec 4.62 9.08 0.23 0.96 0.01 | 0.21 4.62 9.08 6.93 8.5 6.83 6.92
sncndn 23.15 47.33 10.62 47.33 4.4 16.5 33.62 47.33 26.49 47.33 20.34 32.41
trapzd 0.0 0.07 0.0 0.0 0.0 0.0 0.0 0.07 0.0 0.0 0.0 0.0
Average 8.79 35.01 2.30 31.00 1.13 | 3.79 31.71 35.66 25.88 34.08 24.67 26.61

scheduling technique by Shin et al. [8]. Table II shows the
comparison results on a set of real tasks [9] for k=2, 4 and 8.
On average our approach combined with the optimal intra-task
voltage scheduling reduces the energy consumption by 19.2%
over that of [7], which is only 4.1% more energy than the ideal
one. Due to the dependency of resulting energy consumption
on a specific DVS technique, the quality of the voltage schedule
obtained using [8] is poor compared to the one from the opti-
mal scheduling. However, the proposed technique still has an
advantage over [7] with the same scheduling technique showing
on average 4.7% reduction of the energy consumption, which
suggests that the proper selection of the DVS technique is the
essence in the minimization of the system’s energy consump-
tion.

V. CONCLUSIONS

We presented a novel technique for dealing with the voltage
set-up problem of finding k operating voltages to minimize
the energy consumption. The major contributions of our work
are: (1) We formulate the voltage set-up problem in a new way
that the proposed technique is less dependent on the specific
domain making it widely applicable to various DVS schemes,
(2) we solve the problem of finding k voltages optimally in the
sense that the minimum energy consumption is obtained and
(3) we provide a fast exploration scheme to help determine
the number of operating voltages at the initial system design
stage. It is confirmed from the experiments that the proposed
voltage set-up solution reduces energy consumption by 19.2%
on average over that of previous technique [7].
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