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ABSTRACT
Dynamic voltage scaling (DVS) for real-time systems has
been extensively studied to save energy. Previous studies
consider the probabilistic distributions of tasks’ execution
time to assist DVS in task scheduling. These studies use
probability information for intra-task frequency scheduling
but do not sufficiently explore the opportunities for inter-
task scheduling to save more energy. This paper presents
a new approach to integrate intra-task and inter-task fre-
quency scheduling for better energy savings in hard real-
time systems with uncertain task execution time. Our ap-
proach has two steps: (a) We calculate statistically optimal
frequency schedules for multiple periodic tasks using earli-
est deadline first (EDF) scheduling for processors that can
change frequencies continuously. (b) For processors with a
limited range of discrete frequencies, we further present a
heuristic algorithm to construct frequency schedules. Our
evaluation shows that our approach saves up to 23% more
energy than existing solutions.

Categories and Subject Descriptors
C.4 [Performance of Systems]: design studies

General Terms
Algorithms, Design, Performance

Keywords
Dynamic voltage scaling, hard real-time, probability, multi-
tasking, low energy

1. INTRODUCTION
Energy consumption is an important design issue for

battery-operated embedded systems. In these systems, the
CPU is one major energy consumer. Dynamic voltage scal-
ing (DVS) is an effective technique to reduce CPU energy
because quadratic energy savings can be achieved with only
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linear decrease of the CPU frequency. Various DVS algo-
rithms have been proposed, especially for real-time systems.
A real-time task has a deadline that is the maximum time
within which the task must completes its execution. A real-
time scheduling algorithm can be either offline or online [1].
A “hard” real-time system does not allow missing any dead-
line. Consequently, for a task with uncertain execution time,
the scheduler must consider the worst-case execution time
(WCET) to guarantee meeting the deadline. Since this pa-
per considers frequency and voltage scaling, we use “execu-
tion cycles” instead of execution time to express the work-
load of a task. The task’s execution time is the execution
cycles divided by the processor’s frequency.

One solution to meet the deadline is assigning the proces-
sor a single frequency equal to the ratio of the worst-case
execution cycles (WCEC) to the allowed execution time [8].
This can be too conservative if the average workload is much
lighter than the worst case. Alternatively, the probability in-
formation of the workload can be used for better frequency
scheduling. If a task requires variable numbers of cycles
in different execution instances, the later cycles have lower
probabilities to execute than the earlier cycles. For exam-
ple, suppose three execution instances of a task require one
million, two million, and three million cycles. Then the first
million cycles execute three times, the second million cy-
cles twice, and the third million only once. Some studies [2,
7, 10, 11] propose to assign lower frequencies to the earlier
cycles and higher frequencies to the later cycles (called “ac-
celerating frequency schedule”) such that the deadline can
still be met and the earlier cycles save energy. Even though
the later cycles consume more energy when executing, they
are rarely needed due to their lower probability. This can
save more energy than assigning all cycles a single frequency.

The existing studies on accelerating frequency scheduling
have two major limitations: (a) They use the probability
information for only intra-task scheduling and do not suf-
ficiently explore the opportunities for inter-task scheduling
to save more energy. Inter-task scheduling determines how
to allocate time for different tasks. (b) For processors with
a limited range of discrete frequencies, the existing studies
adjust the frequencies of each task individually to match the
available frequencies without considering the effects of such
adjustment on the other tasks.

This paper presents a new approach to integrate inter-task
and intra-task scheduling in hard real-time multitasking sys-
tems with uncertain workloads. The key idea is combining
inter-task and intra-task scheduling into a single optimiza-
tion problem such that the frequency schedule of each task
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is determined by both its own probability distribution and
the probability information from all other tasks. In other
words, global information is used to build frequency sched-
ules for individual tasks. Our approach has two steps: (a)
We calculate statistically optimal frequency schedules for
multiple periodic tasks using earliest deadline first (EDF)
scheduling for processors that can change frequencies con-
tinuously. (b) For processors with a limited range of discrete
frequencies, we further present a heuristic algorithm to con-
struct frequency schedules based on global probability infor-
mation and schedulability constraints. The computation of
frequency schedules is offline and has no runtime overhead.
Our evaluation shows that our approach saves up to 23%
more energy than existing solutions.

2. BACKGROUND

2.1 Probability-Based DVS
Some studies have been conducted for DVS by considering

the probability distributions of tasks’ cycle demands. Lorch
et al. [7] derive an accelerating frequency schedule for a sin-
gle task and treat concurrent tasks as a single joint workload.
Gruian [2] constructs accelerating intra-task schedules and
allocates time to multiple tasks based on their WCEC. Yuan
et al. [11] combine accelerating schedules with soft real-time
constraints for multimedia applications. Xu et al. [10] study
accelerating scheduling in systems with discrete frequencies.
These studies use the probability information for only intra-
task scheduling. In contrast, we can save more energy by
combining the probability information from all tasks to in-
tegrate inter-task and intra-task scheduling. Zhang et al.
[12] and Xu et al. [9] have considered multiple tasks in a
special case where all periodic tasks share a common period
such that all the tasks execute sequentially in each period
and finish before the end of the period. Our approach allows
different periods and uses EDF scheduling.

2.2 Accelerating Frequency Schedule
Suppose a task demands at most W cycles and the dis-

tribution of its cycle demand is expressed by the cumula-
tive distribution function (CDF ) shown in Figure 1 (a).
The probability that the jth cycle is needed is P (j) =
1 − CDF (j − 1), as shown in Figure 1 (b). Note that P
is non-increasing because CDF is non-decreasing. Since a
task may demand millions of cycles, it is impractical to store
the distribution in cycles. Suppose the range [0, W ] is parti-
tioned into M bins and each bin contains b cycles (b = �W

M
�).

The CDF is then a function of the bins, as shown in Fig-
ure 1 (d). The probability that the jth bin is needed is
P (j) = 1 − CDF (j − 1), as shown in Figure 1 (e).

Bins represent a more general form of granularity than
cycles because we can choose 1 for b and make M = W . We
introduce the accelerating frequency schedule based on bins.
The frequency assigned to the jth bin is fj and the execution
time for this bin is b

fj
. The processor’s power is proportional

to v2f and v ∝ f (v: voltage). The energy for this bin is
(v2

j fj) × b
fj

∝ bf2
j . The expected energy consumption for

this bin is proportional to the product of the energy and the
probability: bf2

j P (j). Suppose the task is released at time
zero and the deadline is t. The goal is to find a schedule
{f1, f2, ..., fM} to minimize the total expected energy. This
is formulated as follows.
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Figure 1: CDF , probability (P ) of cycles or bins,
and frequency schedule (f) using the granularity of
(a)(b)(c) cycles and (d)(e)(f) bins.

minimize
X

1≤j≤M

bf2
j P (j) (1)

subject to
X

1≤j≤M

b

fj
≤ t (2)

Based on earlier studies [7, 10, 11], the optimal solutions
can be obtained by assigning fj :

fj =

MP
j=1

b 3
p

P (j)

t 3
p

P (j)
(3)

This frequency schedule is shown in Figure 1 (c) for b = 1
and in Figure 1 (f) for b � 1. Both frequency schedules are
non-decreasing. The reason is that P (j) ≥ P (j + 1) so the
denominator decreases and fj ≤ fj+1 in Equation (3).

3. INTEGRATED TASK SCHEDULING
This section presents our scheduling scheme for DVS. We

first provide a motivational example to illustrate the basic
concept. Then we explain how to integrate inter-task and
intra-task scheduling to minimize the expected energy con-
sumption in hard-real time systems with uncertain work-
loads. We extend the solution to processors with only a
limited range of discrete frequencies in Section 3.4.

3.1 Motivational Example
Consider two periodic tasks K1 and K2, shown in Figure

2 (a), starting from the same time with periods T1 = 3s and
T2 = 6s. Both tasks have WCEC of 3 million cycles, divided
into three equal-sized bins. Task K1 always uses 3 million
cycles (3 bins), so the probabilities of the three bins are all
100% (see Section 2.2 for the definition of such probability).
Task K2 has 90% probability to use 1 million cycles (the
first bin), 5% probability to use 2 million cycles (the first
two bins), and 5% probability to use 3 million cycles (all
three bins). The probability that the first bin of K2 is used
is 100%, the second bin 10%, and the third bin 5%. Each
task’s deadline is the same as the task’s period. We use
EDF scheduling so K2 executes after K1’s first instance. The
second instance of K1 has the same deadline as K2 so it does
not preempt K2 and executes after K2. We consider two
different methods to assign frequencies so that both tasks
can meet their deadlines.
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Figure 2: Frequency schedules from different time
allocation methods.

The first method (shown in Figure 2 (b)) allocates the
same amount of time, 2 seconds, to the three instances be-
cause they have the same WCEC. Within each 2 seconds,
the optimal intra-task scheduling explained in Equation (3)
is adopted. Figure 2 (b) shows the frequencies of the sched-
ule. The frequency assigned to K1 is the same across the
2-second duration because the actual cycle demand is the
same as the WCEC. The frequency assigned to K2 gradually
increases. This solution is the state-of-the-art probability-
based frequency scheduling for multiple tasks with EDF [11].

Our method (shown in Figure 2 (c)) allocates more time
to K1 than K2 because K1 requires more cycles than K2 in
most cases. Specifically, we allocate 2.3 seconds for K1 and
1.4 seconds for K2 and save 12% more energy than the first
method. Section 3.3 explains how to obtain the duration
assignments of 2.3 and 1.4 seconds by integrating inter-task
and intra-task scheduling.

3.2 Task and System Model
We consider a set of periodic independent tasks denoted

as {K1, K2, ..., KN}. The tasks are preemptive. Task Ki

has the following parameters: (a) Ti is its period. Each task
has an execution instance per period. (b) Wi is its WCEC,
i.e., the maximum number of cycles needed by one execution
instance. The range [0, Wi] is divided into Mi bins and each
contains b cycles. (c) Di is its deadline. Every execution
instance must finish before its deadline. We assume Di = Ti

in this study. (d) Pi(j) is the probability that the jth bin of
cycles is needed in each period.

We first consider processors whose frequencies can be ad-
justed continuously from 0 to infinity. In Section 3.4, we
consider processors with finite and discrete frequencies. The
time to switch from one frequency to another is in the mi-
croseconds range [3, 11] and the execution time for tasks is
normally the milliseconds range. Thus, we ignore the fre-
quency switching time. We assume the processors consume
both dynamic and static power during busy periods and
only static power during idle periods. The dynamic power
is proportional to v2f and the static power is a constant.
We assume DVS can adjust only dynamic power so we ig-
nore the static power because it is constant throughout the
whole duration. Overall, the energy per cycle is proportional
to v2f 1

f
∝ f2 since v ∝ f . The scheduling is based on EDF.

3.3 Statistically Optimal Frequency Schedule
We integrate inter-task and intra-task scheduling such

that the probabilities of the bins from all tasks are consid-
ered to build frequency schedules for individual tasks. The

bins (from all tasks) with higher probabilities can use lower
frequencies to save energy. For schedulability, the other bins
may have to use higher frequencies. Even though these
higher frequencies consume more energy, they are rarely
needed due to their lower probabilities. Since a task with a
shorter period executes more often than a task with a longer
period, we divide task Ki’s probability Pi by Ti to normal-
ize the probability over time. The optimization problem is
then to find a frequency fij for the jth (1 ≤ j ≤ Mi) bin of
task Ki (1 ≤ i ≤ N) to minimize the total expected energy
of all tasks based on the bins’ probabilities and under the
schedulability constraint of EDF. EDF can schedule a set of
tasks if the total CPU utilization is no more than one [6].
The mathematic formulation is as follows.

minimize
NX

i=1

MiX
j=1

bf2
ij

Pi(j)

Ti
(4)

subject to
NX

i=1

PMi
j=1

b
fij

Ti
≤ 1 (5)

Equation (4) is the total expected energy from all tasks,

where bf2
ij and Pi(j)

Ti
are the energy consumption and the

normalized probability of the jth bin of task Ki, respectively.
Equation (5) guarantees the schedulability of EDF, wherePMi

j=1
b

fij
is the worst-case execution time of task Ki. Note

that Equation (5) implies that
PMi

j=1
b

fij
≤ Ti and Ti is

the deadline. Based on the convexity of f2, Equations (4)
and (5) can be solved based on Jensen’s inequality [5]. All
the optimization equations in this paper are solved with the
same rationale. The derivation is omitted in this paper due
to the space limit. The minimum expected total energy is 

NX
i=1

PMi
j=1 b 3

p
Pi(j)

Ti

!3

(6)

The jth bin of task Ki is assigned frequency fij :

fij =

PN
i=1

PMi
j=1 b 3

√
Pi(j)

Ti

3
p

Pi(j)
(7)

The time (ti) allocated to task Ki depends on the frequency
schedule:

ti =

MiX
j=1

b

fij
=

PMi
j=1

3
p

Pi(j)PN
i=1

PMi
j=1

3
√

Pi(j)

Ti

(8)

The statistically optimal frequency schedules and the time
allocated for each task can be computed from the periods
(Ti), the bins (Mi, b), and the bins’ probabilities (P (i)).
Equation (7) indicates that the frequency for each task is

accelerating because the dominator 3
p

Pi(j) decreases as j
increases. Equation (8) is used by the second method in
the motivational example (Section 3.1) to calculate the time
allocation for the two tasks.

3.4 Finite and Discrete Frequencies
Section 3.3 assumes continuous frequencies from 0 to in-

finity. However, a practical processor has a maximum fre-
quency fmax and a minimum frequency fmin. Meanwhile,
the frequencies between fmin and fmax are discrete. Equa-
tion (7) has no guarantee to satisfy this constraint. This
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Figure 3: Steps to confine frequency schedules between [fmin, fmax]: (a) Compute schedules for tasks K1

and K2 for continuous frequencies. Bij means the jth bin of cycles for task Ki. (b) Assign fmax to B13

and recompute the frequencies for the remaining bins: B11, B12, B21, B22, B23. (c) Assign fmin to B21 and
recompute the frequencies for the remaining bins: B11, B12, B22, B23.

section presents a heuristic algorithm to adjust the frequen-
cies within fmin and fmax based on global probability in-
formation and schedulability constraints. We first assume
the frequencies are continuous within [fmin, fmax] and then
restrict the frequencies to be discrete.

Figure 3 (a) shows the frequency schedules for two tasks
K1 and K2 using continuous frequencies from Equation (7).
The frequencies of the first bins (B11 and B21) are lower
than fmin. The frequency for B13 is higher than fmax. Task
K1 is allocated time t1 and task K2 is allocated time t2
(Equation (8)). We first consider reducing the frequencies
higher than fmax, specifically, the frequency of B13. Since
we always assign higher frequencies to the bins with lower
probabilities, B13 must have a probability lower than the
other bins. Decreasing the frequency of bin B13 will prolong
its execution time. Due to schedulability constraints, at
least one of the other bins has to shorten its execution time
and consequently use a higher frequency. Since all the other
bins have higher probabilities than B13, their frequencies
should be kept low to minimize the expected energy. Hence,
we decrease the frequency of B13 to only fmax for minimum
increasing of other bins’ frequencies.

To decrease B13’s frequency to fmax, two methods can
adjust the frequencies of the other bins to keep schedulabil-
ity. The first adjusts only task K1 within its allocated time
t1. Namely, bins B11 and B12 raise their frequencies to use
less time such that the three bins of K1 still use time t1.
This method does not consider the opportunity for global
adjustment. The second method recomputes the frequency
schedule for all the remaining bins from both tasks. Time
t′1 and t′2 depend on the new frequency schedules. This is
illustrated in Figure 3 (b). B13 is assigned fmax and the fre-
quencies of the remaining bins of both tasks are adjusted.

This concept can be generalized to multiple bins whose
frequencies are higher than fmax. Let Hi denote the num-
ber of bins that are assigned frequencies higher than fmax

for task Ki from Equation (7). We assign fmax to these
bins and and use the following formulation to calculate the
frequencies of the other bins 1 ≤ j ≤ Mi−Hi from all tasks.

minimize

NX
i=1

Mi−HiX
j=1

bf2
j

Pi(j)

Ti
(9)

subject to
NX

i=1

Hib
fmax

+
Mi−HiP

j=1

b
fij

Ti
≤ 1 (10)

The minimum energy is achieved if

fij =

NP
i=1

PMi−Hi
j=1 b 3

√
Pi(j)

Ti

3
p

Pi(j)

„
1 −

NP
i=1

Hib
fmax

Ti

« (11)

If this new frequency schedule for the 1 ≤ j ≤ Mi − Hi

bins still contains frequencies higher than fmax, we assign
fmax to these bins and recursively perform the above adjust-
ment for the remaining bins until all bins have frequencies
no greater than fmax.

We next handle the bins with frequencies lower than fmin.
In Figure 3 (b), B21’s frequency is lower than fmin. Because
we always assign lower frequencies to bins with higher prob-
abilities, B21 must have a higher probability than the other
bins. The frequency of B21 should be kept low to minimize
the expected energy. Hence, we assign fmin to B21, as il-
lustrated in Figure 3 (c). Since this shortens the execution
time of bin B21, the spare time can be assigned to the other
bins to lower their frequencies. We redistribute such spare
time to the remaining bins of all tasks by recomputing their
frequency schedules.

Let Li denote the number of bins with frequencies lower
than fmin for task Ki. We determine the frequencies for the
remaining (Li + 1 ≤ j ≤ Mi − Hi) bins using the following
formulation.

minimize

NX
i=1

Mi−HiX
j=Li+1

bf2
j

Pi(j)

Ti
(12)

subject to
NX

i=1

Lib
fmin

+ Hib
fmax

+
Mi−HiP
j=Li+1

b
fij

Ti
≤ 1 (13)

The minimum energy is achieved if

fij =

NP
i=1

PMi
j=Li+1 b 3

√
Pi(j)

Ti

3
p

Pi(j)

„
1 −

NP
i=1

Lib
fmin

+
Hib

fmax

Ti

« (14)

After the previous procedure, all bins have frequencies be-
tween fmin and fmax. We next consider available discrete
frequencies. A simple method replaces each frequency with
its two adjacent discrete frequencies [2, 4]. However, this
method can waste energy when multiple bins have their fre-
quencies between the same two adjacent frequencies. Figure
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between two adjacent discrete frequencies fa and fb.
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fb. (c) The three bins are combined into two bins to
use fa and fb.

4 (a) shows an example when three bins B1, B2, and B3

have frequencies between two adjacent discrete frequencies
fa and fb. Figure 4 (b) shows that each bin breaks into two
sub-bins to use fa and fb within the same execution time
of the original bin. For example, B1 breaks into B1a and
B1b. The frequency rises and falls between fa and fb and
the schedule is no longer accelerating. The early bins (e.g.,
B1b) with higher probabilities may use fb while the later bins
(e.g., B3a) with lower probabilities may use fa; consequently,
the expected total energy is not minimized. Alternatively,
we propose to combine the three bins into two bins and use
fa and fb within the duration of the three original bins, as
illustrated in Figure 4 (c). This guarantees only one fre-
quency switching between any two adjacent frequencies and
the early bin uses the lower frequency. There can be more
than three bins with frequencies between fa and fb. Let n
be the number of bins with frequencies (fk, 1 ≤ k ≤ n) be-
tween two adjacent discrete frequencies fa and fb. The total
number of cycles of the n bins is nb and total duration isPn

k=1
b

fk
. We need to combine the n bins into two bins. Let

x be the number of cycles assigned to the first bin. Then
nb − x is the number of cycles assigned to the second bin.
The two bins should use the same duration as the original n
bins. The value of x thus can be found by solving equationPn

k=1
b

fk
= x

fa
+ nb−x

fb
.

3.5 Implementation Issues
Our method can be implemented in practical systems.

First, the probability distributions of the cycle demands of
tasks can be obtained by profiling their offline traces. Sec-
ond, our method computes the frequency schedules for a task
set offline, so there is no computation overhead at runtime.
The computed schedules can be stored in the system mem-
ory for runtime usage. Third, at runtime, we only need to
count how many cycles have been consumed by the current
task and determine whether to switch to a higher frequency
by looking up the accelerating frequency schedule. Previous
study [11] has implemented cycle counting together with an
EDF scheduler and shows the feasibility of using accelerat-
ing frequency schedule at runtime.

4. EXPERIMENTAL RESULTS
This section describes the simulation setup and presents

the simulation results comparing the energy savings from
our method and the existing solutions for both finite and
continuous frequencies. When the number of finite frequen-
cies increases, we are approaching the ideal case where con-
tinuous frequencies are available. Using continuous frequen-
cies allows evaluating the maximum potential of our method.

Table 1: XScale’s frequency/voltage and power.
Frequency(MHz) 150 400 600 800 1000

Voltage(V) 0.75 1.0 1.3 1.6 1.8
Power(mW) 80 170 400 900 1600

0 200 400 600 800 1000
0

500

1000

1500

P
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er
 (

m
W
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Frequency (MHz)

XScale’s discrete power

Least square fitting with ax3+b

Figure 5: Discrete and continuous power.

4.1 Method of Simulation
We use the frequency/voltage settings and power con-

sumption of Intel XScale [10] (as shown in Table 1) for fi-
nite frequencies. For continuous frequencies, we obtain their
power numbers by applying least-square curve fitting using
af3 + b (a = 1.55× 10−6, b = 60) to the XScale’s frequency
and power, as shown in Figure 5.

Both multimedia applications and synthetic workloads are
used in our evaluation. A task set of four multimedia pro-
grams is used: mpegplay, madplay, tmndec, and toast, as
shown in Table 2. All these programs except toast have the
same period, but their WCEC vary considerably. The dis-
tributions of their cycle demands are obtained by profiling
offline traces with bins each containing 100,000 cycles.

We also perform evaluation over a synthetic task set with
30 tasks and with a wider range of periods, WCEC, and
distributions. We construct the task set in three steps. The
first step assigns each task a period randomly chosen uni-
formly between 10 milliseconds and 1 second. The second
step chooses for each task its WCEC (W ) randomly uni-
formly between 100,000 cycles and 100,000,000 cycles un-
der the constraint that the worst-case CPU utilization at
1000MHz is no more than one. The third step determines
a distribution function of cycle demand for each task. We
consider three types of distributions (Gaussian, exponential,
and uniform) for cycle demands as suggested in [10, 12]. We
use the same type of distributions for all tasks and test the
three distribution types separately. Gaussian distribution
has two parameters: mean (μ) and standard deviation (σ).
For task Ki, μi is randomly chosen within the range (0, Wi]
and σi = Wi/6. Exponential distribution has one parameter
λ (μ = 1

λ
, σ2 = 1

λ2 ). We choose for each task its μi (or 1
λi

)

also randomly within the range (0, Wi]. Uniform distribu-
tion is a constant equal to 1

Wi
for task Ki. Four methods

that handle multiple tasks are compared:

• separated continuous (SC): Separating inter-task and
intra-task scheduling. SC allocates time to tasks based
on their WCEC [11] and then constructs a frequency
schedule (Equation (3)) for each task. SC considers
continuous frequencies.

• separated discrete (SD): SD considers finite and dis-
crete frequencies [10] and allocates time to multiple
tasks based on their WCEC.

• integrated continuous (IC): IC integrates inter-task
and intra-task scheduling for continuous frequencies
as explained in Section 3.3.
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Table 2: Multimedia applications. ∗ thousand cycles
Application Description T (ms) W ∗

mpegplay MPEG video decoder 30 10,500
madplay MP3 audio decoder 30 899
tmndec H263 video decoder 30 12,700
toast GSM speech encoder 25 240

• integrated discrete (ID): ID integrates inter-task and
intra-task scheduling for finite and discrete frequencies
as explained in Section 3.4.

The first two methods are existing solutions. The third
and fourth methods are proposed in this paper. The base-
line method used to compare the four methods uses a single
frequency

PN
i=1(Wi/Ti) for all tasks.

4.2 Energy Savings
Figure 6 shows the simulation results. The four groups

of bars show the energy savings from four task sets: the
set of multimedia benchmarks and the three synthetic task
sets with Gaussian, exponential, and uniform distributions,
respectively. For each task set, the four bars represent the
energy savings by the four methods.

Figure 6 shows that IC always saves more energy (ranging
from 8% to 23%) than SC. Method ID always saves more
energy (ranging from 7% to 19%) than SD. The reason is
that the integrated scheduling methods consider the periods,
the worst-case cycle demands, and the probabilistic distri-
butions of all tasks to perform global adjustment for better
energy savings. The figure also shows that, for finite and dis-
crete frequencies, both separated and integrated scheduling
methods save less energy than for continuous frequencies.
Specifically, SD saves 13% to 26% less energy than SC and
ID saves 17% to 30% less energy than IC. This is because
finite and discrete frequencies restrict the options in the fre-
quency schedules and produce inferior energy savings. The
multimedia task set has only four tasks while each of the
other task sets has 30 tasks. Intuitively, the overall cycle
demands or CPU utilization by the multimedia set may be
significantly lower and there is much more room for energy
reduction. However, Figure 6 shows that the energy savings
obtained by all methods from the multimedia task set are
not significantly higher than the savings from the other data
sets. The reason is that the four multimedia programs all
have very small periods and their cycle demands are often
close to their worst cases. This makes their overall CPU
utilization actually close to the the other task sets.

5. CONCLUSIONS
This paper presents a DVS scheme for multitasking real-

time systems with uncertain execution time. We use the
probability distributions of the cycle demands of tasks and
integrate inter-task and intra-task frequency scheduling for
better energy savings. We consider both continuous frequen-
cies and finite discrete frequencies. Our evaluation shows
that our method outperforms the existing solutions for mul-
timedia applications and synthetic workloads. Overall, our
approach saves 7% to 23% more energy than the existing
solutions. For future work, we plan to perform sensitivity
analysis of the bin size (granularity) of tasks.
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