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Abstract—Reducing energy consumption is a critical problem
in most of the computing systems today. In recent years, dynamic
voltage scaling (DVS) has been often applied in the multi-core
processor systems. The leakage power of the main memory shared
by the multiple DVS cores is becoming a larger problem with tech-
nology scaling. This paper focuses on minimizing the system-wide
energy consumption by applying DVS on each core and turning
the memory to sleep when all the cores have common idle time.
This work presents systematic analysis for the target problem
based on different system models and task models. For tasks
with common release time , optimal schemes are presented for
the systems both with and without considering the static power of
the cores. For the general task model, a heuristic online algorithm
is proposed. Furthermore, the scheme is extended to handle the
problem when the transition overhead between the active and
sleep modes is not negligible. The experimental results show that
the heuristic algorithm can reduce the energy consumption of the
overall system by 8.73% in average (up to 28.44%) compared to
a state-of-the-art multi-core DVS scheduling scheme.

I. INTRODUCTION

Energy efficiency is a critical issue in most of the comput-
ing environments nowadays. Among all components, processor
and main memory typically dominate the energy consump-
tion of computing devices. It is reported that main memory
contributes to about 30-40% of total energy consumption on
modern systems [5], while the processor consumes as much as
50% energy consumption of the overall system [2]. Nowadays,
the main memory is usually shared by multiple cores in
servers, personal computers, and even embedded systems.
A conventional and effective method to reduce the energy
consumption of the processor is Dynamic Voltage Scaling
(DVS). There are a series of work focusing on improving
the energy saving of the multi-core processors by applying
DVS [2, 4, 8, 10]. However, the energy saving problem of
the shared memory in the multi-core architecture still remains.
In this work, by considering the interactions of the cores and
the memory, we propose techniques to optimize the overall
system-wide energy consumption.

Among the overall memory energy consumption, leakage
power occupies a significant portion, as the memory chips are
becoming denser with smaller technology scales. For example,
in Dynamic Random Access Memory (DRAM), which is
widely used for main memory, leakage power is as much as 10
times of the dynamic read/write power for the memory chip
using a process technology with the size smaller than 50nm
[9]. Effectively reducing the leakage power can significantly
improve the memory energy efficiency. To reduce the leakage
power, the memory can be transformed from the active state
to a power-saving state (such as the sleep state) when it is
not accessed [7, 12]. The main challenges of the system-wide
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energy minimization problem of considering both the leakage
power of the memory and the multi-core processor power, lie in
two aspects. On one hand, from the benefit of cores, executing
tasks in lower speed leads to less power consumption, while for
the memory, the processor speed slowdown may result in an
increase of the static power, which might be very significant.
Hence, balance between the energy consumption of the cores
and the memory needs to be achieved for the overall energy
minimization. On the other hand, each core may have specific
memory access pattern and the shared memory cannot sleep
as long as any memory access exists. Consequently, it is the
common idle time of all the cores that determines the sleep
time of the shared memory, which is a different problem from
the existing multi-core DVS scheduling schemes. To handle
these two challenges, this work proposes optimal solutions to
minimize the overall system-wide energy consumption when
the interactions of the multi-core processors and the memory
are taken into account. To the best of our knowledge, this work
is the first attempt to obtain the optimal solution in minimizing
the system-wide energy consumption considering both of the
multiple DVS cores and the memory.

In this paper, we conduct a systematic study of the system-
wide energy minimization problem based on various system
and task models. The goal is to schedule tasks among multiple
independent DVS cores to maximize the time when all cores
are idle, so as to minimize the overall energy consumption.
Both theoretical and practical techniques are proposed in this
work. Experimental results show that the proposed online
algorithm can reduce the overall energy consumption by 8.73%
in average compared to a state-of-the-art multi-core DVS
scheduling scheme. The main contributions of this paper are:

e  NP-hardness of the problem is proved when the num-
ber of cores is bounded by the number of tasks;

e  When the number of cores is unbounded, for tasks
with common release time , two optimal schemes are
proposed for two cases where cores have negligible
and non-negligible static power, respectively;

e An online heuristic algorithm is proposed considering
the general task model;

e  The mode transition overhead of the memory and the
cores are further considered.

The rest of this paper is organized as follows. The related
work is presented in Section II. Section III presents the defini-
tions of the system model and the target problem. In Section
IV, the optimal schemes and an online heuristic algorithm are
proposed. Section V analyzes the problem considering mode
transition overhead. The experimental results are shown in
Section VI. Finally we conclude the paper in Section VII.



II. RELATED WORK

In this section, we introduce two groups of the most
related work. First we introduce DVS scheduling on multi-core
processors. Second, the research work on the speed scaling
with sleep state problem is presented.

Dynamic voltage scaling is a widely used energy manage-
ment technique. Since the power consumption of a processor
increases with the voltage of the processor increasing, energy
can be saved by scaling the voltage of the processor. For
multi-core processors where each core has independent voltage
supply, Yang et al. [10] propose an optimal and polynomial
schedule for a given task assignment with common release
time and deadline. Albers et al. [2] prove the NP-hardness of
the problem when tasks cannot migrate and propose several
approximation algorithms. Greenstreet et al. [3] study the
problem when tasks can migrate between cores and show the
optimal schedule can be obtained by Linear Programming.

More recently, several scheduling algorithms focusing on
DVS while considering turning the processor to sleep state
were proposed [1, 4, 6]. This problem is called speed scaling
with sleep state, which was first formally defined and discussed
in [6]. The main idea to handle the problem is to schedule tasks
at an appropriate speed so as to create an idle period in which
the processor can be switched into sleep state. In this way,
both static and dynamic energy consumptions of the processor
can be reduced. The speed scaling with sleep state problem
on a single-core processor is proved to be NP-hard even for
tree-structured tasks by Albers et al. [1]. The authors also
propose the best possible lower bound for the approximation
factor in this problem. For multi-core processors, Chen et al.
[4] propose polynomial approximation algorithms for periodic
tasks. In this work, by applying DVS on multi-core processors,
maximizing the memory sleep time is a new problem. It
is more complicated than the speed scaling with sleep state
problem on multi-processors, because the common idle time
of all cores is the objective that needs to be optimized.
Furthermore, in our work, putting the cores into sleep state
is also taken into account.

III. PROBLEM STATEMENT AND PRELIMINARY ANALYSIS

In this section, we present the system and task models,
problem formulation, together with the complexity analysis of
the most general case of the target problem.

System model: This paper explores energy-efficient schedul-
ing schemes for the multiple homogeneous DVS cores with
shared main memory. Assume that the number of cores is
C, and each core has individual dynamic voltage supply. The
power function of each core remains the same. The core power
can be represented as a convex function of the core speed s:
P(s) = a+ B3s*, where a denotes the static power of the core
[4] and A > 1 [11]. In this work, we ignore the overhead of
the speed adjustment, and assume that the core speeds change
in a continuous manner and no upper bound is given (the
assumption is the same as that in [10-12]).

The static power for the shared main memory is «,, due to
the leakage current. The memory can be turned to sleep when
it is not accessed by any core to save the leakage energy. We
assume the sleep and active mode transition of the memory

can be done instantly, but requires extra energy overhead [4].
Conventionally, the transition energy overhead is represented
as break-even time, which is the idle length where the memory
working in active mode consumes the same energy as the
transition overhead. Let &, represent the break-even time of
the memory. Likewise, denote the transition overhead of the
core as &, if a # 0.

Task model: Tasks discussed in this work are independent
during executions. Preemption is allowed but tasks cannot
migrate between cores once assigned [8, 10]. Given a set of
n tasks, 11,75, ..., T,, each task T; is associated with release
time r;, deadline d;, and non-negative workload w;. Without
loss of generality, we assume workload w; is unique for each
task. All tasks must be completed before their deadlines. The
time period [r;, d;] of T;, is called the feasible region, denoted
as I;. To clearly state the features of the proposed technique,
we define a notation filled speed sy; for each task T;. sy;
represents the speed when T is executed to occupy the entire
feasible region [r;, d;], i.e. sy; = 7*—. Note that when a = 0,
the core scheduling task in the filled speed consumes the least
energy while satisfying the deadline constraint.

Problem definition: The goal of the explored problem in this
paper is to schedule tasks by applying DVS on each core
while turning the core to sleep (when a # 0) when no task is
executing, and turning the memory to sleep when all cores are
idle to minimize the system-wide energy consumption. In this
work, we define common idle time as the time period when all
cores are idle. It is equal to the sleep time of memory, denoted
as A. Based on the above defined models, we define the
target problem as Sleep and DVS-aware system-wide Energy
Minimization (SDEM) problem. For this problem, a schedule
is feasible meaning that no task misses its deadline; a schedule
is optimal denoting that it leads to the least system-wide energy
consumption among all feasible schedules.

Theorem 1. SDEM is NP-hard when the number of cores
2 < C <n, even for tasks with common release time and
deadline with o« = 0 and &,, = 0.

This Theorem can be proved by transforming from the NP-
hard problem PARTITION.

The energy minimization problem of scheduling tasks on
multiple DVS processors is proved to be NP-hard in [2]. But it
does not directly imply the above proof because the problem
in [2] only targets the DVS scheduling, without considering
the common idle time. Furthermore, in [2], optimal schedule is
obtained for common arrival time and common deadline tasks,
while SDEM has stronger NP-hardness even with common
time constraints. Even though Theorem 1 proves the NP-
hardness of the problem, we find that SDEM is solvable when
assuming the number of cores is sufficient for loading each task
on a single core, i.e. C' > n. Considering the complexity of
NP-hard problem, this paper focuses on the sufficient number
of cores. The following analysis explores the optimal results
for tasks with common release time and proposes a heuristic
online algorithm for general tasks.

IV. PROBLEM ANALYSIS

This section explores solutions for SDEM problem. In the
following, we first consider a set of tasks with common release
time and propose optimal schemes when only the memory
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can be turned to sleep, and then extend the optimal solution
to the system model when the cores can also be turned to
sleep when idle. At last, for the general task model, a heuristic
online algorithm is developed. In this section, we assume the
transition overhead of the memory and the cores, &, and &, are
both 0. The further analysis including the transition overhead
is presented in the next section.

A. a = 0: Only the memory can be turned to sleep

In this subsection, we assume the dynamic power dom-
inates the core power consumption [8, 10, 12]. Given n
tasks with common release time , without loss of generality,
we assume all tasks arrive at time 0 and each task has an
individual deadline. Index them in the increasing order of their
deadlines. Let I; = [0, d;] represent the feasible region of each
task 7T;, and [ =1, = [0,d,] be the maximal interval. We
use 0; = d,, — d;, Vi € [1,n — 1] to represent the time period
right after each task’s feasible region. Assume the optimal
solution is obtained when the memory sleeps for A length
in the right hand side of I, and 0; < A < §;-1,Vi € [1,n]
(let 9,, = 0,9 = 00). Without violating the time constraints,
tasks from 77 to T;_1 should be scheduled in their own filled
speed, while tasks from 7; to 7, are scheduled to finish
at time |I| — A. The corresponding task model is given in
Fig. 1(a). It can be noted that, the memory sleep time A
is the only determining factor to the optimal solution. The
following optimal scheme aims to obtain the best memory
sleep time leading to the optimal solution. The system energy
consumption can be represented as

Under the assumption of 5z <A< 5271, the optlmal memory
sleep time A that minimizes F; can be obtamed by derivation.
BA-D YT wi 1

== o L) (1)
Without loss of generality, we denote each case under the
assumption of ; < A < §;_; as Case 7 with the local minimal
energy consumption E,,,;,, ;. The overall energy minimization
analysis is presented in the following lemma and theorem.

E; = an(|I| -

Lemma 1. The local minimal energy consumption E,,;, ; for
Case i is obtained as

Ei(Ami) if 6 < Appi < i1

Ein_i = E;(6:) if Ami < 6; )
Ei(6i—1) if Ami > 01

when 2 < i < n — 1. Specifically, when A > &1,

. — El(Aml) lf‘Aml = 61
Emzn_l - { El(él) l,fAml < 51 (3)

and when A < §,_1,
. — E"(Am’ﬂ) lfAmn < 671—1

Fminon = { En(8n-1) if Dmn > 001 “)

Proof is omitted due to the space limitation. In Theorem 2,
we present a scheme which goes over these n cases to find the
global minimal energy E,, = min{E,n_;}, Vi € [1,n] for a
given task set. To clearly describe the theorem, we call A,,;
valid when E,,;, ; chooses A,,; as its solution, for example,
A1 is valid when A,y > &1, and call A,,; just-fit when
E,in_i chooses ;. When §,_; is chosen as the solution to
Erin_i» A is called invalid.

Theorem 2. The optimal solution can be obtained by going
through all n cases as defined in Lemma 1 from Case n to
Case 1. For each Case 1, the global optimal result is obtained
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Fig. 1: Common release time task models

when A,,; is valid or just-fit as the corresponding result given
in (2). When A,,; is invalid, the scheme goes to the next Case
1 — 1, which needs to be checked in the same way.

Proof: First of all, it can be noted from (1), that for the
same task set,
Api > Ayyi—qy for all i € [2,n] (5)
In the following analysis, we prove this theorem by induction.
Set a counter k to represent the case that is discussed, and ini-
tialize it to n. For the base case when k = n, if A, < 01,
according to (5), it means that from A1 to A, ,—1), they
are all smaller than §,_;, which implies that A,,; in each
case is just-fit. According to the corresponding conditions
showed in (2) (3) (4), it can be noted that under this case,
for Vi € [2,k — 1] (now k = n)
Erin_i = Ei(0;) < E;i(0;-1) =
and

Ei-1(0i-1) = Emin_zi-1) (6

En(Amn) < E, (671—1) = Emin_(nfl)

Therefore, the local optimal values in all the other cases cannot
be less than E,(A;,,). Then the global minimal energy is
obtained as E,, = E,(A,y). Otherwise, when A,,;, = 61,
the other cases cannot be guaranteed to be smaller or larger
than the local optimal of Case n without further analysis. So
we let kK =k — 1 and go to the next case.

In the induction steps, we assume Case k = ¢ + 1 satisfies
Theorem 2 and the scheme goes to Case k£ = 4, which implies
that A, (;+1) is invalid. For Case k =1, if Ap,; is valid or
just-fit, then all the A5, where k € [1,7 — 1], are just-fit and
can never lead to less energy value than E;(A,,;) (it can be
analyzed in the similar way by applying (6).). So the global
optimal solution can be obtained accordingly. Likewise the
following process. If at last the scheme goes to Case 1, then
it stops and obtains the global optimal result according to (3).

Next, to prove that it is feasible to stop checking the next
case when the current solution is valid or just-fit, we prove that
there is only one A that leads to the global minimal energy
consumption. Assume there are two solutions, A, and A/ .
that both lead to the optimal results. Without loss of gen-
erality, we assume §; < Amm < i1, 0y S AL <6y_q,
6z 1 < 6y and E;(Apin) = By (AL,,). It can be noted that

Apin (AL,) equals to either AW (Aml ) or §; (9;/) (Equation
@). If Appin, = Ay AL = A, accordmg to (5), we
have A,,;, > Al . (note that ¢ — 1 > i’ from the assumptlon
di—1 < d;7), which violates the assumption A,,;,, < A/ . T
Apin = 0y A =8, E;(0;) cannot be equal to E; (d; )
unless §; = J;, which violates the assumption 6;_1 < ;. We
also can deduce that if A,,;,, = 0; and A;mn = Apiry, Ei(0;)

cannot be equal to Fy(A,,), and vice versa. Hence the
optimal solution is unique and the optimality is proved. |
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B. « # 0: Both the memory and cores can be turned to sleep

In this section, we discuss a more complicated problem, by
considering the static power of the core o # 0, which implies
that each core can be independently turned into sleep state
according to the completion time of the task loading on it. The
memory can be turned into sleep state during the common idle
time for all cores. In the following analysis, a notation critical
speed is presented to guide the following scheme.

Critical speed: Considering a system only consisting of
a single core, for executing an arbitrary task 7;, the
energy consumption of the core can be represented as
Eeore = ﬁsk% + a%%t. The minimal energy value is obtained

when the executing speed is 2 ﬁ denoted as s,,,, which

is independent from 7; [6]. As each task cannot violate its time
constraint, we define the critical speed so = max{sm, sf;}.

Given a set of tasks with common release time and execut-
ing in the critical speed, index the tasks in the increasing order
of their completion time, denoted as c;, where ¢; = 75”—0 Note

that different from Section IV.A, we set 650‘) = |I| — ¢;, where
the interval length |I| = |c,|. Denote the sleep length of mem-
ory as A(®) The task model is given in Fig. 1(b). Intuitively,
in the optimal solution, tasks that satisfy |I| —c; > A(®)
maintain the critical speed on their cores, while the other tasks
whose |T]| — ¢; < A(® need to increase their executing speed
to align the sleep time of their cores to that of the memory to
minimize the energy. The system energy excluding the cores
loading tasks whose |I| —¢; > A@) is represented in (7). It
can be used to obtain the optimal solution to the overall system
(including all cores), because the tasks with |I| —¢; > A
do not affect the optimal solution of the memory length A(®)

EX = [(n—i+ Da+an](I|-A@)+ 3 gud (1] - A1

=i
)
When 6% < A@ < 5% the A that leads to the minimal

system energy is N
Al®) :|I‘_(5(>‘—1)2j:iw9‘ )§ )
me (n—i+1)a+ am

, which means that all tasks from 7}, to T; execute to finish at
|| — A'®) “and other tasks maintain the critical speed. Denote

mae

each case under the assumption of 3" < A(® < §*) with
the minimal energy value F'®)

min_i

as Case (%),

Theorem 3. The optimal solution can be obtained by going

through all n cases from Case n'® to Case 1(%). The lo-
cal optimal result is recorded when 55“) < AE;:,B < 51(?)1 or
AE,Z) < 52(&). When AS:Z-) > 6Ef)1, the scheme goes to the next
case. The global optimal solution is obtained referring to the
minimum value of all the n\®) local optimal results.

Note that different from Theorem 2, Al?) > A!%) " is not
satisfied for all cases. The relationship between two successive
cases are not fixed as in Theorem 2. Hence all the local optimal
results must be recorded and compared to obtain the global

optimal solution.

For the special case when all tasks have the common
release time and common deadline, the global optimal solution
can be directly obtained by applying (7) and (8), while setting
t =1, as all tasks share the same feasible region.

C. Online algorithm for general tasks

In this section, focusing on the general task model, an
online heuristic algorithm is proposed. The main idea of the
algorithm is presented as follows. When a new task 7 arrives,
active the algorithm, and set all unfinished tasks’ release time
the same as that of 7;. By applying the analysis in Section IV.A
(Section IV.B), the local optimal solution can be obtained for
the current tasks. Keep the memory in sleep state until a new
task arrives or some task has to be executed to guarantee the
local optimality. The online algorithm is applied for both cases
of with and without considering the static power of cores. Note
that all the proposed schemes in Section IV can be applied for
heterogeneous cores with different power functions.

Online algorithm (executes when a new task 7; arrives)

1: Record the time t; = r;;

2: Delete all the completed tasks before t;, update the workload of all the
existing tasks and reset their release time as ¢;;

3: Obtain the optimal solution for all tasks and memory using the analysis
in Section IV.A (IV.B), and record each task’s corresponding execution
time p;;

4: Mark the latest executing point for each task 7} as d; — p;;

5: Keep the memory (and cores) in sleep state (from ¢;), and wake up the
memory when the first task meets its latest executing point;

6: All tasks begin to execute as long as the memory is waked up (wake up
the core as long as the loaded task begins to execute);

A detailed algorithm description by an example is given
as follows. Without loss of generality, assume the first task
Ty arrives at time 0. We calculate the optimal memory sleep
time A{™ as shown in Section IV.A (IV.B) but with the single
task. Based on the optimal solution, the executing time of 7T}
is developed as p; = d; — A}". Considering that more tasks
might come later, postponing the execution of 7} is more
likely to have a chance of obtaining longer execution overlap
with other tasks. Hence we keep the memory (and cores) in
sleep state until 77 meets its latest executing point d; — py.
If the second task arrives before d; — p;, the optimal solution
should be re-calculated to deal with two tasks. The analysis in
Section IV.A (IV.B) can be used to obtain the optimal solution

g™, and similar processes are followed to calculate the latest
executing time of two tasks. Once one task meets its latest
executing point, both tasks begin to execute and the memory
(and cores) will be waked up. In this way, anytime a new task
arrives, we re-calculate the optimal solution for the existing
tasks and keep the memory (and cores) sleep before the first-
met latest executing time.

V. TRANSITION OVERHEAD ANALYSIS

In this section, we analyze the solutions for problem SDEM
when &, # 0 and £ # 0. Both optimal solutions for tasks
with common release time and the online heuristic algorithm
developed in the former section are extended.

Constrained critical speed: When £ # 0, s, = 2/ ﬁ is

optimal only when |I;| — 2= > &. Otherwise, it is easy to note
that the core consumes the least energy by executing 7} in
syi. In the following, we use s. to represent the constrained
critical speed of a task 7;. Set s. = s,, when |[;| — ¥& > ¢,

. Sm
and s. = sy; otherwise.

Given a set of tasks with common release time and each
executing at the speed of s., index the tasks in the increasing
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order of their completion time “*:. An original task executing
model, together with n cases, can be constructed similar to
Section IV.B. For each case, the system energy consumption
function can be represented the same as in (7), because the
transition overhead is independent from the memory sleep
time, which means that it does not affect the optimal solution.
Thus the preliminary local optimal memory sleep time that
leads to the minimal EZ-(Q) is the same as in (8). Denote A(S)
as the final local optimal memo?f sleep time for each case.
Let A =6 when A?) < 4

mi

Theorem 4. The optimal scheme goes over n cases in the
decreasing order. For each case, if Afgg < (51(0‘)1 the optimal
memory sleep time can be obtained by referring to Table

I, Wth}.l presents the relatlonshlps among A,/ and £, &p,.
Otherwise the scheme does nothing and enters to the next case.

TABLE I: Optimal results of A®) based on different cases.

mi

‘ Cases ‘ Optimal results of Aigi ‘
A S INGENG)
mi 2 & &m mi mi
€< Ai,‘ff <&m A(g) = 0, all cores executing tasks in s.

o < A(“) <¢ AEE? = one of {A,,;,&,0} that minimizes E(O‘)
m g (when Aiﬁz = 0, all cores executing tasks in s.

AP <€ Em

i ASE). = 0, all cores executing tasks in s.

Due to the space limitation, we only focus on the proof
of the third case, as it is the most complicated. When

Em < AS:Z) < &, three subcases need to be fully analyzed. 1)
Turning the memory to sleep and keeping all cores active
(idle but not sleep) all the time. Then the memory sleep
time that minimizes the energy consumption is A,,;, which
is defined in (1). If A,,; > &, then A,,; leads to the local
optimal solution for this case. Otherwise the memory should be
kept active during the whole interval to minimize the energy
consumption. 2) Turning both the cores and the memory to
sleep state. For this subcase, it brings no benefit to keep the
cores sleeping for less than & time, which wastes extra energy
overhead. Besides, the energy consumption increases with the
memory sleep time being larger than &, as the optimal memory
sleep time a%)pears smaller than £. Hence, the local optimal
solution A,(f” should be set as £. 3) Keeping the memory
active all the time and executing tasks at the speed of s,
which means that the memory sleep time is 0. There are no
fixed relationships among the above three subcases, hence the
minimal energy consumption should be set as the minimum

Value Of {Ei(a)(Ami)v Ei(a) (5), Ei(a) (0)}

For the online heuristic solution with transition overhead
considered, the main revision is briefly illustrated as follows.
In each iteration, the local optimal solution is obtained by
applying the scheme proposed in this section (Line 4). Before
turning the memory into sleep state (Line 6), we should make
sure that the time period between the new arriving time ¢; and
the minimum of all tasks’ latest executing points is larger than
£. Otherwise all tasks start to execute at ;.

VI. EVALUATION

In this section, we evaluate the effectiveness of the pro-
posed online heuristic algorithm compared with another online
multi-core DVS scheduling algorithm proposed in [2]. The
algorithm in [2], denoted as MBKP, achieves satisfying results
among multiple DVS-cores in terms of energy saving, but does

not consider the leakage energy consumption of the memory. In
the following experiment, we compare the proposed algorithm,
denoted as SDEM-ON with the original MBKP, which does not
turn memory to sleep and a modified MBKP approach, denoted
as MBKPS, by applying a simple sleep transition scheme.

We evaluate the algorithm over various core utilizations
[12, 13], different memory static power settings [13] and dif-
ferent memory transition overhead by generating random tasks.
Note that randomly generated tasks is a common validation
method in previous work [4, 10, 12, 13].

Recall that the proposed online heuristic assumes the num-
ber of cores is sufficient for scheduling tasks. This assumption,
which is important for pursuing theoretical analysis, actually
does not imply over-optimistic results in practice. The actual
number of executing tasks at a time is reasonable. In the
experiment, 100 tasks is randomly generated as follows. The
feasible region length of each task is randomly ranged from
0.4s to 3s. The inter-arrival time between two successive tasks
is randomly ranged between [0, z]. Set the number of cores
to be 6. For a high utilization system, the inter-arrival time
between the first task and the seventh task, which is as much
as 6x, should be comparable with the processing length of a
task. Considering that the processing time, which is determined
by the executing speed, is the variable we try to optimize
and cannot be estimated beforehand, we use 0.8 x the rask’s
feasible region length instead. Hence, we set © = 0.4s for a
high utilization system, which implies that all 6 cores are most
likely to be used at any time, and range x from 0.4s to 2.4s
with a step size of 0.4 to evaluate results based on various
utilization systems, where x = 2.4s implies that a single core
might be sufficient to schedule all tasks. The weight of a task
is set to the range between [3, 15].

For the core power and memory static power setting, firstly
we set them to be comparable, and then fix the core power
parameter 8 = 1 and scale the memory static power to observe
the effect on the energy saving [4, 13]. We fix the core
transition overhead £ =1 and scale the memory transition
overhead, considering the leakage power is more significant
in memory than in the multi-core processor. The detailed
parameter setting is given in Table II, where * represents
the default value of each parameter when evaluating other
parameters. To generate convincing results, for each data point,
we randomly generate ten different cases, and use the average
value as the final evaluation result for each data point. Note that
all the energy values shown in the experiments are normalized
to the corresponding MBKP results.

The experimental results of memory energy consumption
over three algorithms are given in Fig. 2. Fig. 2(a) shows the
results of memory energy consumption based on various core
utilizations. The average energy saving improvement compared
to MBKPS is 35.40%. Fig. 2(b) shows the evaluation results
of different static power settings. The average energy saving
improvement compared to MBKPS is 43.14%. The improve-

TABLE II: Parameter setting over various core utilizations,
memory power settings and memory transition overheads.

[ Point M T T 27 3 7475761
1/utilization (x) 04 | 0.8 1.2% 1.6 | 20 | 24
Power setting (a, /3) 1 2% 4 6 8 10
Transition overhead (&) 1 2% 3 4 5 6
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Fig. 2: The memory energy consumption comparison over different parameters.
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Fig. 3: The system-wide energy saving improvement over
different memory static power setting and core utilizations.
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Fig. 4: The system-wide energy saving improvement over
different memory transition overhead and core utilizations.

ment over different memory transition overhead is 33.59% in
average, shown in Fig. 2(c). These three figures show that
SDEM-ON can turn the memory into sleep state for a longer
period than MBKPS, by which, the leakage power of memory
is reduced. Besides, it can be noted that the energy saving
improvement increases with the core utilization decreasing and
the memory static power being larger, and decreases a little bit
with the transition overhead increasing. This indicates that the
proposed algorithm can obtain more significant benefit when
the system has larger flexibility.

The proposed schemes in this paper do not aim to reduce
the dynamic energy of the memory. Therefore, in the overall
energy consumption analysis, we assume the dynamic energy
remains the same for three algorithms. We set the dynamic
power of memory oy = iam [9]. The overall system energy
consumption is shown in Fig. 3 and Fig. 4. The varying trend
of the energy saving is similar to that of the memory energy
saving. Note that SDEM-ON performs worse than MBKP
in the bottom-left corner of Fig. 4. This is because when
the system has very high utilization and transition overhead,
the time that SDEM-ON turns the memory to sleep is more
likely to be unfortunately interrupted by a new arriving task,
paying a very high transition mode energy costs. However, for
most situations, SDEM-ON leads to a much better trade-off
between the processor and the memory than MBKPS. SDEM-

ON reduces the system-wide energy by 4.10% (up to 12.68%)
and 8.73% (up to 28.44%) in average compared to MBKPS
varying over different parameters as shown in Fig. 3 and Fig.
4, respectively.

VII. CONCLUSION

In order to reduce the overall system energy consumption
in a multi-core architecture, this paper proposes scheduling
schemes to apply DVS on each core and maximize the memory
sleep time, which is equal to the common idle time of all cores.
When the number of cores is bounded, we prove the problem
to be NP-hard even for tasks with common release time and
deadline. Assuming the number of cores is unbounded, optimal
schemes are proposed for tasks with common release time.
Furthermore, an online heuristic algorithm is developed for
general tasks. This paper is the first attempt in minimizing the
system-wide energy consumption based on a multiple DVS
cores system. Both theoretical and practical solutions for the
target problem based on different system models are presented.
Evaluations show that the proposed heuristic algorithm can
reduce the overall system energy consumption by 8.73% in
average (up to 28.44%).
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