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abstract
More computational power is offered by current real-time systems to cope with CPU intensive
applications. However, this facility comes at the price of more energy consumption and eventually higher
heat dissipation. As a remedy, these issues are being encountered by adjusting the system speed on the fly
so that application deadlines are respected and also, the overall system energy consumption is reduced.
In addition, the current state of the art of multi-core technology opens further research opportunities
for energy reduction through power efficient scheduling. However, the multi-core front is relatively
unexplored from the perspective of task scheduling. To the best of our knowledge, very little is known
as of yet to integrate power efficiency component into real-time scheduling theory that is tailored for
multi-core platforms. In this paper, we first propose a technique to find the lowest core speed to schedule
individual tasks. The proposed technique is experimentally evaluated and the results show the supremacy
of our test over the existing counterparts. Following that, the lightest task shifting policy is adapted for
balancing core utilization, which is utilized to determine the uniform system speed for a given task set.
The aforementioned guarantees that: (i) all the tasks fulfill their deadlines and (ii) the overall system
energy consumption is reduced.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction
The birth of multi-core systems have significantly advanced
the existing technologies in the domain of computer architecture.
However, this advantage presents the research community
with enormous challenges, such as the efficient handling of
thermal dissipation and the lack of mature scheduling techniques.
Normally, all the cores of a chip operate in the same clock domain,
clock frequency, and operational voltage [35]. However, there
exist systems in which the cores do not operate at the same
frequency. Therefore, maintaining performance symmetry among
asymmetrically operating cores is one of the most critical issues
that the researchers are dealing with today [15,33]. There are
two possible solutions for the aforementioned issues: (i) add
dynamic voltage circuitry per core (a hardware solution), or (ii)
schedule tasks among cores judicially to enable all the cores to
operate on the same clock frequency (a software solution). The
former compensation strategy exhibits power leakage at higher
frequencies and undermine the thermal throttling [15]. Being a
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promising alternative, the latter solution is relatively unexplored
from the point of view of scheduling. Considering this gap, we
partition a given workload among the cores with the intention that
all the cores operate on the same clock frequency for maximum
energy savings.
The newer processors provide an interface to dynamically
adjust the voltage (or speed) for optimized power consumption.
This voltage (speed) adjustment on run time is termed as dynamic
voltage scaling (DVS), which is an effective methodology for
the reduction of core power consumption. The dynamic clock
and voltage adjustments represent the cutting edge of power
reduction capabilities in CMOS circuitry. The relation between
frequency and voltage/power provides foundation for dynamic
voltage scaling in modern processors [10,7,14,15]. Theoretically,
an ideal processor would be the one that supplies continuous
voltage levels. However, using continuous variable voltages is
infeasible because of the switching overhead to support several
operational levels. Therefore, the latest processors are capable
of supporting a fixed number of discrete-level speeds between a
predefined minimum and maximum levels. It has been reported
in [16] that the energy–speed curve is convex in nature. Therefore,
according to Jensen’s inequality [17,31,20], as long as the deadline
constraints are fulfilled, it is more energy efficient to execute
tasks at a constant speed than at a variable speed for each of the
individual tasks. We further extend this result by exploring the
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possibility of determining a uniform system speed for all the cores
by considering a processor that supports a large number of discrete
energy–voltage levels.
In real-time systems, tasks are scheduled based on some predefined criteria, such as activation rates, deadlines,and priorities
[24,27,12,18,8]. The higher the priority of a task, the more is the
attention devoted to the task when a scheduling decision is to be
made. Real time systems are usually not fully utilized up to the
maximum extent. Therefore, the systems are a promising venue
to apply DVS methodologies and DVS enabled scheduling techniques. Applying DVS techniques requires careful consideration of
task scheduling and a number of results are available (primarily for
the uniprocessor systems) [31,35,19,32,1,3,20,2,30].
Continuous speed levels are normally assumed to obtain optimality. However, the aforementioned is inapplicable to practical systems that have processors with discrete voltage regulators
[25,36]. Manufacturers are introducing processors that will operate on more discrete levels than what we see today. For instance,
the new Foxon technology is expected to enable the Intel servers
to operate on as many as 64 speed grades [25]. Therefore, an accurate model for reducing the energy consumption of the latest systems must capture the discrete rather than the continuous nature
of the available speed scaling [25,36,16,6]. However, the work we
present here can easily be extending to systems that may operate
on a continuous speed spectrum.
The most commonly used policy to schedule real-time tasks
is the ‘‘priority driven’’, that can be classified into the following
two types: (i) fixed priority and (ii) dynamic priority [23]. A fixedpriority algorithm assigns a fixed value to priority to all jobs in
each task, which should be different from the priorities assigned
to jobs generated by other tasks within the system. In contrast,
dynamic-priority scheduling algorithms place no restrictions on
the manner in which priorities are assigned to individual jobs.
Although, dynamic algorithms are better considered theoretically,
they become unpredictable when transient overload occurs [13].
Therefore, in this paper, we only consider fixed-priority scheduling
due to its applicability, reliability, and simplicity [24,18,8,28,5,26].
The problem of scheduling periodic tasks under a fixed-priority
scheme was first addressed by Liu and Layland [24] in 1973 with
simplified assumptions. They derived the optimal static priority
scheduling algorithm for implicit-deadline model (when deadlines coincide with respective periods), termed the rate monotonic (RM) algorithm. The RM algorithm assigns static priorities
on the task activation rates (periods) such that for any two tasks
τi and τj , priority(τi ) > priority(τj ) ⇒ period(τi ) < period(τj ),
wherein ties are broken arbitrarily. For a constrained deadline system, where deadlines are not greater than periods, an optimal
priority ordering has been reported in [22], termed the deadline
monotonic (DM) scheduling, wherein, the assigned priorities are
inversely proportional to the relative deadlines. The RM and DM
methodologies are identical when the relative deadlines of tasks
are proportional to their periods. In the remainder of this paper, a
task model refers to a constrained deadline system, and both RM
and DM will be used interchangeably to align with the terminologies used in the literature.
Scheduling policies developed for symmetric multiprocessors
may also be applicable to the multi-core counterpart. Recently, the
fixed-priority scheduling theory for multi-core environment was
studied in [19]. We extend the aforementioned work to further
explore the necessary and sufficient condition [21] of the RM
paradigm pertaining to multi-core systems.
In particular, more interesting results are revealed for multicore systems where all the cores operate at the same clock
frequency [34]. Once the speed for a generic core ∆i is determined,
the average system speed suitable for all the the cores is calculated.
However, this average speed might potentially make the task
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set unschedulable on some cores. In this work, we address this
anomaly to maintain system feasibility by shifting tasks from a
heavily utilized core to an underutilized core such that all the cores
process the same workload and the task set remains feasible at
uniform system speed.
Contribution Synopsis. This work advances the current state of the
art of scheduling theory as follows.

• Identification of the lowest possible core speed. This work identifies the implicit disadvantage associated with the first feasible
speed approach that is often used in the literature. We further
investigate this issue and identify properties and bounds that
enable us to identify a procedure, which can further reduce the
core speed to the minimum possible level and also ensure that
the task set remains RM schedulable.
• Practical power savings with adjustable core speeds. Because of
the practical limitations of the available DVS-enabled processors, the tasks are mapped using a finite number of discrete voltage levels. However, our work can also be equally applicable to
future generation processors that may support continuous voltage levels.
• Present a simple but practical core load balancing procedure. We
propose the lightest task shift procedure to load balance the system cores. The motivation behind this mechanism is based on
the observation that the lightest task (with lowest utilization
among all the tasks assigned to a core) is the only task that decreases the core utilization by the minimum possible load by
shifting (or migrating) the task from an over utilized core to the
underutilized cores.
• Achieving uniform system power consumption and utilization. The
focus of our work was kept as general as possible to include heterogeneous system cores. Our approach can fine-tune the system so that all the cores operate on the same clock rate and have
equally proportionate core utilization. The aforementioned results in a uniform system performance with predictable power
consumption. Our approach can be useful for designing applications that demand homogeneous performance over a heterogeneous system.
The remainder of this paper is organized as follows. First, we discuss the system model and the necessary background information pertaining to the RM scheduling theory in Section 2. The main
contributions of this work are divided into two grouped sections:
Sections 3 and 4, which detail the derivation of the lowest possible speed for a give task set, the average system speed, and
the experimental results pertaining to the derived speeds, respectively. Sections 5 and 6, which details the derivation of the uniform
system core speeds and the performance evaluations of the proposed methodology, respectively. Finally, we conclude the paper in
Section 7.
2. System model and background
In the periodic model of hard real-time systems, a task τi is
described by: (i) a task period Pi that is the time between any
two consecutive instances of τi , (ii) a worst-case execution time
Ci that is scalable with core speed, and (iii) a relative deadline Di .
A task τi must have Ci units of CPU shares by Di . However, Ci varies
considerably at run time. All the aforementioned parameters are
integers. The task set Γ = {τ1 , τ2 , . . . , τn } consists of n tasks and
can be divided into subsets such that Ω = {Ω1 , Ω2 , . . . , Ωn },
where Ω1 = {τ1 , τ2 , . . . , τk } and Ω2 = {τk+1 , τk+2 , . . . , τi }, and
so on. Moreover, a set of cores ∆ = {∆1 , ∆2 , . . . , ∆m }, (m ≤ n) is
available. The system speed fi is within a predefined range [0.1, 1.0],
with a step size of 0.01. The core utilization of an individual task
τi is given as Ui (∆i ) = Ci /Pi and the cumulative core utilization
k
is denoted by U (∆i ) =
i=1 Ci /Pi . The problem that we are
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addressing here is to map Ω over ∆ under the fixed priority
scheduling paradigm.
The first feasibility test for an RM scheduling on a uniprocessor
(also to be understood as a uni-core) system was reported in [24],
which was termed as the Liu and Layland bound (LL-bound). The
LL-bound states that a periodic task system where d = p is staticpriority feasible if and only if
U (∆i ) ≤ n(21/n − 1),

(1)
1/n

where n denotes the number of tasks in Γ . The term n(2
− 1)
decreases monotonically from 0.83 (when n = 2) to ln(2) as
n → ∞. This result mandates that any periodic task set of any size
is static priority feasible on a preemptive uniprocessor if and only
if the RM scheduling is used and U (∆i ) is not greater than 0.693.
This result gives a simple O(n) procedure to test the task feasibility
when tasks arrive at run time. However, the aforementioned is
only a sufficient condition. Therefore, it is quite possible that an
implicit-deadline synchronous periodic task system that exceeds
the LL-bound to be static-priority feasible. The LL-bound for the RM
paradigm is quite pessimistic. Therefore, it has been proven that for
the average case [21]:
U (∆i ) ≃ 0.88.

(2)

A better utilization based test, termed the hyperbolic bound (HB)
was detailed in [4]. Using the HB test, a periodic task set is deemed
schedulable if and only if

3

Level (i)

fi

1fi (respective subranges/minor-levels for speed fi )

0
1
2
3
4
5
6
7
8
9

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.01, 0.02, . . . , 0.09, 0.10
0.11, 0.12, . . . , 0.19, 0.20
0.21, 0.22, . . . , 0.29, 0.30
0.31, 0.32, . . . , 0.39, 0.40
0.41, 0.42, . . . , 0.49, 0.50
0.51, 0.52, . . . , 0.59, 0.60
0.61, 0.62, . . . , 0.69, 0.70
0.71, 0.72, . . . , 0.79, 0.80
0.81, 0.82, . . . , 0.89, 0.90
0.91, 0.92, . . . , 0.99, 1.00

i−1

Ci +

 t 
pj

j =1

Łi (t ) =

(Cj )
.

fi

(4)

The classic work reported in [21] details a solution that a task τi is
always feasible on a generic core ∆i at any instance of time t if and
only if
min Li (t ) ≤ t ,

(5)

t ∈Si

where t is a scheduling point and Si denotes a set of all the
scheduling points constituted by Si = lPj (j = 1, . . . , i; l =
1, . . . , ⌊Pi /Pj ⌋). The whole of the task set Γ becomes RM feasible
when
max

(3)

–

Table 1
Operational levels and the respective speed ranges.


n

(Ui (∆i ) + 1) ≤ 2.

)

i=1,...,k

min Li (t )/t



t ∈Si

≤ 1.

(6)

h =1

The classic work reported in [24] was later extended by modifying
the task parameters in [23]. However, all the aforementioned tests
cover only the sufficient conditions (SC) and trade utilization for
performance.
One possible solution to the aforementioned problem is to
first equally distribute a given workload among all the cores
and then to find the feasibility of using the RM bounds, such as
the LL-bound [24] or the H-bound [4]. However, these bounds
provide only the sufficient conditions and a thick share of the
core utilization is compromised for schedulability. To the best of
our knowledge, this work is the first to: (i) derive the exact RM
scheduling conditions for a multi-core system and (ii) determine
a uniform lowest possible system speed for a given workload
that maintains system feasibility. Symmetric performance among
cores is only possible when all the cores operate at the same low
speed. The disadvantage associated with higher core frequency is
that of leakage power, i.e. higher clock frequency increases the
system power leakage. Therefore, cores must operate on the same
minimum possible frequency for the following two reasons to:
(i) avoid power leakage and (ii) conserve energy by allowing cores
to execute tasks at a constant speed.
In our proposed model, we assume that a processor has 10
major operational levels as detailed in the Table 1. Let fi denote
a speed level and the corresponding range is given by 1fi , as
per our processor specifications. If for a particular speed fi0 that
is unavailable within the range 1fi (minor levels), then the next
(higher) nearest value is assigned to fi0 from the range 1fi . We
must note that fi is the highest possible speed within a level.
Therefore, any task τi that is schedulable with any speed in 1fi ,
is also schedulable with fi (for any i, fi = max(1fi )). However, the
converse may not hold.
Initially, we assume Γ to be scheduled on a single core. For our
model to be as close as possible to the real-world scenarios, we opt
for a constrained task model (Di ≤ Pi ). Let time t = 0 be the critical
instant and the cumulative work load of a task τi at any instance of
time t running at speed fi (fi , fj ≤ 1) is to be represented by

3. Lowest speed calculations
In this section and in Section 5, we address the problem of
scheduling hard-deadline periodic tasks on a multi-core environment. Section 4 details the simulation results for uniprocessor
systems, which are extended to encompass the multi-core counterpart in Section 5.
Ref. [15] reports that the performance of the cores is asymmetric. Therefore, tasks cannot be assigned to the cores with the
implicit assumption that all the cores are operating at the maximum clock frequency. Moreover, heat dissipation increases when
processors operate at higher clock rates. Because of the aforementioned issues pertaining to higher clock rates, we must first determine the appropriate core performance and once that is known,
uniform system speed can be calculated by distributing the workload among the cores based on some schedulability tests. It has
been reported in [19] that the bin-packing technique allows only
half of the core utilization and the technique trades utilization at
the cost of performance. To overcome the aforementioned gap of
50%, we derive and utilize the necessary and sufficient condition.
For our analysis, and for simplicity, we assume that initially the
system is a single core entity. Once the average core speed is determined, we relax the abovementioned assumption to accommodate
multiple cores.
A task τi is schedulable on a generic core ∆i if and only if Eq. (5)
holds true. However, it is possible that the task may also be schedulable at a lower core speed. Therefore, we add the speed component into the schedulability analysis to determine the required task
speed, which can be represented by


 Ci +

min 
t ∈Si




i −1



j =1

Cj 

 t 
t

pj


 ≤ fi .


(7)

Any value of t ∈ Si that satisfies Eq. (7) ensures that τi is also
schedulable with speed fi . However, for different values of t, there
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could be a set of respective speed levels, guarantying the schedulability of τi .
Ref. [5] reports a methodology that for a given workload returns
the speed determined at the first feasible point in the scheduling
point set, termed first feasible speed (FFS). Therefore, as soon as the
schedulability is confirmed at the first true scheduling (the time
where τi is schedulable), the value of fi is also determined. From
the aforementioned discussion, an interesting observation can be
made that we state below.
Observation 1. The set of scheduling points Si for task τi is always
in a non-decreasing order and the first value of t ∈ Si that satisfies
Eq. (7) does not guarantee the lowest system speed required.
To further elaborate on Observation 1, we highlight the point
with the help of an example task set given below.
Example 1. Given three tasks τ1 (1.1, 3), τ2 (1, 5), τ3 (1, 10), where
each task τi is represented by its parameters Ci and Pi , as an ordered pair τi (Ci , Pi ). Determine the lowest core speed to schedule
the lowest priority task τ3 , in addition to higher priority tasks τ1
and τ2 .

Fig. 1. Gantt chart for τ1 (1.30, 3), τ2 (1.19, 5), and τ3 (1.19, 10).

According to the RM scheduling theory, task τ3 is schedulable if
and only if it satisfies Eq. (7). Task τ3 has a set of scheduling points
S3 = {3, 5, 6, 9, 10}.
List 1. Task τ3 is RM-schedulable if and only if
C1 + C2 + C3 ≤ 3
2C1 + C2 + C3 ≤ 5
2C1 + 2C2 + C3 ≤ 6
3C1 + 2C2 + C3 ≤ 9

Fig. 2. Gantt chart for τ1 (1.57, 3), τ2 (1.42, 5), and τ3 (1.42, 10).

4C1 + 2C2 + C3 ≤ 10.
It can be observed that, in the presence of the workload due to τ1
and τ2 , task τ3 is also schedulable at points 5, 6, 9, and 10. The
speed required at the respective points becomes 0.84, 0.86, 0.7,
and 0.74. The lowest speed is 0.7 that is achieved at the scheduling
point 9, which is the fourth element in set S3 . Therefore, the first
element does not always guarantee the lowest system speed. From
the aforementioned discussion, we can conclude that all the values
of t ∈ Si need to be tested for finding the lowest core speed for task
τi . That is, fi may be obtained by the following
i−1


Ci +



 t ∈Si

min max

 t 

j =1

t

pj


Cj



≤ fi  .


(8)

Figs. 1 and 2 depict the Gantt charts for the task set given in
Example 1. The charts are drawn for the task set at the speeds of
0.84 and 0.7, respectively. The values for Ci are rounded off to two
decimals points to avoid cumbersome Gantt charts. We must note
that, irrespective of the representation of decimal fractions, Eq. (8)
always results in the exact same analysis and always respects the
timing constraints of the task set. In both cases, the entire task
set is schedulable with lower speeds. The task set when executed
at the speed of 0.84 becomes τ1 (1.30, 3), τ2 (1.19, 5), τ3 (1.19, 10)
and the same is reflected in Fig. 1. It can be observed from Fig. 1
that, after scheduling all the jobs of the tasks, there still are 1.53 :
[4.98, 5] + [7.49, 9] time slots unused and these slots can further
be utilized for lowering the system speed. Similarly, Fig. 2 reflects
the Gantt chart for the modified task set when executed at a
lower speed of 0.7 and the original task set (give in Example 1) is
transformed into τ1 (1.57, 3), τ2 (1.42, 5), τ3 (1.42, 10). In contrast
to Fig. 1, there are only 0.03: [8.97, 9] unused slots in Fig. 2, which
is a clear advantage and results in maximum system utilization.

4. Experimental analysis
4.1. Determining the lowest speed
In this section, we evaluate the performance of our proposed
technique, LFS, by comparing it with the previously mentioned
FFS methodology. Both the aforementioned methodologies are
compared from the perspective of system speed. The lower the
speed, the better is the technique.
To compare both techniques, we generated random task sets of
sizes within the range of [5, 50], with a step size of 1. The plots
reported in this paper are the average values of 300 runs of all the
task sets 5 through 50. The task periods were randomly generated
from a uniformly distributed range of [100, 10,000]. To obtain the
corresponding task execution demands Ci for τi , random values
were taken from within the range of [1, pi ], also with uniform
distribution. The priorities were assigned to the tasks as per RM
scheduling rules. That is, the smaller the task period, the higher
is the task priority. To have a feasible RM schedulable task set,
initially, we keep the system utilization at ln(2), which is quite low.
This low system utilization ensures that all the tasks within a given
task set are RM feasible. Otherwise, it is very likely that some of the
tasks may not be RM feasible when the system utilization is kept
high. Moreover, this also will pertain to an unfair comparison.
Fig. 3 depicts the advantage of the LFS methodology over the
FFS technique. We can observe that the LFS approach continues
until it finds the minimum possible speed for a given task set, while
maintaining task set schedulability. In contrast, the FFS procedure
stops searching for the scheduling points immediately as soon
as it finds the first feasible point. The difference between both
techniques is quite large. For instance, for the task set having only
5 tasks, the system speed required by the LFS methodology is much
lower than compared to the FFS procedure.

N. Min-Allah et al. / J. Parallel Distrib. Comput. (

(a) U (∆i ) ≤ ln(2).

(b) U (∆i ) ≤ 0.8.

(c) U (∆i ) ≤ 0.9.

(d) U (∆i ) ≤ 1.0.
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5

Fig. 3. Effect of utilization on system speed.

To further illustrate the effectiveness of the proposed methodology, we report several simulation results with different system
utilization. Fig. 3(a) reports that, with an RM schedulable task set,
the LFS procedure is always able to execute all the tasks with lesser
system speed. This includes the task set with 50 tasks. As shown
in Fig. 3(d), higher system speed is required for larger task sets.
This is an understandable phenomenon, because when the workload increases, more computational cycles are needed to complete
all the tasks by their respective deadlines. From the plots, we can
also see that the aforementioned behavior is exhibited by both the
techniques as expected. Although the FFS technique is based on
the necessary and sufficient conditions of the RM scheduling theory, the system feasibility is a must and it is maintained with the
FFS approach. However, when the task set size increases, the FFS
procedure allows the system speed to grow very rapidly to accommodate the resource requirements to maintain the deadline constraints. On the other hand, our proposed methodology gradually
increases the system speed in accordance with the principal objective, which is to conserve energy as much as possible by allowing
the system to operate at a clock rate that is the slowest and keeping
the task deadline constraints intact. Fig. 3(a) through Fig. 3(d) reveals the performance of both techniques with the system utilization kept at 70%, 80%, 90%, and 100%. It can be observed that when
the system utilization increases, the task computational demands
also increase and both techniques need more system speed to accommodate the workload presented. Therefore, the system operates at a higher clock rate.

DVS technique, we establish the necessary formulations for the
DVS methodology from the previous literature [10,7,14,32].
The average power dissipation Pav g of modern processors is
composed of four parts.
Pav g = Pleak + Pcap + Pstd-by + Pshort ,

where Pleak , Pcap , Pstd-by , and Pshort denotes the power leakage,
capacitive, standby, and short-circuit power, respectively. The
most critical component of Eq. (9) is the term Pcap . Therefore, we
can ignore the rest of the terms as in Ref. [14]. Being the dominating
term, Pcap can be expressed as:
2
×f,
Pcap = Υ × Vdd

(10)

where Υ represents a transition activity dependent parameter
and the switched capacitance, and Vdd is the supply voltage.
Eq. (10) indicates the quadratic dependence of Vdd and f . It can be
concluded that lowering the supply voltage is the most effective
factor in lowering the dynamic power consumption. However,
the lowering of Vdd increases the circuit delay, which may be
represented by the following
Tdelay = k

Vdd

(Vdd − Vth )η

,

(11)

where k is a constant specific to a given technology and depends
on the gate size and capacitance, Vth is threshold voltage that is the
minimum required voltage, and η is the velocity saturation index
of a CMOS circuit within the range of 1 ≤ η ≤ 2. Because f and
Tdelay are inversely related, we can say that

4.2. Energy savings
f =k
As indicated in the introductory passage, the DVS is a promising
technique for lowering the power consumption of a CMOS
circuitry. Before presenting our experimental analysis using the

(9)

(Vdd − Vth )η
Vdd

.

(12)

Eq. (12) reflects that f is linearly related to the supply voltage.
That is, the processor speed is a direct consequence of the supplied
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Fig. 4. Power consumption of Crusoe processor at respective voltage levels.

voltage [32]. Therefore, by assuming that Pav g = Pcap , Eq. (10) can
be rewritten as
2
Pav g = Υ × Vdd
×f.

(13)

It can also be observed that Pav g is an increasing function of f . Let
E be the energy consumed while running a task with an average
power Pav g at the processor speed of f for T time units. The
aforementioned relationship can be represented mathematically
by the following
E = Pav g (f ) × T .

(14)

From the aforementioned discussion, we can deduce that an ideal
processor would be the one that can operate on continuous voltage
levels. However, due to the switching overhead, a continuous
voltage spectrum is not provided for a CMOS circuit [9]. Therefore,

)

–

only a discrete number of supply voltage levels are provided that
can be controlled with a DVS technique [11]. In our work, we
assume a processor that can support multiple discrete frequency
levels within the range of [0.1, 1.0], with a step of 0.01, where 0.1 is
the minimum speed needed to make the peripherals and interrupts
remain powered and active. For our study, we operate within
the bounds reported in [35] for a 70 nm Crusoe processor. The
bounds and the discrete voltage levels are plotted for the readers’
convenience in Fig. 4, which illustrates the relationship between
the power consumption and the supplied voltage per cycle.
To evaluate the two methodologies, namely the LFS-energy and
FFS-energy, from the point of view of energy savings, we simulate
the system under the same arrangement as previously discussed
in Section 4.1. For this set of simulations, the speed of the system
was based on Eq. (7) for the FFS-energy technique and Eq. (8) for
the LFS-energy methodology. The workload of the system was the
task set within the range of [5, 50], with an increase of a single task
after every 1000th iteration.
The voltage and the clock rate required for a successful completion of all the tasks within the task set is determined by the
FFS-energy and LFS-energy techniques. The total energy consumed

 T1

within the interval of [T 0 , T 1 ] is measured by T 0 Pav g (t , fi )dt,
where Pav g (t , fi ) is the power consumption of the core when
executing a task τi at the speed of fi for t time units. The system
utilization is again kept within the range of [ln(2), 1.0], with a step
size of 0.1. That is, the energy values are measured for the task set
after a 10% increase in the system utilization. It can be observed
from Fig. 5 that when all the tasks are schedulable, the savings in
energy consumption of both techniques are very encouraging, up
to a certain level. The reason behind this low energy consumption
is the likelihood of the RM feasibility of all the tasks due to low

(a) U (∆i ) ≤ ln(2).

(b) U (∆i ) ≤ 0.8.

(c) U (∆i ) ≤ 0.9.

(d) U (∆i ) ≤ 1.0.
Fig. 5. Normalized energy consumptions for the task set under varying utilizations.
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system utilization. Therefore, the computational demands of the
individual tasks are much lower than their respective periods.
The only difference is that with the FFS-energy approach, the
plot trend remains higher when the task set increases. This is due
to the fact that there is a possibility that some of the task sets may
contain some tasks that must be run at a higher speed. Therefore,
the system energy consumption increases as the power function
is quadratically proportional to the system speed. Our proposed
LFS-energy technique projects a lower system speed compared to
the FFS-energy approach. This is due to the fact that its implicit
characteristic of continuously searching for the lowest possible
feasible speed out of all the possible speeds, which tends to be
never higher than that obtained through Eq. (7). With increased
system utilization, the computational demands of individual tasks
increase. Therefore, the workload also increases in the allowable
time window. It can also be observed from Fig. 5 that the LFSenergy approach also increases the system speed with the increase
in utilization. This is due to the fact that the scheduler must respect
all the deadlines of the tasks. However, the FFS-energy approach
is a very reactive procedure as the first feasible scheduling point
might demand high system speed. Therefore, the cores run at a
higher clock rate. In contrast, the LFS-energy approach determines
the point where the minimum task speed is calculated. Therefore,
the speed required for the same task set is much lower. However,
the lower system speed identified by the Eq. (8) also means that
the computation demands of the task have now prolonged.
5. Task partitioning in multi-core systems
To avoid testing the schedulability of a task at reduced number
of scheduling points, authors in [29] introduced the concept of false
point.
Definition 1. Under a fixed priority scheduling, a point t is termed
a false point for a generic task τi , if and only if it satisfies the
inequality constraint of Li (t ) > t.
The concept of false point is plausible; however, it is inapplicable
to DVS-enabled cores for the following reason.

)

–

7

which is a contradiction because: (a) fi′ > fi and (b) the workload
due to τi+1 at t ′ is lowered due to the higher value of fi′ . Therefore,
i  ′

t

Ci+1 +

Pj

j =1

Cj

̸> t ′ ,

fi′

(18)

which contradicts that t ′ is a false point for τi+1 .
First, determine the speed for the execution of task τi . Then
calculate the core’s specific minimum required speed so that all
the tasks remain schedulable on the core ∆i with speed f∆i . This
relationship can be captured by the following expression




f∆i = max

min fi

0<i≤n

.

(19)

Eq. (19) ensures that the core operates on the appropriate speed to
execute all the tasks τ1 , . . . , τk ∈ Ωi successfully. Next, we must
find the average system speed (uniform speed for all the cores) to
execute Ω tasks on ∆ cores. As previously mentioned in Section 2,
the aforementioned result (Eq. (19)) is applicable only to a single
core system. Therefore, we must relax some of the assumptions for
the multi-core model. The same technique as discussed in Section 2
can also be applied to the whole task set Ω and the tasks can be
mapped on ∆ cores, which we detail in the subsequent text.
Let the tuple (Ωi , ∆i , f∆i ) represent the task set Ωi assigned
to core ∆i running at the speed of f∆i . Because it is preferred to
execute all the cores at a uniform speed, the average system speed
must be calculated. In other words,
m


f∆ =

f∆i

j =1

m

.

(20)

To achieve load balancing among the cores, we adopt a task shifting
strategy that migrates a task from an unschedulable core to a core
with the smallest workload. (This is completely different from the
traditional task splitting technique.) 

Theorem 1. Under fixed priority scheduling and multiple system
speed levels, a false point t for τi is not necessarily a false point for
the lower priority tasks τi+1 , . . . , τn .

Theorem 2. If a task τi is shifted from an unschedulable core ∆i to
another core ∆j (wherein both the cores run at the same speed), then
the schedulability of Ωi on ∆i increases by a factor of Ci .

Proof. The proof is presented for τi+1 that can easily be extended
to the case of τi+2 , . . . , τn . As mentioned in Section 2, a scheduling
point t for τi is also the scheduling point for τi+1 . Let t ′ be such a
point that is present within the set Si and all the subsequent sets
Si+1 , . . . , Sn . If t ′ is a false point for τi that is executing at the speed
of fi , then,

Proof. If τi is unschedulable on ∆i at t ∈ Si = lPj (j = 1, . . . , i; l =
1, . . . , ⌊Pi /Pj ⌋), then

Ci +

j=1

′
Łi (t ) =

Pj

Cj
(15)

Similarly, the workload for τi+1 at the same point t ′ that is running
at the speed of fi′ can be expressed as
i  ′

t
j =1

′
Łi+1 (t ) =

Pj

fi ′

i  ′

t

.

(16)

j =1

fi ′

Pj

i−1

Ci +

Cj

<

Pj

Pj

Cj

> fi × t ,

(Cj ) > fi × t − Ci .

The aforementioned is true because fi × t − Ci < fi × t , Ci time
units are reduced from core ∆i by assuming that both cores run at
the same speed fi . 
Theorem 3. If all the cores run at the same speed, then adding a task
τi to ∆i weakens the schedulability of ∆i by Ci .

Cj

When fi ≥ fi′ , the false point for τi also remains the false point for
τi+1 . However, if fi < fi′ , then
Ci+1 +

j =1

j =1

> t ′.

fi

Ci+1 +

Ci +

 
i−1 

t


i −1 

t

i −1

  t′ 



  t′ 

j =1

fi

Pj

Cj

,

(17)

Proof. Follows from Theorem 2.



Theorem 4. If all the cores run at the same speed, then no task can be
added to the barely schedulable core.
Proof. Let τi be a task such that in addition to the already schedulable i − 1 tasks, is schedulable on a barely schedulable core ∆i . The
term barely schedulable refers to a system in which only δi (0 <
δi < 1) slots are available on a core ∆i , i.e.
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(a) Utilization of cores (before balancing).

(b) Tasks mapping to cores (before task shifting).

(c) Utilization of cores (after balancing).

(d) Tasks mapping to cores (after balancing).

Fig. 6. Load distribution on system with 8 cores.



 
i −1 

t
j =1

Pj

Cj

+ δ ≤ fi × t .

By adding τi to the aforementioned, we obtain


Ci +

 
i−1 

t
j =1


Ci +

Pj

Cj

 
i−1 

t
j =1

Pj

Cj

+ δ ≤ fi × t ,
≤ fi × t − δ.

Because (fi × t − δ) < Ci , we get


Ci +

 
i−1 

t
j =1

Pj

Cj

> fi × t − δ,

(21)

which shows that the available slot is small enough to accommodate the task τi . However, the aforementioned claim contradicts
the assumption that τi is barely schedulable on ∆i .
There are two possible cases to balance the load among all the
cores of the underlying system, which we detail below.
Case 1. (f∆ ≤ f∆i ): Because all the computation times are proportionate to the core speed, a lower speed core would prolong
the task computations. Therefore, the task set Ωi that was previously feasible at the speed of f∆i on core ∆i , now becomes infeasible at the speed of f∆ . Care must be taken when migrating tasks
from Ωi to another core ∆j . We must find the most underutilized
core among all the cores that are operating at the speed f∆ , which
also offer space to accommodate more tasks. Once the particular
core is identified, the task shifting (or migration) process begins.

Let core ∆i be the task donor and core ∆j be the task acceptor, i.e.
(Ωi , ∆i , f∆i ) − τl ∈ Ωi ∀l : Ul (∆i ) ≤ Uq (∆i ) | q = 1, . . . , k; q ̸= l.
In our system, if a task τi ∈ Ωi is to be shifted to Ωj , then the
task with the lowest utilization on ∆i is chosen as the candidate
for shifting. The process continues until utilization of all the cores
is leveled. This arrangement guarantees to meet all the task deadlines and to run all the cores at the same speed.
Case 2. (f∆ > f∆i ): In this case, the task subset Ωi is feasible on
∆i and the core might be underutilized at the speed of f∆ . As mentioned above, ∆i can accommodate more tasks that are assigned to
other cores within the system.
Once the cure utilization is balanced among all the cores under RM scheduling, a uniform speed f∆ is recalculated. This uniform speed mandates that all the tasks are schedulable and allows
the system to operate at the lowest possible speed. Therefore, the
overall system power consumption is also reduced. In other words,
it is the core utilization that decides the system speed and not the
number of tasks. This is due to the fact that there may exist a core
∆i that has a higher number of tasks than those assigned to a core
∆j , while U (∆j ) > U (∆i ). Therefore, ∆j must operate at a higher
speed than ∆i . 
6. Task mapping on cores
In this section, we generate the task set with the same procedure as previously described in Sections 4.1 and 4.2. Initially, we
start with a task set of size 120 to observe its mapping on 8 cores.
We plot these results in Fig. 6, which are categorized into two domains: (i) Fig. 6(a) and (b) depict the results before applying the
proposed strategy and (ii) Fig. 6(c) and (d) show the results after
applying the proposed technique.
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(a) Utilization of cores (before balancing).

(b) Tasks mapping to cores (before task shifting).

(c) Utilization of cores (after balancing).

(d) Tasks mapping to cores (after balancing).
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Fig. 7. Load distribution on system with 12 cores.

Fig. 6(a) reflects the case, where a task set of size 120 is distributed over 8 cores and some cores are heavily utilized than others. For instance, the utilization of core ∆7 is the highest among all
the 8 cores while ∆8 has the lowest utilization. Similarly, Fig. 6(b)
shows the corresponding number of tasks, where core ∆2 has the
highest number of tasks, while core ∆8 has the lowest number of
tasks. The load is balanced on the basis of core utilization; therefore, some of the tasks are shifted from core ∆7 to the other cores.
Because we have used the necessary and sufficient conditions in
our work, the tasks are assigned to the cores based on the exact
feasibility analysis. That is, when a core, say ∆1 , is assigned a certain number of tasks, the rest of the tasks are mapped onto the
next core ∆2 . The same is observed from Fig. 6, where the cores
1 through 7 are fully utilized while core ∆8 remains underutilized.
This is due to the fact that fewer tasks are left for core ∆8 . It can
also be deduced from Fig. 6(a) and (b) that ∆3 has a utilization of
80%, while the total number of tasks assigned is only 12 (2nd lowest after core ∆8 in the system, see Fig. 6(b)). After applying our
proposed technique, the results are plotted in Fig. 6(c) and (d). The
core utilization is almost the same; however, the number of tasks
assigned to the cores is not uniform (see Fig. 6(d)).
We further increase the number of the cores to 12 and distribute
the workload of the task set of size 190. The corresponding results
are shown in Fig. 7. Although we have applied a heavy system load,
it can be seen from Fig. 6(a) and (c), and Fig. 7(a) and (c) that the
utilization of a core never reaches 100%, which is due to the implicit
characteristics of the RM scheduling algorithm. Fig. 7(a) and (b)
report the utilization and the task mapping of cores before load
balancing, while Fig. 7(c) and (d) plot the results after applying
the task shifting technique. From Fig. 7(a), we can deduce that
core ∆9 and core ∆10 are heavily utilized, while Fig. 7(b) reports

that core ∆10 and core ∆11 have the maximum number of tasks
assigned. It is worth mentioning that the task shifting is performed
in such a way that the lightest task among all the assigned tasks
to the maximum utilized core is shifted to the minimum utilized
core. This arrangement: (i) results in minimum possible workload
shifting from the higher to a lower utilized core and (ii) does
not violate the timing constraints of the already assigned tasks to
the cores. It can be observed from Fig. 7(b) and (d) that 15 tasks
from other cores are shifted to core ∆12 under the load balancing
mechanism. Interestingly, it can also be observed from Fig. 7(c) that
core ∆7 has the highest number of tasks (26 in total), while core ∆7 ,
∆9 , and ∆10 have the lowest number of tasks (12 each). However,
the utilization of all the cores is almost the same as reported in
Fig. 7(c). Moreover, initially, core ∆12 was underutilized as can
be observed from Fig. 7(a) and had the lowest number of task
assignments. Because of the shifting of the lightest task from other
cores, the tasks assigned to core ∆12 is the highest (26 as can be
seen from Fig. 7(d)). However, the utilization is balanced with the
remaining cores (see Fig. 7(c)). Therefore, all the cores can now be
run on a uniform speed, which was the intention of this work.
As reflected in Figs. 6(c, d) and 7(c, d), any further task shifting
is not possible until task splitting techniques are applied. Since
we do not consider the task splitting case here, there might be
situations of uniform utilization and hence uniform speed will not
be possible. In such cases, the speed assigned to the system is the
speed of the core that is highly utilized.
7. Concluding remarks
In this paper, we integrated dynamic voltage scaling with the
fixed priority scheduling paradigm. A solution was proposed to
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find the lowest possible core speed for a single task. The proposed
technique was then applied to the multi-core system to identify
a uniform system speed to conserve energy while maintaining
the system timing requirements. The proposed methodology
was compared to existing techniques and the simulation results
revealed superior performance.
As future work, we expect promising results when the tasks
are split among the cores and the task assignment problem is
addressed by naturally inspired algorithms.
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