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a  b  s  t  r  a  c  t

In this  paper,  we  consider  the canonical  sporadic  task  model  with the  system-wide  energy  management
problem.  Our  solution  uses  a generalized  power  model,  in  which  the  static  power  and  the  dynamic
power  are  considered.  We  present  a static  solution  to  schedule  the sporadic  task  set,  assuming  worst-
case  execution  time  for each  sporadic  tasks  release,  and  propose  a dynamic  solution  to  reclaim  the  slacks
left by  the  earlier  completion  of  tasks  than  their  worst-case  estimations.  The  experimental  results  show
that the  proposed  static  algorithm  can  reduce  the  energy  consumption  by 20.63%–89.70%  over  the  EDF*
algorithm  and  the  dynamic  algorithm  consumes  2.06%–24.89%  less  energy  than  that  of the  existing  DVS
algorithm.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Power management is of primary importance in the operation
of real-time systems, which can be attributed to longer battery life,
reliability and packaging costs. The processor power is mainly from
the CMOS circuits. It consists of the dynamic power (mainly due to
switching activities) and the static power (mainly due to leakage
current). Dynamic voltage scaling (DVS) aims at reducing the power
consumption of the system by operating the processor at a lower
frequency and thus on a lower voltage.

There are many substantial researches for scheduling real-time
applications on DVS processors (Zhao et al., 2012; Jejurikar et al.,
2004; Gong et al., 2007; Niu and Li, 2011; Aydin et al., 2001; Shin
and Kim, 2006; Wang et al., 2012; Pillai and Shin, 2001; Jejurikar
et al., 2005; Yao et al., 1995; Kim et al., 2002; Aydin et al., 2006; Mei
et al., 2013; Chen and Qian, 2012; Zhuo and Chakrabarti, 2008).
These approaches differ in many aspects, such as the scheduling
considering periodic tasks/mix tasks, being static/dynamic, assum-
ing worse-case execution time/best-case execution time, using
RM policy/EDF policy, and using traditional DVS strategy/the criti-
cal speed strategy (Zhao et al., 2012; Jejurikar et al., 2004, 2005;
Niu and Li, 2011). However, they still have common objective
which reduces the energy consumption while meeting the timing
constraints of real-time tasks. DVS uses slack time to adjust the
processor speed. Many previous researches have been conducted
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regarding slack time analysis to schedule the real time task set
(Gong et al., 2007; Niu and Li, 2011; Aydin et al., 2001; Shin and
Kim, 2006; Wang et al., 2012; Pillai and Shin, 2001; Jejurikar et al.,
2005; Kim et al., 2002; Aydin et al., 2006). Gong et al. (2007) have
proposed the on-line scheduling method for the mixed task set,
considering the dynamic power. Both Shin and Kim (2006) and
Wang et al. (2012) have proposed a dynamic reclaiming algorithm
oriented to the mixed tasks with the preemptive EDF scheduling
policy. In addition, many previous researches have focused on
scheduling method for the periodic tasks (Niu and Li, 2011; Aydin
et al., 2001; Pillai and Shin, 2001; Jejurikar et al., 2005; Kim et al.,
2002; Aydin et al., 2006; Wu and Kao, 2012; Tchamgoue et al.,
2012). Aydin et al. (2001) have proposed a dynamic reclaiming
scheduling algorithm oriented to the periodic tasks, when a higher-
priority task instance completes early, it reclaims the slack time
and scales down the processor speed. Pillai and Shin (2001) have
proposed a new scheduling algorithm (Cycle-Conserving EDF) and
a speculation-based algorithm (Look-Ahead EDF), assuming peri-
odic tasks. Jejurikar et al. (2005) use the procrastination technology
to reclaim the slack time of the higher-priority tasks which com-
pletes early. Kim et al. (2002) have proposed a dynamic scheduling
algorithm to reclaim the slack time from the already completed
higher-priority tasks as well as from the lower-priority tasks. Aydin
et al. (2006) have proposed the scheduling algorithm with the
preemptive EDF policy, considering a generalized power model.
Niu and Li (2011) have provided a DVS algorithm under the RM
policy. The CATSA algorithm has been proposed in the Wu and
Kao (2012), to schedule real-time tasks with abortable critical sec-
tions in a non-ideal dynamic voltage scaling processor. Tchamgoue
et al. (2012) have defined a new problem for power-aware sched-
uling in hierarchical framework with periodic resource model
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and provide optimal task-level and component-level static DVS
schemes.

Recently, the interest of the research focuses on the multipro-
cessor system (Chowdhury and Chakrabarti, 2005; Kim et al., 2007;
Kumar and Palani, 2012). Chowdhury and Chakrabarti (2005) have
proposed an efficient heuristic algorithm using a charge-based cost
function derived from the analytical battery model. The power-
aware scheduling algorithms for bag-of-tasks applications with
deadline constraints on DVS-enabled cluster systems was  pre-
sented in the Kim et al. (2007). Kumar and Palani (2012) have
proposed a novel scheduling algorithm using the genetic algorithm
to schedule the tasks and then find the optimal power supplies and
determine the schedule length on the multiprocessor system.

The previous real time scheduling methods for sporadic tasks
do not take the DVS technology, i.e. the tasks always execute with
the maximum speed, leading to the high energy consumption. In
order to decrease the energy consumption, there are many real
time scheduling algorithms with DVS technology for sporadic tasks
(Qadi et al., 2003; Mei  et al., 2013; Huang et al., 2008; Zhong and
Xu, 2007). Qadi et al. (2003) have proposed a DVS algorithm ori-
ented to the sporadic tasks, assuming worst-case execution times
and dynamic power. Zhong and Xu (2007) proposed a time-variant
voltage scaling (TV-DVS) algorithm, which is more energy effi-
cient than that of DVSST (Qadi et al., 2003); however, TV-DVS
cannot meet the deadlines of tasks. Mei  et al. (2013) proposed CC-
DVSST algorithm which is an improvement to DVSST can meet the
deadlines of tasks; however it only considers the dynamic power
model. All in all, many real time scheduling algorithms have been
proposed for periodic and aperiodic task models but none sup-
port the canonical sporadic task model with a generalized power
model.

In this work, we propose a static algorithm oriented to the
canonical sporadic task model while taking a generalized power
model into consideration. In addition, we propose a dynamic
scheme that utilizes dynamic slack for energy savings. To the
best of our knowledge, this is the first work that addresses
a dynamic scheme that utilizes dynamic slack for the canoni-
cal sporadic task model while considering a generalized power
model.

The rest of the paper is organized as follows. The models and
notations description are presented in Section 2. The static sporadic
tasks scheduling algorithm is proposed and analyzed in Section
3 and Section 4 presents the dynamic sporadic tasks scheduling
algorithm. Conclusions are presented in Section 5.

2. Model and notation

2.1. System model and notation

We  consider a set of independent sporadic tasks T = {T1, T2, . . .,
Tn} that are to be executed on a uni-processor system according
to the EDF* scheduling policy. EDF* is the same as EDF (earliest
deadline first), except that, among tasks whose deadlines are the
same, the task with the earliest arrival time has the highest pri-
ority (FIFO policy); in case that both deadlines and arrival times
are equal, the task with the lowest index has the highest priority.
Each sporadic task Ti has three associated parameters, pi, ei and di.
pi is the minimum separation period between the release of two
consecutive instances of a task; ei is the worst-case execution time
of the instance. di is the relative deadline for the instance. In this
paper, we assume di = pi. Thus, Ti can be described using the tuple
(pi, ei). The ready time of Ti is denoted by ri. The jth instance of
task Ti is denoted by Ti,j. The ready time of Ti,j is denoted by ri,j.
The actual execution time of Ti will be denoted by aei. We  assume a
variable speed (DVS-enabled) processor whose speed (frequency)

S can vary between a lower bound Smin and an upper bound Smax.
For convenience, we normalize the CPU speed with respect to Smax;
that is, we  assume that Smax = 1.0. We  denote Utot as the total uti-
lization of the task set under the maximum speed Smax, and assume
that Utot =

∑n
i=1ei/pi ≤ 1.

2.2. Power model

In this paper, we  adopt a generalized form of the system-level
power model which was proposed by Zhao et al. (2012). In our
general system-level power model, the power consumption P is
given by

P = Ps + h(Pind + Pdep) = Ps + h(Pind + Cef Sm) (1)

Here, Ps is the static power, which includes the power to maintain
basic circuits and keep the clock running and can be removed only
by powering off the whole system. Due to the prohibitive overhead
of turning off/on a system in sporadic real-time execution settings,
we assume that the system is in on state at all times and that Ps

always consumes and is not manageable. Different Ps will not affect
the absolute energy savings and, for simplicity, we  will ignore the
static power Ps (i.e., Ps = 0). Pind is the frequency-independent active
power, which includes any active power that does not depend on
running speed and can be effectively removed by putting the sys-
tem to sleep. Pdep is the frequency-dependent active power. The
effective switching capacitance Cef, and the dynamic power expo-
nent m (in general, 2 ≤ m ≤ 3) are system/application dependent
constants. The coefficient h is 1 when the system actively executes
a task; otherwise, h = 0.

To obtain the maximal reduction in the overall energy con-
sumption, the critical speed strategy is proposed by Zhao et al.
(2012), Jejurikar et al. (2004), Niu and Li (2011), and Jejurikar
et al. (2005), which is a minimal energy-efficient speed. From
this model, one can derive the minimum energy-efficient speed
value as Scrit = m

√
Pind/(Cef · (m − 1)) (Zhao et al., 2012). That is,

for energy-efficiency, no job should be executed at a speed lower
than Scrit as doing so would result in higher energy consumption.
We  develop our framework by assuming the continuous speed.
The implications of having discrete speed levels can be solved by
the two  adjacent frequency levels policy (Gong et al., 2007) or
the next higher discrete speed. Thus, we  do not discuss it in this
paper.

3. Static sporadic tasks scheduling algorithm

In this section, we  present the static sporadic tasks scheduling
algorithm (SSTSA) to the variable voltage scheduling problem for
the sporadic task model, assuming that each task presents its worst-
case work-load to the processor at every instance. A motivational
example will be discussed in Section 3.1. We  present the SSTSA
algorithm in Section 3.2 and discuss the simulation results in Sec-
tion 3.3.

3.1. A motivational example

This section presents an example to demonstrate the shortcom-
ing of the EDF* algorithm without DVS technology. We  consider
a 3-task system T with the following parameters: (4, 2), (5, 1),
(10, 3). The system utilization is Utot = 1. Let us consider sched-
uling the instances that were released in the interval [0,20) under
the preemptive EDF* algorithm. We  assume that the tasks released
instances as follows: T1 at times 0, 5, 10, and 17; T2 at times 0,
7, and 13; T3 at times 4 and 15. According to (Niu and Li, 2011),
we assume Scrit = 0.3 and Smin = 0.1, the power consumption func-
tion can be modeled approximately as P = 0.08 + 1.52*S3, and the
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