Sleep Scheduling for Energy-Savings
in Multi-Core Processors

Sandeep D’souza, Anand Bhat, Ragunathan (Raj) Rajkumar
Electrical and Computer Engineering
Carnegie Mellon University
Email: sandeepd @andrew.cmu.edu, anandbha@andrew.cmu.edu, raj@ece.cmu.edu

Abstract—As transistor geometries get smaller, static leakage
power dominates the power consumption in modern processors.
This phenomenon diminishes the ability of frequency scaling-
based techniques to save energy. Modern processors also provide
sleep states which minimize leakage power by gating portions
of the processor and/or the system clock. This paper presents
partitioned fixed-priority scheduling solutions for utilizing these
sleep states to efficiently schedule periodic real-time tasks, and
maximize energy savings on multi-core processors. The tech-
niques presented rely on an Enhanced Version of Energy-Saving
Rate-Harmonized Scheduling (ES-RHS), and our newly proposed
Energy-Saving Rate-Monotonic Scheduling (ES-RMS) policy to
maximize the time the processor spends in the lowest-power
deep sleep state. In some modern multi-core processors, all cores
need to transition synchronously into deep sleep. For this class
of processors, we present a partitioning technique called Max-
SyncSleep which utilizes a priori task information, to maximize
the synchronous deep sleep duration across all processing cores.
The performance of Max-SyncSleep is compared to the classical
Worst-Fit Decreasing load balancing heuristic. We also illustrate
the benefits of using ES-RMS over ES-RHS for this class of
processors. For processors which allow cores to individually
transition into deep sleep, we prove that, while utilizing ES-RHS
on each core, any feasible partition can optimally utilize all of the
processor’s idle durations to put it into deep sleep. Experimental
evaluations indicate that the proposed techniques can provide
significant energy savings.

I. INTRODUCTION

CMOS power dissipation has significantly increased [1],
as a result of technology scaling. Thus, increases in perfor-
mance can no longer be obtained by increasing the operating
processor frequency. Multi-core processors that consist of
multiple processing units integrated on a single chip have
instead become the norm for achieving higher performance.
Apart from being ubiquitous in the data center and personal
computing domains, it is not uncommon to find processors
with up to eight cores on battery-powered platforms such as
smartphones [2][3], and in low-cost embedded platforms such
as the Raspberry Pi 2 [4]. The use of multi-core systems in a
wireless sensor network platform [5] is also sometimes useful.

The emergence of “Fog Computing” and the Internet of
Everything (IoE) [6] has begun to place an increasing demand
for computation on highly-connected and mobile devices.
Platforms such as Google Glass [7] and smartwatches are
examples of IoE systems using multi-core processors. The
need for high performance in an energy-constrained environ-
ment makes it necessary to investigate the use of various

energy-management techniques for multi-core systems. To
increase battery life, modern processors are equipped with
a number of energy management features. Primary among
them are Dynamic Voltage and Frequency Scaling (DVFS)
[8], and the use of low-power sleep states. The use of DVFS
enables the processor to change its operating frequency and
voltage, thereby reducing dynamic switching power. On the
other hand, low-power sleep states use power gating and/or
clock gating [9] to reduce static leakage power dissipation
when the processor is idle. However, there is a minimum
round-trip time associated with each of these low-power sleep
states [10]. This round-trip time is longer for moving to and
from lower-power states due to the overhead required for the
main oscillator to startup and stabilize [10].

From a real-time systems scheduling perspective, it is
critical that all tasks meet their deadlines to ensure reliable
system operation. The presence of such systems in resource-
constrained and mobile environments, also makes it essen-
tial that the system save energy. As technology scales, the
dominance of static power makes it necessary that scheduling
techniques take advantage of built-in processor sleep states.
Based on this motivation, Rowe. et al. [10] proposed Energy-
Saving Rate-Harmonized Scheduling (ES-RHS) which utilizes
the processor deep sleep state to maximize energy savings.

A. Contributions of the Paper

The focus of this paper is on energy-efficient multi-core par-
titioned fixed-priority real-time scheduling techniques, which
utilize the processor’s deep sleep state to reduce static leakage
power, and hence save energy. The primary contributions of
the paper are as follows:

o We propose an enhanced version of ES-RHS, named ES-
RHS+, which has better schedulability properties than
ES-RHS.

o« We provide an energy-saving version of traditional
rate-monotonic (deadline-monotonic) scheduling, named
Energy-Saving Rate-Monotonic (Deadline-Monotonic)
Scheduling (ES-RMS and ES-DMS), which has better
energy-saving guarantees than ES-RHS and ES-RHS+ for
multi-core processors where all cores can only transition
into deep sleep state together.

o We present a new task partitioning heuristic that increases
synchronized sleep times, where all cores can only tran-
sition into deep sleep state together.



« We prove that ES-RHS (ES-RHS+) is optimal for energy
savings on multi-core processors where, each core can
independently go into deep sleep state, for any partition
feasible under multi-core ES-RHS (ES-RHS+).

B. Organization of the Paper

The rest of the paper is organized as follows. Section
II discusses related work. Section III proposes an enhanced
version of ES-RHS, named ES-RHS+. Section IV introduces
ES-RMS. Section V introduces the problem of utilizing the
processor’s deep sleep state for energy savings in multi-core
processors, and illustrates the usefulness of ES-RMS for multi-
core processors where all cores can only transition into deep
sleep state together. Section VI discusses both partitioning
and scheduling techniques for multi-core processors where
all cores can only transition into deep sleep state together.
Section VII proves the optimality of ES-RHS+ in the context
of multi-core processors where each core can independently
go into deep sleep. Section VIII presents an experimental
evaluation of all the proposed techniques, and Section IX
provides concluding remarks.

II. RELATED WORK

In the domain of real-time systems, the use of fre-
quency scaling-based energy saving scheduling techniques has
been well-studied [11-14]. In the context of Rate-Monotonic
Scheduling (RMS), Saewong et al. [11] proposed the Sys-
Clock algorithm to analytically determine the energy-optimal
frequency at which the processor must run, so that a task set
meets all its deadlines. In the same work, dynamic frequency
scaling-based scheduling techniques named PM-Clock and
DynamicPM-Clock [11] were also proposed. In [14], Arvind
et al. proposed the Static Frequency Assignment Algorithm
(SFAA) to partition tasks on multi-core processors which
have a single frequency domain. SFAA extends the Sys-Clock
framework to the multi-core context and aims to minimize the
operating frequency across all cores, so as to minimize the
energy consumption. In [12][15][16], DVFS-based scheduling
techniques for multi-core processors can be found, where each
core has its own voltage and frequency domain.

At technology nodes smaller than 65nm [17], static leakage
power already dominates the total power consumption of
CMOS-based VLSI circuits. For general-purpose computing
workloads, Le Sueur et al. [18] compared the energy efficiency
of DVES and sleep state-based power management techniques.
Their work experimentally analyzes the trade-offs between
slow down (DVES) and race-to-halt (sleep) for a range of
computing platforms such as the desktop-class Intel i7 870
and the low-power Intel Atom Z550. The result of the analysis
concluded that using C-state based techniques offer improved
energy efficiency with a small impact on performance [18].

In the context of real-time systems, a priori task execution
information can be utilized to schedule tasks efficiently so as
to maximize the time spent in low-power states. Scheduling
techniques that cluster task executions to save energy have
been proposed in [19-23]. In [20,22,23], dynamic-priority

EDF scheduling is used. [21] uses procrastination of tasks to
determine the instances at which the processor can be shut-
down. [19] uses a fixed-priority scheduling based approach,
which relies on online simulation to estimate the duration for
which a task can procrastinate, thus significantly increasing the
scheduler run-time complexity. For tasks with given release
times and deadlines, [24] and [25] present dynamic priority-
based scheduling techniques to maximize the common idle
time on multi-core processors. In [10], Rowe et al. proposed
and analyzed the benefits of using ES-RHS in uniprocessor
systems. ES-RHS is a simple, easy-to-implement approach
based on a notion of harmonization, that aggregates all the
processor idle durations together. This allows the processor
to be put into deep sleep for all idle durations, thus enabling
optimal energy savings for processors which lack frequency-
scaling capabilities [10]. In conjunction with reservation-based
real-time operating systems (such as Linux/RK [26]), ES-
RHS presents an effective approach for energy management
in uniprocessor real-time systems, and is particularly useful
for processors which have only one sleep state [2]. The work
by Rowe et al. [10] also offers brief guidelines for the use of
ES-RHS in the multi-core context.

III. ENERGY-SAVING RATE-HARMONIZED SCHEDULING

This section introduces the notation used in the context of
uniprocessor ES-RHS. We then describe a version of ES-RHS
with enhanced schedulability conditions, named ES-RHS+.

A. Notation and Background

Consider a task set I' consisting of n independent' peri-
odic real-time tasks 7y,7s,...,7,. Each task 7, € I' can be
characterized by {C;,T;,D;}, where C; is the worst-case
execution time, 7; is the period, and D; is the relative deadline
from its arrival time. In this paper, we assume that D; = T;,
i.e., for each task, deadlines are implicit. The utilization of
a task 7; is given by U; = C;/T;. Consider fixed-priority
preemptive scheduling, with task priorities assigned using the
rate-monotonic policy [27]. The task set is listed in non-
increasing order of task priorities such that 77 <Tb < .. <T},.
Each task has an initial arrival time of ¢;, such that its arrival
times are ¢;, ¢; + 1, ¢; + 215, .... Without loss of generality,
we assume that the initial arrival time of task 71, ¢; = 0.

The family of Rate-Harmonized Schedulers [10] utilizes a
periodic value Ty, referred to as the Harmonizing Period. As
described in [10], the Harmonizing Period has the same initial
phasing as the highest priority task 71, i.e, ¢; = 0. No such
phasing constraints are imposed on the other tasks. In the basic
Rate-Harmonized Scheduler (RHS), tasks that arrive before or
after integral multiples of T are not eligible to execute until
the next closest boundary of 7, when they are serviced based
on their priority [10]. For a given task set I', Ty is chosen
so as to improve schedulability [10]. As stated in [10], let
us suppose ¥ = {7;|T; < 2T4,j +#+ 1}. ¥ = @, Ty = 11,
otherwise Ty =T /2.

ITask release jitter and task dependence can be incorporated using the
frameworks proposed in [28] and [29], and is beyond the scope of this work.



In ES-RHS, by using a periodic Energy Saver task Tgeep
in conjunction with RHS, optimal energy savings can be
achieved. The Energy Saver task Tsjeep, 18 scheduled at the
highest priority with its period T's;cep = T, initial arrival time
Bsicep = @1 = 0 and execution time Cjeep > Csieeparin, Where
Csicephrin 1S @ system constraint that represents the minimum
round-trip time required for the processor to go into the deep
sleep state, and revert back to the active state. While using
ES-RHS, the state of the processor can be broadly classified
as follows [10]:

o Busy: The processor is executing a task 7; € I'.

o Forced Sleep: The processor is forced into deep sleep by
the Energy Saver task Tgeep.

o Idle: The processor is neither busy nor in forced sleep.

ES-RHS exhibits an interesting property, where every idle
duration precedes, and is contiguous with the forced sleep
duration. Thus, idle durations can always be merged with the
subsequent forced sleep duration [10]. Hence, by harmonizing
the executions of non-harmonic tasks, ES-RHS can yield
an optimal sleep schedule. We now re-define the notion of
harmonization to enhance the schedulability of ES-RHS.

B. Energy-Saving Rate-Harmonized Scheduling+

We first re-define the notion of harmonization as follows:

A task is eligible to execute when the processor is busy or
a Harmonizing Period boundary has been reached.

The above re-definition allows tasks to become eligible
earlier than previously defined rate-harmonized schedulers
including RHS and ES-RHS, without affecting their worst-case
energy savings. Based on this new notion of harmonization,
we propose ES-RHS+. To illustrate our new definition of
harmonization, consider the ES-RHS schedule in Figure 1.
The second instance of task 79 arrives at time ¢ = 23 but only
becomes eligible to execute at ¢ = 30. Under our re-definition,
the second instance of 75 becomes eligible to execute at time
t = 23, because the processor is busy, i.e., the forced sleep
task is “executing”. Similarly, the second instance of task 73
which arrives at time ¢ = 36 becomes eligible at ¢ = 40 under
ES-RHS. Under our new definition, since the processor is busy
at time ¢ = 36 (executing 71), it becomes eligible to execute
immediately. Eligible tasks will continue to be scheduled based
on their respective scheduling priorities.

Using the new definition of harmonization, a task which
arrives when the processor is busy (including forced sleep)
becomes eligible to execute immediately. In ES-RHS, such
tasks can execute only after the next instance of 7, finishes
execution. In the worst case, a task 75,7 # 1, which arrives
just after the harmonizing period boundary, has to wait until
the next harmonizing period boundary to become eligible to
execute. This induces a worst-case blocking duration of Tyccp.
Under ES-RHS+, the worst-case blocking for a task 7,7 # 1,
happens when it arrives just after the Energy Saver task has
finished execution. It becomes eligible to execute no later than
the next harmonizing period boundary, giving rise to a worst-
case blocking term of Tsjcep — Cileep-
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Fig. 1. The task set 71 = (1,10), 72 = (4,23), 73 = (3,36) being
scheduled with ES-RHS on the top, and ES-RHS+ at the bottom. For both
cases, Csjeep = 5, Tsieep = 10.

We now prove that the energy savings obtained by using
ES-RHS are still true for ES-RHS+.

Theorem 1: Every idle duration in the ES-RHS+ schedule
will precede and be contiguous with a forced sleep duration.

Proof: The Energy Saver task, Tyjcep, €xecutes at the highest
priority in the system, with an initial phasing ¢gcep = ¢1 = 0.
Hence, the processor will be in forced sleep in the intervals
[(k - 1)Tsleep7 (k - ]-)Tsleep + Csleep), Where, k= 172,37
Correspondingly, the processor is considered to be busy in the
intervals [(k—1)Tsicep + Csieep, kD sicep) Where, k=1,2,3,....
Let ¢ be any time instant at which the processor becomes
idle, i.e., t represents the beginning of an idle duration. Given
the execution pattern followed by ES-RHS+, ¢ must lie in the
interval [(k — 1)Tsieep + Csieep, kT sicep) Where, k=1,2,3, ...
It needs to be shown that the interval (t,%Tccp), for any
positive value of k, is an idle duration which in turn precedes
the forced sleep execution of the Energy Saver task Tscep.

For ES-RHS+, Ty = Tgcep. Hence, any task 7; € I' that
arrives in the interval (¢,kTgccp), for any positive value of
k, would become eligible to execute at the next harmonizing
period boundary, i.e., kTccp. Any task 7; € I', which arrives
before (k — 1)Tsjeep, in the worst case, would have become
eligible to execute at (k — 1)Tseep. If any task arrives in the
interval [(k — 1)Tgeep + Csicep, t), ie., when the processor
is busy, then using the re-defined notion of harmonization, it
would have become eligible to execute immediately. If 7; still
has some execution time left over at ¢, then ES-RHS+ must
schedule 7; at time ¢. This contradicts the assumption that ¢
represents the beginning of an idle duration. [ |

Theorem 2: Every idle duration in the ES-RHS+ schedule
can be utilized to put the processor into deep sleep without
any additional penalty.

Proof: From Theorem 1, all idle durations precede and
are contiguous with the forced sleep execution. Hence, all
idle durations in the system can be combined with Clyeep to
create a single chunked deep sleep execution, guaranteeing
that whenever the system becomes idle, it can transition into
a deep sleep duration greater than or equal to Cyeep. [ ]

Given that all idle durations in the ES-RHS+ schedule can
be combined with the forced sleep execution, the processor



utilization spent in deep sleep is given by:

where, Usqsksed 18 the total utilization of I'. Thus, for a task
set I' schedulable by ES-RHS+, the processor utilization spent
in deep sleep is maximal. The following theorem yields the
worst-case feasibility conditions, based on utilization bounds,
for a task set to be schedulable by ES-RHS+.

Theorem 3: A task set I' is feasible under ES-RHS+ if
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Proof: Under ES-RHS+, it is always guaranteed that 7y
executes immediately after the execution of 7..,. Hence, we
can equivalently assume that 7 and 7y, together form a
high-priority task set scheduled using RMS with harmonic
periods. Thus, given the harmonicity of 71 and Tgeep, using
RM-theory [27], if (Csieep/Tstcep) + (C1/T1) <1, then 71 is
schedulable by ES-RHS+.

Consider other tasks in the task set I', 7; Vi = 2 to n.
Compared to RMS, an instance of 7; incurs a maximum
additional delay (or blocking) of Tjcep — Csicep- Hence, apart
from the preemption term contributed by the execution of
Tsteeps the term Tjeep—Ciieep can be added as a blocking term
to the computational time of 7; (C;), and the RMS utilization
bounds [27] can be used to test feasibility. [ |

The tests based on RMS utilization bounds are pessimistic
in nature. A more practical schedulability test utilizes the
estimation of the worst-case response time of task 7; € I'.
For ES-RHS+, the worst-case response time test for a task 7;
is given by the following recurrence relations:

WO = C’L + Tsleep - Csleep (1)

} ep + z[ } @

until Wy,1 = Wy, in which case, Wy, is the worst-case
response time of the task 7;. If Wi, < D;, then 7; will be
schedulable, otherwise 7; will miss its deadline.

Compared to the schedulability conditions of ES-RHS [10],
ES-RHS+ enhances the schedulability and feasibility condi-
tions due to the reduction in the blocking faced by tasks.
Another important property of both ES-RHS and ES-RHS+
is their inherent ability to perform slack stealing. In situations
where tasks do not execute up to their worst-case execution
time, all the additional slack can be used to put the processor
into deep sleep without any additional penalty (Theorem 2).

Wi
Wit = Wo+[

sleep

IV. ENERGY-SAVING RATE-MONOTONIC SCHEDULING

ES-RMS is a practical extension to RMS designed with
the objective of maximizing energy savings in some exist-
ing operating systems. As presented in subsequent sections,
ES-RMS can also help maximize energy savings for some

multi-core processors. Motivated by ES-RHS, the basic Rate-
Monotonic Scheduler can be extended to use a periodic Energy
Saver task, Tgeep, that executes at the highest priority with
its execution time Cgeep > Csieepmin, period Tyeep = 11 or
T1/2 and phasing ¢geep = ¢1 = 0. The following theorem
provides the worst-case feasibility conditions for a task set to
be schedulable by ES-RMS, based on utilization bounds.

Theorem 4: A task set on a uniprocessor is feasible under
ES-RMS if

Csleep n g

Tsleep Tl
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Csleep
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Proof: Under ES-RMS, the forced sleep execution Tyeep,
has an initial phasing of ¢gicep = ¢1 = 0 and a period Tsjeep =
Ty or Ty /2. Hence, 7 always executes immediately after the
execution of 7geep, and together form a high-priority task set,
scheduled using RMS with harmonic periods. Thus, given the
harmonicity of 71 and 7geep, using RM-theory [27] we can say
that if (Csieep/Tsicep) + (C1/T1) < 1, then 7y is schedulable
by ES-RMS.

Consider other tasks in the task set I', 7; Vi =2 to n. The
preemption term contributed by the execution of 7eep has to
be included, and the RMS utilization bounds [27] are used to
test feasibility. [ |

For ES-RMS, the worst-case response time test for a task
T; 1s given by the recurrence relations:

Wo =C; (3)
Wi
Wk+1 = C + [T ] sleep + Z[ ] (4)
sleep

until Wy,1 = Wj, in which case, Wj.,1 is the worst-case
response time of the task 7;. If Wiy < D;, then 7; will be
schedulable, otherwise 7; will miss its deadline.

ES-RMS can also be readily extended to the case where
task deadlines are not implicit, by using a version of Deadline-
Monotonic Scheduling (DMS), ES-DMS.

V. SLEEP-STATE BASED ENERGY-SAVING ON
MULTI-CORE PROCESSORS

In this section, we are concerned with utilizing the pro-
cessor’s deep sleep state for energy-efficient real-time multi-
core scheduling. We focus on fully partitioned fixed-priority
scheduling. Most modern multi-core processors support a
number of low-power states called C-states. In processors
which have more than one C-state, individual cores can
transition to idle states. However, not all processors give each
core the ability to individually transition into deep sleep. Based
on the ability to transition into deep sleep, we can define two
types of energy-saving scheduling problems:

1) Multi-core processors where all cores can only transition
synchronously into deep sleep. For this class of processors,
we refer to the scheduling problem as “Synchronized-Sleep
Multi-Core Energy-Saving Scheduling”, hereafter referred to



as SyncSleep Scheduling. Examples of such processors are
Intel Core2 Duo [30] and AMD Opteron [31].

2) Multi-core processors where each core can independently
transition into deep sleep. For this class of processors, we refer
to the scheduling problem as “Independent-Sleep Multi-Core
Energy-Saving Scheduling”, hereafter referred to as IndSleep
Scheduling. Examples of such processors are Samsung Exynos
5800 [2] and the 4th generation Intel Core processors [32].

Consider SyncSleep scheduling, where the minimum amount
of time for which the system can be in deep sleep is dictated
by the core which has the least forced sleep duration. To
maximize energy savings, the scheduler needs to maximize
the minimum forced sleep duration across all the cores. This
requires task partitioning heuristics which efficiently distribute
the load across the cores so as to achieve more energy savings.
Given a balanced partition, the amount of forced sleep duration
possible on a core also depends on the scheduling algorithm
used on each core.

Consider the use of ES-RHS+ on each core for SyncSleep
scheduling. There is no guarantee that the idle durations across
all cores are of the same length. Hence, all the idle time
cannot be used to put the processor into deep sleep. We
need to maximize and synchronize the per-core forced sleep
duration, so as to maximize the guaranteed overlap between
the forced sleep executions on each core. Thus, scheduling
techniques which can guarantee a longer synchronous forced
sleep execution will provide greater energy savings.

Lemma 1: Consider two uniprocessor fixed-priority pre-
emptive scheduling policies X and Y, where X has better
schedulability conditions than Y (hence X can schedule all
task sets schedulable by Y but not vice versa). Then, given a
task set I' and the period of the sleep task T'scep, the maximum
amount of time for which the processor can be in forced sleep
for policy X is greater than or equal to policy Y.

Proof: Assume that a task set exists, such that Y provides
a longer forced sleep duration than X. This implies that the
combined utilization of the task set and the forced sleep for
Y, is greater than that for X. This contradicts the assumption
that X has better schedulability conditions than Y. [ ]

Using Equations (1-2) and (3-4), we can conclude that all
possible task sets schedulable by ES-RHS+ will be schedulable
by ES-RMS. However, the opposite is not true. Hence, using
Lemma 1, we can say that given a task set, ES-RMS can
provide a forced sleep duration that is greater compared to ES-
RHS+. This property of ES-RMS is beneficial for SyncSleep
scheduling.

We extend ES-RMS and ES-RHS+ to the multi-core
scheduling context by adding an Energy Saver task on each
core. In the following sections, solutions for both SyncSleep
and IndSleep scheduling are presented.

VI. SYNCSLEEP SCHEDULING

In this section, we formally state the energy minimization
(or deep sleep maximization) problem for SyncSleep Schedul-
ing, which is as follows:

Consider a task set I', consisting of n periodic real-time
tasks 71,72, ..., 7, that need to be scheduled on a homoge-
neous multi-core processor with m cores, My, Mo, ..., M,,.
Each core Mj has a Energy Saver task, Tgeepr Where
k=1,2,...,m. Tseep,k has a forced sleep duration of Cyjeep, i
every Tyeep,k- The system has the constraint that all cores
must synchronously transition into deep sleep. Our objective
is to find a partition, and compute the global synchronized
forced sleep duration for all the cores such that:

1) The workload allocated to each core can be scheduled

by ES-RMS (or ES-RHS+) in a feasible manner.

2) The synchronized forced sleep duration is maximized,
thus ensuring that the partition maximizes the minimum
guaranteed energy savings among all partitions.

The above problem is a more constrained form of the
feasibility problem in multi-core processor scheduling, which
is known to be NP-hard in the strong sense [14]. Hence,
the SyncSleep scheduling problem is also NP-hard. For the
case, where all tasks have the same periods, with different
computation time, it is similar to the Bin-Packing problem,
which is known to be NP-Hard [14].

For SyncSleep scheduling, the forced sleep execution must
be synchronized across all the cores. Hence, for every
Tslcep,k Where k = 1,2,....m, we let Tgeept = Tsieep, and
the initial phase be Ggicepr = @Psicep = 0. Therefore, if
ming’ ; (Csieep k) = Csleeprin, then the minimum guaranteed
deep sleep utilization is given by min}"; (Csieep,k)/Tsicep- For
a partition to be feasible, we must have min;’; (Cseep ) >
CSleep]\/jm. If minle(Csleepvk) < CSleepZMin, then the system
cannot transition into deep sleep.

Given a feasible partition and assuming that T, is fixed
for a given task set I', to maximize energy savings, we
need to maximize Cgjeep,; fOr each processing core without
changing the partition, such that the tasks on each core do not
become unschedulable. For each core in a feasible partition,
Csieepmin < Caieepk < Tsieep. By using the schedulability
tests based on utilization bounds (presented in Section III
and IV), we can obtain a conservative estimate of Cgjcep. i
for each processing core. However, the schedulability tests
based on utilization bounds are pessimistic in nature, and
higher Cgjeep, values can be achieved on each core. We
now present a technique, which conducts a binary search over
[Csicepnins Tsieep] S0 as to efficiently compute the maximum
Csleep,i: On each core.

Consider a partitioning algorithm P, which partitions a task
set I' onto m cores, such that the partition is feasible in the
context of SyncSleep scheduling (either using ES-RMS or ES-
RHS+). Then, for the subset of tasks I'y € I' assigned to
core k € 1,2,...,m, from Equations (2) and (4), the response
time of the task 7; € 'y is a non-decreasing function of the
forced sleep duration Cjjeep . Since the schedulability of a
task depends on its response time, for a subset of tasks I'y € "
assigned to core k € 1,2,...,m, if Iy, is not schedulable for
Csicep,i: = Cz, then I'y, will not be schedulable for any value
of Csieep,s > Cp. Based on this property, we use binary
search to maximize Cleep,r, O @ core k, given a partition.



We call this technique Binary “maxSleep” Search (or BMS)
and present it in Algorithm 1. BMS utilizes the response time
tests (Equations (1-2) and (3-4)) to test schedulability, and has
a complexity of O(loga(Tsicep/€)). Hereafter, we assume that
all the partitioning schemes used in this paper use BMS to
maximize the forced sleep execution on each core.

Algorithm 1 Binary “maxSleep” Search
1: procedure BMS (I'x, Csicepntin, Tsicep: €)

2 C’éleep & < CsleepMin > Set lower bound
3 Cotrepi < Tsteep > Set upper bound
4 TestSchedulabzlzty(Fk, CsicepMin, Tsicep)

5 if not Schedulable then

6: return I';, not Schedulable

7 end if

8 while (O:Llpeep k- sdlZep k) > € do

9: Csleep,k < (O:lléep k sleep,k)/2

10: TestSchedulabzlzty(Fk, Csteep.ios Tsteep)

11: if Schedulable then

12: Csleep k sleep,k

13: else

14: C?lz:,(,p k sleep,k

15: end if

16: end while

17 return C3,

18: end procedure BMS

For a given partition, the guaranteed energy savings de-
pends on the deep sleep utilization [10]. As ES-RMS has
better schedulability conditions than ES-RHS+, the former can
provide better guarantees on minimum deep sleep utilization
for SyncSleep scheduling. Therefore, we consider multi-core
ES-RMS, and then compare it experimentally with multi-core
ES-RHS+.

A. Load Balancing to Maximize Energy Saving

Load balancing is often used to realize energy savings in
multi-core systems [14]. For SyncSleep scheduling, it makes
intuitive sense to balance the load across all cores, so as to
maximize the synchronized forced sleep duration. Based on
this intuition, we state the following lemma:

Lemma 2: For SyncSleep scheduling, an ideal energy-aware
partitioning technique is one that partitions a task set I' with
utilization Uy, Onto m processors, such that the forced sleep
utilization on each processor is 1 — (Usotai/m).

Proof: Assume an algorithm & exists, which for a task
set I', can achieve a partition with forced sleep utilization of
1=(Utotar/m)+e€ on each processor, where € is a finite positive
quantity. Given this forced sleep execution, the amount of
processor utilization available for tasks to run is Uiyt — me.
This is less than the utilization required for the task set I'
to execute, and hence tasks will start missing their deadlines.
Hence, no such algorithm & can exist. ]

From Lemma 2, we can conclude that, if a balanced partition
exists, then an ideal algorithm creates a completely balanced
partition, such that the synchronous forced sleep utilization is

ES-RMS Harmonic
= = = ES-RMS Worst-Case

Approximation Ratio

0 01 02 03 04 05 06 07 08 09 1
Minimum Sleep Utilization USIeepMin

Fig. 2. Approximation ratio for ES-RMS and WFD as a function of
USleep]Min

maximized across all the cores in the system. Among the task
partitioning heuristics studied in the literature, the Worst-Fit
Decreasing (WFD) algorithm is known to typically produce
a well-balanced partition [14]. WFD allocates tasks one by
one in non-decreasing order of their utilization. Given a task
to be allocated, WFD allocates it to the core with the least
utilization. For this type of problem, where WFD can allocate
tasks to use only m cores, it is equivalent to List Scheduling,
where tasks with utilization u; € [0,1] are allocated to m
cores, with the aim of reducing the maximum utilization on
any core. Given that WFD and List Scheduling are equivalent
in this context, we refer to both as WFD.

In [33], it was proved that, in an m-core system, for a
partition generated using WFD with Earliest-Deadline First
(EDF) scheduling (or equivalently RMS with only harmonic
tasks), the core with the maximum load has a utilization
of no more than (4/3) — (1/m) times that of the optimal.
As m — oo, the ratio becomes 4/3. In [14], Arvind et al.
extended this result to the case where RMS is used along
with WFD. The result states that the core with the maximum
load has a utilization no more than [(4/3) - (1/m)]/In2
times that of the optimal. As m — oo, the ratio becomes
4/(3in2). In the general case, for a scheduling technique with
a per-core utilization bound Upeynd, it can be stated that the
core with the maximum load has a utilization no more than
[(4/3) = (1/m)]/Upouna times that of the optimal [14].

The approximation ratio of an algorithm is the worst-
case ratio between the result obtained by the algorithm, as
compared to the optimal solution. For SyncSleep scheduling,
the approximation bound can be defined as the ratio of the
synchronous forced sleep utilization obtained using an algo-
rithm, compared to the optimal. In the following theorems, we
state and prove the approximation bound for WFD while using
ES-RMS. Given the nature of the problem, the approximation
bound is a function of the synchronous forced sleep utilization
obtained by WFD. This worst-case synchronous forced sleep
utilization is the minimum forced sleep utilization supported
by the system and is given by Usjeepnrin.

Theorem 5: For SyncSleep scheduling, the WFD heuristic
for partitioning independent harmonic tasks onto a multi-
processor, under ES-RMS, has an approximation ratio of at



most: 9
4 - 3(1 - USleepMin)

4USleepMin

Proof: Let WFED yield a partition with a synchronous forced
sleep utilization of Ugjcepnrin. Therefore, given that the task
set is harmonic, the combined utilization of the tasks on
the core with the maximum load is 1 — Usjeeparin. Let the
synchronous forced sleep utilization for the optimal partition
be Usieepopt- Hence, the combined utilization of the tasks on
the core with the maximum load is 1 — Ugjeepopt- Using the
result in [33], the following must hold:

4 1
3

L (1 - USleepOpt) =1- USleep]Win
Ubound

By substituting the ES-RMS utilization bound Uppyng = 1 —
UsicepMin, We obtain:

(]- - USleepMin)2
(4/3) - (1/m)
The above function is maximized as m — oo. Hence, for the

case where the task set is harmonic, the approximation ratio
for WFD under ES-RMS is:

USleepOpt =1-

USleepOpt _ 4 - 3(1 - USleepMin)2

USleepMin 4USleep1\4in
]
Theorem 6: For SyncSleep scheduling, the WFD heuristic
for partitioning independent tasks onto a multi-processor,

under ES-RMS, has an approximation ratio of at most:
4- 3([”2 - USleepMin)2

4USleepMin

Proof: Let WFD yield a partition with forced sleep uti-
lization of Ugjeeparin. For a set of n schedulable tasks the
utilization bound for RMS is n(2/" - 1). As n - oo, the
utilization bound Up,yng — [n2. Therefore, the combined
utilization of the tasks on the core with the maximum load
is In2 — Usjcepmin- Let the forced sleep utilization for the
optimal partition be Ugjeepopt- Hence, in the best case, the
maximum combined utilization of the tasks on the core with
the maximum load is 1 — Ugjeepopt- The theorem can now
be proved using the technique used to prove Theorem 5. For
the sake of brevity, the details are omitted. The plot for the
approximation ratios derived are illustrated in Figure 2. ]

Given the non-linear nature of the schedulability tests for
ES-RMS (and ES-RHS+), load balancing may not always be
the best approach to obtain better energy savings for SyncSleep
scheduling. This observation is illustrated by the following
example. Consider a task set I' which contains four tasks 7; =
(40, 100), 72 = (40,100), 73 = (105, 250) and 74 = (210, 500),
which need to be scheduled on two cores M; and Ms. We
assume that each core schedules tasks using ES-RMS. Hence,
across both cores, Tgjeep = 50 (here, Tyeep = T1/2). Let us
consider the following two cases:

Case 1: Tasks are assigned using WFD. 7 and 74 are
assigned to M;, and 7o and 73 are assigned to M,. By

using the ES-RMS schedulability bounds followed by Binary
“MaxSleep” Search, we obtain Cyeep,1 =9 and Cyieep,2 = 5.
Hence, for the system, the deep sleep utilization would be
Usleep = min(Csleep,la Csleep,2)/Tsleep = 5/50 =0.1.

Case 2: Tasks are assigned using an alternate scheme. 73
and 74 are assigned to M;, and 7; and 7 are assigned to
M;. We now obtain Cypeep1 = 8 and Cypeep,2 = 10. Hence,
for the system, the deep sleep utilization would be Ugjeep =
min(csleep,la Csleepﬁ)/Tsleep = 8/50 =0.16.

This example illustrates that task utilization is not the only
factor which affects the time for which the system can be put
into deep sleep. Other factors such as the period of a task, and
how it affects the schedulability of tasks already allocated, also
plays an important role.

B. Max-SyncSleep Task Partitioning Heuristic

We now present a task partitioning heuristic for maximizing
the synchronous forced sleep duration. Max-SyncSleep uses
ES-RMS (or ES-RHS+) in conjunction with BMS, to improve
the deep sleep utilization of a multi-core processor, so as to
maximize energy savings. The pseudo-code for Max-SyncSleep
can be found in Algorithm 2.

Let Cgieep be the duration of time for which the entire
multi-core processor can transition into deep sleep state. At
any instant of time, Max-SyncSleep first adds each unassigned
task 7; in the task set I" to each of the m cores and computes a
value §; for each task. When a task 7; is added to a processor
k, a value d;; is computed which reflects the change in the
system Cgcep, after adding the task. For each task 7;, the
minimum of these J;,Vk € 1,2...m values is assigned to
d;. The task having the maximum weight §; is chosen to
be the next task to be allocated. Compared to WFD, which
considers only the utilization of the task for allocation, Max-
SyncSleep considers the effect of both the period and the
worst-case execution time of a task on Cleep. The metric 6;
effectively captures this intuition, as it measures the impact of
each unassigned task on the synchronous forced sleep duration.
Once a task 7; is selected to be assigned, we need to choose
a core to allocate the task to. This allocation is done on the
previously computed d;;, values. The chosen 7; is assigned to
the core which provides the minimum §;;Vk € 1,2...m. The
motivation behind this step lies in the fact that we allocate
the task 7; to a core, such that, after addition of the task,
the decrease in Cleep is minimized. During the execution of
Max-SyncSleep, if a task is found which is not schedulable
on any core, then the heuristic declares the task set as not
schedulable. The complexity of the Max-SyncSleep heuristic
is O(n*mloga(Tsicep/€))-

VII. INDSLEEP SCHEDULING

For processors which enable cores to independently transi-
tion to deep sleep, IndSleep scheduling is possible, and enables
greater energy savings over SyncSleep scheduling. On such
processors, it is feasible to run ES-RHS+ on each core, so as
to utilize all the idle durations to put the processor into deep
sleep. We formally state the energy minimization (or deep
sleep maximization) problem as follows:



Algorithm 2 Max-SyncSleep Task Partitioning Heuristic
1: procedure MAX-SYNCSLEEP (I', Csiceprin, M)

2: Tunassigned < T > Unassigned tasks
3 Csteep = Tsicep > Deep Sleep time
4 for k=1 to m do

5: TPassigned, s < @ > Tasks assigned to core k
6: end for

7: while I',;.055igned 18 non empty do

8: Omaz < —00

9: for i = 1 to Cardinality(Tynassigned) do

10: U Funassigned [Z], Omin < 00

11: for k=1 to m do

12: Add T to Fassz’gned,k

13: TestSchedulability(T assigned.k)

14: if Schedulable then

15: d= Csleep - BMS(Fassigned,k)

16: if 0 < §,5n, then

17: Omin < 0, a < k

18: end if

19: end if

20: Remove 7 from T'gsigned,k

21: end for

22: if 7 not schedulable on any core then

23: return I' not-schedulable

24: end if

25: if 0;nin > Omas then

26: task < T; core < & Omaz < Omin

27: end if

28: end for

29: Add task 10 I'gssigned,core

30: Remove task from I'ynassigned

31: Csleep <« Min[BMS(Fassigned,k)Vk € (1,m)]
32: end while

33: return Cyeep, Uassigned,c Vk € (1,m)

34: end procedure Max-SyncSleep

Consider a task set I', consisting of n periodic real-time
tasks 71, 79, ..., 7, that need to be scheduled on a homogeneous
multi-core processor consisting of m cores, My, Mo, ..., M,,.
Each core M), has a forced sleep execution, Tgjcep  Where
k=1,2,...,m. Tgeep,r has a forced sleep duration of Cijeep.i
every Tsicep,k- Our objective is to find a partition that max-
imizes the sum of the forced sleep durations on each of the
cores such that the workload allocated to each core can be
scheduled by ES-RHS+ in a feasible manner.

For every Tgeep,k, Where k = 1,2,...,m, the period Tjcep
can be chosen based on the tasks allocated to core k.
While using ES-RHS+ (or ES-RHS) on each core, Cyjeep,i >
Csiceprin must hold, in order to utilize all the processor idle
durations. If Cyjeep i < Csieepmrin, then that core cannot tran-
sition into deep sleep. Hence, for IndSleep scheduling using
ES-RHS+, we can define a feasible partition as one in which
each core has a forced sleep execution, Cyjeep i > CsieepMin-
We now prove that using ES-RHS+ optimally solves the
IndSleep scheduling problem.

Theorem 7: If a task set I' can be feasibly scheduled on m

cores using ES-RHS+, with IndSleep scheduling, then in any
such feasible partition, all idle durations can be used to put
the processor into deep sleep.

Proof: Let the total utilization of the tasks in I' be Ujgskset-
Consider a feasible partition, such that I" is partitioned into
m disjoint sets I'y, &k € 1,2,..m, where tasks 7, € I'y are
scheduled on core k. Let the worst-case utilization of each
task be u; 1. Given that ES-RHS+ is used on each core, the
deep sleep utilization on each core is:

Tk

Usleep,k =1- Z Us, k
=1

where, |T'x| is the cardinality of the set I'y. Hence, the deep
sleep utilization of the system can be given by:

Tk

m m
Usleep = Z Uslee;mk = Z (1 - Z ui7k)
k=1 k=1 =1
|

Uj e =T — Utaskset

gl

m |

=m- Z
k=14
According to the theorem, using ES-RHS+ for IndSleep
scheduling provides a lot of flexibility in task allocation,
since any feasible partition is optimal from an energy-saving
perspective. ]
Hence, we can obtain a feasible and optimal partition by

using partitioning heuristics like WFD or Max-SyncSleep, by
enforcing that, for each core k, Cyieep,i = CsicepMin-

1

VIII. COMPARATIVE EVALUATIONS

In this section, we assess the performance of ES-RHS+, ES-
RMS and Max-SyncSleep. We compare different techniques on
the basis of schedulability and energy savings, with respect to
the total utilization of the task set. Experiments have been
performed using randomly generated task sets. Each task is
randomly assigned a period between 20 and 400 time units,
and a random worst-case computation time such that the per-
task utilization is always below 25%. The minimum supported
forced sleep execution, Clgjeeprrin 1S set to 10 time units.
The number of tasks used in the experiment depends on the
target utilization of the task set. Each data point we plot is an
average of 1000 randomly generated task-sets with the same
utilization. For each task set, the maximum possible forced
sleep execution, Cjjccp is calculated using the BMS technique.

Note: The plots in this section are best viewed in color.

A. Uniprocessor Comparisons

In the uniprocessor context, we compare ES-RHS, ES-
RHS+ and ES-RMS on the basis of schedulability, and the uti-
lization of the forced sleep execution Usicep = Csicep/Tsicep-

Figure 3 shows how the schedulability of the compared
techniques changes as the task set utilization is varied. In terms
of schedulability; ES-RMS > ES-RHS+ > ES-RHS. From the
plot, we can observe that ES-RMS can schedule upto 33%
more task sets than ES-RHS+.

Figure 4 shows how the utilization of the forced sleep
execution changes with the utilization of schedulable task
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Fig. 4. Utilization of the forced sleep and total deep sleep with respect to
task set utilization, in the uniprocessor context

sets. Again, observe that ES-RMS always outperforms both
ES-RHS+ and ES-RHS. For schedulable task sets, ES-RMS
can provide up to 18% more forced sleep execution than
ES-RHS+. This validates the use of ES-RMS for SyncSleep
scheduling. By performing simulations over the hyperperiod of
the task sets, we also compare ES-RHS+ and ES-RMS on the
basis of the total deep sleep utilization achieved. Observe that
while ES-RHS+ provides optimal energy savings, ES-RMS
comes very close to the optimal.

In Figures 5 and 6, the schedulability and sleep utilization
are plotted as a function of Cgjeeprrin, When the utilization of
the task sets is kept constant, Uygskser = 0.4, and Clgjeeparin 18
varied from 2 to 15. Observe that the forced sleep utilization
is not sensitive to C'sjeepnrin. However, the schedulability of
the compared techniques degrades, as Csicepirin increases.

B. SyncSleep Scheduling

For multi-core SyncSleep scheduling, we compare ES-RHS,
ES-RHS+ and ES-RMS on the basis of schedulability, and the
utilization of the synchronous forced sleep execution (Ugeep =
Csteep/Tsicep). We consider each of these techniques using
both WFD and Max-SyncSleep for task partitioning.

In Figures 7 and 9, we compare the schedulability of the
techniques as a function of the task set utilization, for a quad-
core (m =4) and an octa-core (m = 8) processor respectively.
In terms of schedulability; ES-RMS > ES-RHS+ > ES-RHS.
In the average case, combining any of these techniques with
the Max-SyncSleep partitioning technique yields significantly
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better schedulability than WFD. In both the quad-core and
octa-core cases, observe that the schedulability of the WFD-
based techniques significantly decreases as the number of
cores/task set utilization increases.

Figures 8 and 10 show how the utilization of the syn-
chronous forced sleep execution varies as a function of the
utilization of schedulable task sets for a quad-core (m=4) and
an octa-core (m=38) processor respectively. Observe that ES-
RMS always outperforms both ES-RHS+ and ES-RHS in this
respect. Using Max-SyncSleep with ES-RMS, guarantees up to
14% more synchronous forced sleep than Max-SyncSleep with
ES-RHSH+, in the octa-core case. Also, note that using Max-
SyncSleep provides significantly larger synchronous forced
sleep durations than WFD, thus leading to greater energy
savings. The energy savings are greater, as the number of
cores/utilization of the task set increase: up to 57% more
for ES-RMS with Max-SyncSleep compared to ES-RMS with
WEFD for the octa-core case. Hence, using Max-SyncSleep
provides both better schedulability and energy savings. Note
that for some task set utilization values, using ES-RHS+ or ES-
RHS with WFD does not yield any schedulable task sets. For
these cases, the obtained synchronous forced sleep utilization
is shown as zero.

C. IndSleep Scheduling

For IndSleep scheduling, we compare ES-RMS and ES-
RHS+. For a feasible partition, ES-RHS+ is provably optimal
in this context. Hence, we use Max-SyncSleep to generate
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a feasible partition for both ES-RHS+ and ES-RMS. Figure
11 shows the guaranteed deep sleep utilization as a function
of task set utilization for a quad-core processor (m = 4).
The straight line plot obtained for ES-RHS+ indicates that
it optimally guarantees that all idle durations can be used to
put the processor into deep sleep. The additional guaranteed
sleep utilization obtained is up to 28% more than ES-RMS.

IX. CONCLUSIONS

In this paper, we have presented fixed-priority partitioned
scheduling techniques, which utilize processor sleep states
to save energy. In the uniprocessor context, we presented
an enhanced version of ES-RHS. By re-defining the notion
of harmonization [10], ES-RHS+ provides enhanced schedu-
lability over ES-RHS, while still guaranteeing that all idle
durations can be spent in deep sleep state. In the multi-core
context, we identified two classes of scheduling problems:
SyncSleep Scheduling, where cores need to synchronously
transition to deep sleep, and IndSleep Scheduling, where cores
can independently transition to deep sleep.

For SyncSleep scheduling, we proposed and used an energy
saving version of RMS called ES-RMS. ES-RMS provides
greater energy savings (i.e., longer synchronous forced sleep
durations), as well as better schedulability than ES-RHS+.
To maximize the synchronous forced sleep execution, it is
necessary to balance the load across cores. We proved the
approximation ratio of WFD using ES-RMS as a function of
the minimum possible deep sleep utilization. We then showed
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that WFD does not always result in a partition with good
energy savings, and proposed the Max-SyncSleep partitioning
heuristic, which obtains significantly better schedulability and
energy savings over WFD, by taking into account the impact
of individual tasks on the synchronous forced sleep. In the
IndSleep scheduling context, we proved that for any feasible
partition, using ES-RHS+ on each core, optimally uses all the
idle durations to put the processor into deep sleep.
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Fig. 11. Guaranteed deep sleep utilization versus task set utilization, in the
multi-processor IndSleep scheduling context (m = 4)

In addition to power, thermal constraints have also become
a major cause of concern in modern processors. As part of
future work, we will look at leveraging a combination of
frequency scaling and sleep states for power and temperature
management of multi-core processors.
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