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Abstract

Energy consumption and Quality of Service (QoS) are
two of the primary concerns in design of today’s pervasive
computing systems. In this paper, we study the problem of
minimizing the energy consumption while ensuring the des-
ignated QoS requirements for a real-time system on a two-
level variable voltage processor. In our approach, the real-
time tasks are scheduled according to the earliest deadline
first scheme, and the QoS requirements are quantified with
so-called (m, k)-constraints, which require that at leastm
number of anyk consecutive jobs of a task meet their dead-
lines. In this paper, we develop a static scheduling strategy
to guarantee the(m, k)−constraints while optimizing the
energy. Extensive experiments, both on synthesized systems
and real applications, have been conducted to demonstrate
the effectiveness of our approach.

1 Introduction

Power aware computing has come to be recognized as
a critical enabling technology in the design of real-time
embedded systems for use in the pervasive computing ap-
plications. Today’s embedded systems continue to evolve
towards higher levels of performance requirements to pro-
vide rich features for a variety of dedicated and extensible
applications. Such high performance requirements are in-
evitably accompanied by the high level of energy consump-
tion required to run the pervasive computing platform. On
the other hand, to extend the battery life and thus the mis-
sion cycles for systems, a low power/energy consumption is
highly desirable. If a system is to be both energy efficient
and has high performance available on-demand, it has to be
a power awaresystem—a system that is scalable, adaptive,
and energy efficient where the system performance can be
guaranteed and the energy consumption can be optimized.

In recent years, there has been increasing interest in ap-
plying scheduling techniques to conserve energy in real-

time applications. Many dynamic voltage scaling (DVS)
techniques, e.g., [2, 7, 17, 25], have been proposed which
take advantage of the power-manageable capability of the
modern processors to reduce the energy consumption. They
differ from the implementation strategies and real-time sys-
tem characteristics, such as staticvs.dynamic, fixed priority
vs. dynamic priority assignment, preemptivevs. nonpre-
emptive effects. One common feature of these techniques
is that they assume that all the task instances must meet
their deadlines. While significant energy can be saved us-
ing these techniques, they become inefficient or inadequate
when quality of service (QoS) requirements are imposed for
the applications.

QoS requirements dictate under what conditions the sys-
tem will provide its service the real-time tasks executed
on the embedded processor. These requirements can be
captured by different QoS metrics such as response delay,
sample loss rate, among others. It is not difficult to see
that the QoS requirements are closely related to the en-
ergy consumption. It is our belief QoS requirement and
power/energy consumption must be studied cooperatively
in real-time scheduling in order to provide a reliable, robust,
and energy efficient solution for the real-time applications.

Recently, we have seen some research on using the DVS
technique for real-time systems with QoS constraints. For
example, Weiser et. al. [23] presented several interval-based
scheduling techniques in which the processor speed in each
interval is set dynamically according to the required QoS
levels and the prediction of the processor usage in that inter-
val. This prediction-and-speed-setting framework has been
adopted in the later work, e.g. [4, 16, 11, 20]. Aydin et
al. [2] and Rusu et. al. [21] treated this problem as a reward-
based scheduling problem, and the best scheduling strategy
is the one that can maximize the reward—in terms of en-
ergy saving and QoS levels—from executing the tasks. To
improve the overall performance of the system while con-
serving energy, Ma et al. [13] used the criticality to prior-
itize the scheduling of more critical tasks over non-critical
tasks in the systems. These best-effort techniques are use-



ful for applications such as real-time database and internet
server, where there is no much known knowledge about the
system characteristics and the QoS requirements are weakly
defined. However, they cannot be applied for systems, such
as real-time control and teleconference, in which the QoS
has to be ensured to satisfy the users’ requirements.

In response to this, some other research strives to en-
force the QoS guarantee when developing the DVS tech-
niques. For example, Qiuet. al. presented a technique [18]
to statistically guarantee the QoS for a real-time embedded
system. They used thegeneralized stochastic petri netsto
capture the probabilistic nature of the real-time embedded
system, which is later transformed to aMarkov decision
model, based on which a linear programming formulation
is constructed with the energy consumption as the objec-
tive and QoS requirements (such as delay, jitter, and loss
rate) as the constraints. Yuan et al. [27] proposed to in-
corporate the stochastic analysis into DVS for soft deadline
system to provide the statistic QoS guarantee. They also
presented several resource conservation techniques [26, 28]
when more deterministic information about the applications
is available. With the QoS requirements formulated as the
overall deadline missing rate that is tolerable by the users,
Hua et al. [6] introduced several techniques to exploit the
related processor slack time to save energy.

These approaches ensure the quality of service in a prob-
abilistic manner which can be problematic for some real-
time applications. For example, many real-time applica-
tions such as the navigation control in the unmanned air-
craft can tolerate occasional deadline misses of the real-time
tasks, and the information carried by these tasks can be esti-
mated using interpolation techniques as long as the interval
between deadline misses is large enough. Unfortunately,
even a very low overall miss rate cannot rule out the pos-
sibility that a large number of deadline misses occurred in
such a short period of time that the data cannot be success-
fully restored. This may cause the loss of important data or
even the wrong operation of the system.

For the sake of designing highly reliable, robust, and yet
energy efficient embedded system, we believe that it is nec-
essary not only to guarantee the overall the QoS statistically,
but also in such a way that a lower bounded and predictable
QoS can be ensured at any specified time interval. There-
fore, in this paper, we adopt the so called(m, k)-model [5]
in which an(m, k)(0 < m ≤ k) constraint is associated
with each task requiring requiring thatm out of anyk con-
secutive job instances of the task must meet their deadlines.

Since not all executing jobs are required to meet specific
deadlines according to the(m, k)−model, some “redun-
dant” jobs can thus be discarded to save on the energy ex-
penditure. In this paper, the “redundant” jobs are discarded
according to techniques discussed in the literature [19], a
technique originally applied to the problem of dealing with

cases of task overloading in real-time systems. We argue
that this techniques can well serve our dual goals of improv-
ing the energy-saving performance, in addition to providing
a guarantee of QoS formulated as(m, k)-constraints. For
the remaining jobs, we propose a technique that is necessary
and sufficient for their schedulability. Based on this capa-
bility, some of the remaining jobs can be executed at a low
voltage level to save energy as long as they can finish before
the deadlines. Moreover, this technique can be readily in-
corporated with the known dynamic scheduling techniques,
such as [17, 2, 8] to further improve the energy efficiency.
The significance of our approach is that, to the best of our
knowledge, this is the first approach that can efficiently save
on energy consumption while also providing adeterministic
QoS guarantee for a real-time system.

This paper is organized as follows. Section 2 formally
introduces our problem. Section 3 present several of our ob-
servations regarding to the identification of the “redundant”
jobs. Section 4 presents a necessary and sufficient feasibil-
ity condition, with which a static DVS strategy is proposed
in section 5. The effectiveness and energy efficiency of our
approach are demonstrated using simulation results in Sec-
tion 6. Section 7 concludes the paper.

2 System models

The real-time system considered in this paper containsn
independent periodic tasks,T = {τ0, τ1, · · · , τn−1}, sched-
uled by an earliest deadline first (EDF) policy [10]. Each
task contains an infinite sequence of periodically arrived in-
stances with each of which called ajob. Taskτi is charac-
terized using five parameters, i.e.,(Ti, Di, Ci,mi, ki). Ti,
Di, andCi represent the period, the deadline for each job
instance, and the worst case execution time forτi, respec-
tively. A pair of integers, i.e.,(mi, ki) (0 < mi ≤ ki),
represent the QoS requirement forτi, requiring that, among
any consecutiveki jobs of τi, at leastmi must meet their
prescribed completion deadlines.

The variable voltage processors used in our approach can
run in one of two modes:high voltage modeand low volt-
age mode. In high voltage mode, the processor requires
a high supply voltage (VH ), running at a faster clock rate.
In low voltage mode, the voltage (VL) supplied to the pro-
cessor circuitry is lower and, thus, the speed at which the
processor operates is slower. Commercial processors such
as the ARM7D [12] and Motorola PowerPC 860 [14] have
this type of operating characteristic relative to voltage scal-
ing. We assume thatCi is the worst case execution time for
taskτi in high voltage mode. Therefore, ifα = VH

VL
, the

worst case execution time forτi is αCi if τi is executed in
low voltage mode.

Given the above abstraction and set of assumptions, we
formulate our model as follows:
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Problem 1 Given systemT = {τ0, τ1, · · · , τn−1}, τi =
(Ti, Di, Ci,mi, ki), i = 0, · · · , (n − 1), scheduleT with
EDF on a two-mode variable voltage processor such that
all (m, k)-constraints are guaranteed and the energy con-
sumption is minimized.

Since not all jobs scheduled are required to meet their
deadlines due to (m,k)-constraints, there are opportunities
to save energy by running as many jobs as possible at low
voltage, such that just enough jobs meet their deadlines.
The question, however, is how to minimize energy con-
sumption while also providing a guarantee that no less than
mi of anyki consecutive jobs from taskτi meet their dead-
lines. We explore the theory and formulate an answer to this
question in the following sections.

3 Meeting the (m,k)-constraints

There is much work, such as [3, 5, 24], that has investi-
gated using the best-effort strategy to deal with the(m, k)-
constraints. A common feature of these approach is that
they dynamically promote the execution of a task to a higher
priority if the task is proximally “closer” to violating the
(m, k)-constraints. While these approaches help to improve
the opportunity for tasks to meet their(m, k) constraints,
they cannot ensure the(m, k)-constraints for the system be
met. Also, precious energy resource is consumed to execute
the jobs that miss their deadlines which is of little benefit to
the overall performance of the embedded systems.

Another approach is to statically partition the jobs to be
either mandatory or optional, and the(m, k)−constraints
are ensured as long as all the mandatory jobs meet their
deadline. Ramanathan [19] proposes such an approach
which is of particular interest to us. Specifically, the jobτij ,
i.e. thejth job of taskτi, is determined to be mandatory if

j = bdj × mi

ki
e × ki

mi
c, j = 0, 1, 2, ..., (1)

and it is optional otherwise. For example, letτi have (m,k)
constraint as (3,7). Thenτi2 is mandatory since2 = bd2 ×
3
7e × 7

3c, andτi3 is optional since3 6= bd3× 3
7e × 7

3c.
While this strategy is initially proposed for improv-

ing the stability performance under overloading situation
for real-time control, several of our observations show it
has great potential to save energy while guaranteeing the
(m, k)-constraints. We summarize our observations in the
following lemma (The proofs of the lemmas and theorems
in this paper are omitted due to the page limit).

Lemma 1 Let the mandatory jobs for taskτi with (m, k)
constraint(mi, ki) be determined by equation (1). Then
(i) for any ki consecutive jobs ofτi, there are exactlymi

mandatory jobs; (ii) within anypi(pi > 0) consecutive jobs

of τi, the difference of the numbers of mandatory jobs is no
more than 1.

Lemma 1 implies that, using the strategy as shown in (1),
a minimal set of mandatory jobs are determined, no more
and no less. Removing any job from this set will violate
the (m, k)-constraints, and any other jobs added to this set
will be redundant in terms of(m, k)-guarantee. Therefore,
the energy is only consumed for the necessary jobs, not for
jobs that are nonessential for the(m, k)-constraints. More-
over,according to Lemma 1, formula (1) helps to spread out
the required jobsevenlyin each task along the time to avoid
the “burst” workload for the processor and thus have great
energy-saving potential, since the power consumption is a
convex function of the processor speed, and dramatic vari-
ation of the processor speed tends to increase the energy
consumption sharply.

With the mandatory job sets determined according to
equation (1), the solution for Problem 1 then becomes how
to schedule these jobs on a two-mode processor to save en-
ergy. Recall that any mandatory job missing its deadline
will cause the violation of(m, k)-constraint. Therefore,
to ensure the(m, k)-constraints, an accurate schedulabil-
ity analysis is crucial since inaccurate prediction may either
cause the violation of the system requirements, or lead to a
pessimistic design which can seriously degrade the energy
performance.

4 Schedulability analysis for the mandatory
job set

In this section, we investigate the schedulability condi-
tion for the mandatory job set determined with equation
(1). There are two benefits to conduct the schedulability
analysis. First, it helps to predict if a real-time system with
(m, k)-constraints using the static partitioning technique as
shown in equation (1) is schedulable or not. Second, it also
helps to put the execution of some mandatory jobs in the
low voltage mode to save the energy while meeting their
deadlines, and hence, the(m, k)-constraints.

Since the mandatory jobs are scheduled according to
EDF, it is desirable to use the well-known Liu&Layland
bound (U ≤ 1) [10] to predict the schedulability. However,
U ≤ 1 is only the necessary and sufficient condition for task
set with tasks’ deadlines equal their periods which is not the
case for these mandatory jobs. An alternative way is to ap-
ply a more general EDF-schedulability condition, proposed
by Zhenget. al. [29] and Liebeherret. al. [9], as shown in
Theorem 1.

Theorem 1 Real-time systemT is EDF-schedulableiff

∀t > 0,
∑

i

Wi(0, t) ≤ t, (2)
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whereWi(0, t) is the total workload from the jobs ofτi that
arrive beforet and must finish byt.

The close-form necessary and sufficient condition pre-
sented in Theorem 1 can be used predict the EDF-
schedulability for task system with arbitrary job arrivals
and deadlines. Unfortunately it cannot be readily applied
to check the feasibility for a mandatory job set, since it
requires checking an infinite number of points (t > 0) to
guarantee the schedulability. It is highly desirable that the
feasibility of the system can be predicted by checking with
a limited and small number of points. In what follows, we
introduce another necessary and sufficient condition to pre-
cisely predict the schedulability requiring only limited num-
ber of computations. Before we present the new condition,
we first introduce the following definition.

Definition 1 Letw(t) represent the workload from the jobs
that arrives in[0, t] but not finished beforet. A busy inter-
val, i.e.[ts, te], is the interval such thatw(t−s ) = w(t+e ) = 0
andw(t) > 0 for ts ≤ t < te.

The following theorem allows one to predict the schedula-
bility for a mandatory job set by checking only a limited
number of points.

Theorem 2 Let systemT = {τ0, τ1, ..., τn−1}, whereτi =
{Ti, Di, Ci, mi, ki}, andR be the mandatory job set gen-
erated fromT according to equation (1).R is schedulable
with EDF iff all the mandatory jobs within the first busy
interval can meet their deadlines.

The ending point of the first busy interval can be easily
found by observing that it must be the smallestt such that
the accumulated mandatory workload within interval[0, t]
equalst, that is,

∑

i

Wi(t) =
∑

i

dmi

ki
d t

Ti
eeCi = t. (3)

One can easily compute the ending point for the first busy
interval by using fixed-point iteration on formula (3) with
the initial valuet set to0+. The fixed-point iteration will
converge rapidly as long as the task set is schedulable.
When the system is overloaded, the busy period can be very
long. However, we can always set the upper bound of the
busy interval length to be the least common multiple of the
tasks’ periods. Since if the busy interval length is longer
than the least common multiple of the task periods, it im-
plies that not all the mandatory workload within the first
least common multiple of the task periods can finish in time.
Thus, the task set cannot be schedulable.

5 DVS scheduling for the mandatory job set

After the mandatory job set is determined to be schedula-
ble according to Theorem 2, one can take the advantage of

the variable voltage feature of the processor and assign as
many mandatory jobs as possible to the low voltage mode
as long as all the mandatory jobs are schedulable. How-
ever, care must be taken to assign a job with the low voltage
mode, since a job may miss its deadline or cause other jobs
to miss their deadlines when executed at a lower speed. In
what follows, based on Theorem 2, we propose an algo-
rithm (as shown in Algorithm 1) to find the schedule that
can satisfied the(m, k)−constraints while minimizing the
energy consumption.

Algorithm 1 A static algorithm that can guarantee the
(m, k)−constraints while minimizing the energy

1: Input: The period task setT and the two voltage values
VH andVL

2: Output: The minimal energy consumption (Emin) and
the voltage mode assignmentQmin.

3: Order the tasks according to their non-increasing values
of miCi

kiTi
, i = 0, ..., n− 1;

4: α = VH

VL
,Emin = −1,Q = ∅;

5: U= all the tasks with the high voltage mode;
6: Qmin = U ;
7: (Emin, Qmin)=Search(α, Q, U,Qmin, Emin)
8: Return Emin andQmin;
9: FUNCTION Search(α, Q, U,Qmin, Emin)

10: while U 6= ∅ do
11: τ = the head ofU ;
12: Set the low voltage mode forτ and insert it intoQ;
13: Check the feasibility of the task setQ∪U according

to Theorem 2;
14: if schedulablethen
15: Compute the energy consumptionE;
16: if E < Emin then
17: Emin = E,Qmin = Q ∪ U ;
18: end if
19: (Emin, Qmin)=Search(α,Q, U,Emin, Qmin);
20: else
21: Set the voltage mode forτ to be high;
22: (Emin, Qmin)=Search(α,Q, U,Emin, Qmin);
23: end if
24: end while

Algorithm 1 applies the branch-and-bound strategy that
is commonly used to solve the optimization problem. To
improve its efficiency, the task set is initially ordered ac-
cording to the values ofmiCi

kiTi
, i = 0, ..., n − 1 (line 1),

since the higher the value, the higher the possibility that the
task set becomes unschedulable when the execution of the
corresponding task is slowed down. Note that, this strategy
used in Algorithm 1 in principle can be applied for the pro-
cessor with multiple level of voltages. However, since the
branch-and-bound is essentially an exhaustive search strat-
egy, the computation cost will increase exponentially with
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the number of voltage levels.
After the voltage levels are statically determined for each

task by Algorithm 1, we can further improve the energy per-
formance by incorporating the dynamic techniques such as
the ones in [2, 8]. In next section, we use experiments to
evaluate the energy performance of our approach.

6 Experimental Results

In this section, we use experiments to demonstrate the
effectiveness of our approach to schedule the real-time sys-
tems while guaranteeing the QoS requirements in terms of
(m, k)-constraints. As no other previous work, from our
best knowledge, can minimize the energy savings while and
guarantee the(m, k)-constraints, we compare our approach
with two simple and intuitive approaches that may achieve
the same goal. One approach uses the shut-down-when-idle
strategy, and the other one uses the dynamic slack reclaim-
ing technique [2, 8], which is also incorporated in our ap-
proach for a fair comparison. For brevity, we useMKLP ,
MKSD, andMKDY N to represent our approach, the one
with shut-down-when-idle, and the one using dynamic slack
reclaiming technique, respectively.

Our experiments contain two sets of test cases. The first
set contains randomly generated real-time task sets and uses
an ideal two-mode variable processor. For the second set
of the tests, we use the practical applications reported in
the literature and adopt the hardware specifications of a real
two-mode processor,i.e. Motorola PowerPC 860 [14].

For the randomly generated task sets, the periods are ran-
domly selected from interval 1000,5000 and the deadlines
are assumed to be equal to their periods. The worst case ex-
ecution time (WCET) of a task at the high voltage mode is
uniformly distributed from 1 to its deadline, and the actual
execution time of a job is randomly picked from 0.5WCET,
WCET. Themi andki for the (m, k)-constraints are also
randomly generated such thatki is uniformly distributed be-
tween 2 to 12, andmi < ki. In our experiment, we investi-
gate the energy saving performance by different approaches
under different task utilizations, since different task utiliza-
tions can result in significant differences for energy sav-
ings. Specifically, we assign the task sets into 10 groups
according to their(m, k) utilization, i.e. Um =

∑
i

miCi

kiTi
.

To reduce the statistical errors, we require that each group
contain at least 20 schedulable task sets, or until at least
5000 task sets with the corresponding(m, k) utilization
have been generated. For the processor used for the ran-
domly generated task sets, we assume it is a two-mode vari-
able voltage processor withα = 2.

We also test our conclusions in a more practical environ-
ment. In the second set of experiments, we use three real-
world applications: web phone [22], CNC (Computerized
Numerical Control) machine controller [15], and INS (In-

ertial Navigation System) [1], as our task systems. For the
(m, k)-constraints, we still resort to the extensive randomly
generated samples as we do for the randomly generated task
sets to provide us with some meaningful insights. The pro-
cessor used in this set of experiments is adopted from the
product specifications of a practical two-mode variable volt-
age processor,i.e. Motorola PowerPC 860. Specifically, it
can be run at 50Mhz on 3.3 V, or 25Mhz at 2.4V. 20 sets of
(m, k)−constraints are randomly generated for each appli-
cations. The average energy consumption for each approach
in each test is collected. All results are normalized against
the ones byMKSD and filled into Table 1.

(m, k) Avg. Energy Improvement
Util MKSD MKDY N MKLP MKSD MKDY N

0.0-0.1 100 98.2 44.9 55.1% 53.3%
0.1-0.2 100 98.1 43.4 56.6% 55.7%
0.2-0.3 100 96.7 53.4 46.6% 44.8%
0.3-0.4 100 92.8 52.2 47.8% 43.8%
0.4-0.5 100 91.9 64.3 35.7% 30.0%
0.5-0.6 100 89.7 65.8 34.2% 26.6%
0.6-0.7 100 85.2 75.4 24.6% 11.5%
0.7-0.8 100 89.8 89.0 11.0% 0.89%
0.8-0.9 100 83.3 83.3 16.7% 0.00%
0.9-1.0 100 80.2 80.2 19.8% 0.00%

web phone 100 99.1 90.1 19.9% 9.08%
CNC 100 92.1 71.0 29% 22.9%
INS 100 96.0 87.0 13% 9.38%

Table 1. Average energy consumption and
corresponding energy saving improvement of
MKLP over MKSD and MKDY N for randomly
generated task sets with the ideal dual mode
processor, and that for three real applications
(web phone [22], CNC [15], and INS [1]) with
the practical two-mode processor (Motorola
PowerPC 860 [14]).

From Table 1, one can readily see that our approach
have much better energy saving performance than the other
two. Compared with the simply shut-down-when-idle strat-
egy, our approach can save the average energy consump-
tion up to around 56%. This is because that, our ap-
proach can assign some mandatory jobs that initially need
to be executed in the high voltage mode to the low volt-
age mode and still guarantee their deadlines, and hence,
the (m, k)−requirements. The more mandatory jobs can
be assigned to the low voltage mode, the higher the energy
saving improvement. Compared with the dynamic slack
reclaiming, our proposed technique has significant energy
saving improvement when the system utilization is relative
small. As the system utilization increases, the energy sav-
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ing improvement is decreasing. For example, from Table 1,
the energy saving improvement can be as high as around
56% when the system(m, k)-utilization is among 0.1 to 0.2,
while the improvement becomes around 11% for system
with (m, k)-utilization among 0.6 to 0.7. The reason is that,
when the utilization is lower, the probability for statically
assign the execution of mandatory jobs is higher. There-
fore, our approach can have a much higher energy saving
improvement than using the dynamic slack reclaiming tech-
nique alone. If the system utilization is very high, statically
assigning a mandatory job to the low voltage mode will po-
tentially cause it or other mandatory jobs to miss the dead-
lines, and thus the energy improvement is not as significant
as that for the systems with low utilizations.

The above analysis also conform to the experimental re-
sults in a more practical environment as shown in the last
three rows of Table 1. Our approach can lead to much less
energy consumption,i.e. 13% to 29%, than the power down
strategy. Compared with the dynamic slack reclaiming tech-
nique, our approach can save more energy,i.e. from 9.08%
to 22.9%. Overall, the experimental results based on both
the randomly generated systems as well as the practical ap-
plications have clearly demonstrate the effectiveness of our
approach in saving energy.

7 Conclusions and future work

Energy consumption and QoS guarantee are two of the
most critical factors for the successful design of pervasive
real-time computing system. We propose in this paper a
static scheduling technique that can reduce energy con-
sumption while also ensuring QoS requirements determinis-
tically on a two mode variable voltage processor. Our tech-
nique can be readily incorporated with existing dynamic
scheduling techniques to further save the energy. Experi-
ments with parameters drawn from both synthesized sys-
tems as well as practical applications have shown the effec-
tiveness of our approach. The future work of this research
includes the study of schedulability for the dynamically de-
termined mandatory jobs and also a less computation inten-
sive algorithm for the multiple level voltage processor.
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