Competitive Non-migratory Scheduling for
Flow Time and Energy

Tak-Wah Lam

Department of Computer Science
University of Hong Kong

twlam@cs_hku_hk

Isaac K. K. To
Department of Computer Science
LIniversity of Liverpool, UK
Isaacto@liv.ac.uk

ABSTRACT

Energy usage has been an important concern in recent re-
soarch on online scheduling. In this paper we extend the
study of the tradeoff betwoen flow time and energy from the
single-processor setting [8, 6] to the multi-processor setting.
Our main result is an analysis of a simple non-migratory on-
line algorithm called CRR (classified round robin) on m > 2
processors, showing that its flow time plus energy is within
(1) times of the optimal non-migratory offline algorithm,
when the maximum allowable speed is slightly relaxed. This
ressult still holds even if the comparison is made against the
optimal migratory offline algorithm (the competitive ratio
increases by a factor of 2.5). As a special case, our work
also contributes to the traditional online Aow-time schedul-
ing. Specifically, for minimizing flow time only, CRR can
yvield a competitive ratio one or even arbitrarily smaller than
one, when using sufficiently faster processors. Prior to our
work, similar result is only known for online algorithms that
needs migration [21, 23], while the best non-migratory result
can achieve an (1) competitive ratio [14].

The above result stems from an interesting observation
that there always exists some optimal migratory schedule S
that can be converted (in an offline sense) to a non-migratory
schodule 5" with a moderate increase in flow time plus en-
ergy. More importantly, this non-migratory schedule always
dispatches jobs in the same way as CRR.

Categories and Subject Descriptors

F.2.2 [Analysis of Algorithms and Problem Complex-
ity]: Nonnumerical Algorithms and Problems—Sequencing
and scheduling
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1. INTRODUCTION

Energy consumption has become a key issue in the de-
sign of modern processors. This is essential not only for
battery-operated mobile devices with single processors but
also for server farms or laptops with multi-core processors. A
popular technology to reduce energy usage is dymamic speed
scaling (see, eg., [9, 15, 24, 28]) where the processor can
vary its speed dynamically. Running a job at a slower speed
is more energy efficient, yvet it takes longer time and may
affect the performance. In the past few years, a lot of effort
has been devoted to revisiting classical scheduling problems
with dynamic speed scaling and energy concern taken into
consideration (e.g., [29, 7, 1, B, 11, 2, 10, 26, 16]; sex [17] for
a survey ). The challenge basically arises from the conflicting
ohjectives of providing good “quality of service” (QoS) and
CONSOTVINE enargy.

One commonly used QoS measurement for scheduling jobs
on a processor is the total flow time (or equivalently, average
response time). Here, jobs with arbitrary size are released
at unpredictable times and the flow time of a job is the
time elapsed since it arrives until it s completed. When
energy is not a concern, the objective of a scheduler is sim-
ply to minimize the total fow time of all jobs. The study
of energy-efficient scheduling was initiated by Yao, Demers
and Shenker [29]. They considered deadline scheduling on
a model where the processor can run at any speed between
0 and oo, and incurs an energy of 5 per unit time when
running at speed s, where o > 2 (typically 2 or 3 [9, 22]).
This model, which we call infinite speed model, also paves
the way for studying scheduling that minimizes both the
flow time and energy. In particular, Pruhs et al. [27] stud-
ied offline scheduling for minimizing the total flow time on a
single processor with a given amount of energy. They gave a
polynomial time optimal algporithm for the special case when
jobs are of unit size. However, this problem does not admit



any constant competitive online algorithm even if jobs are
of unit size [B].

Flow time and energy. To better understand the trade-
off between flow time and energy, Albers and Fujiwara [1]
proposed combining the dual objectives into a single objec-
tive of minimizing the sum of total flow time and energy.
The intuition iz that, from an economic viewpoint, it can
be assumed that uwsers are willing to pay a certain units
(say, p units) of energy to reduce one unit of flow time. By
changing the units of time and energy, one can further as-
sume that p = 1 and thus would like to optimize total flow
time plus energy. Albers and Fujiwara presented an online
alporithm that is E.Se{lfﬁ"-@}“mmpntiliw for jobs of unit
size. This result was recently improved by Bansal et al. [8],
who gave a 4-competitive algorithm for jobs of unit size.
They also considered the case for jobs with arbitrary size
and weight, and presented an O(1)-competitive online algo-
rithm for minimizing weighted flow time plus energy (pre-
cisely, the competitive ratio is g.y1, where ¢ is any positive
constant, g, = max{({1+ 1/¢), (1 4+€)"}, and 11 < 2a/ Inax).

The infinite speed model has provided a convenient model
for studying power management, yet it is not realistic to as-
sume infinite speed. HRecently, Chan et al. [11] introduced
the bounded speed model, where the speed can be scaled be-
tween 0 and some maximum T. Bansal et al. [6] successfully
adapted the previous results on minimizing flow time plus
energy to this model. For jobs of unit size and unit weight,
they gave a 4-competitive online alporithm. For jobs of ar-
bitrary size and weight, they gave a (u, vya)-competitive al-
gorithm that uses a processor with maximum speed (14+€)T
for any ¢ > 0, where 9 = (2 4 o(1))a/ Inc.

Multiprocessor scheduling. All the results above are
about single-processor scheduling. In the older days, when
energy was not a concern, flow time scheduling on multiple
processors running at fixed speed was an interesting prob-
lem by itself (eg., [4, 5 19, 25, 13, 14]). In this setting,
jobs remain sequential in nature and cannot be executed by
more than one processor in parallel. Different online alpo-
rithms like SRPT and IMD that are 6(log P)-competitive
have been proposed respectively under the migratory and
the non-migratory model, where P is the ratio of the max-
imum job size to the minimum job size. Recently, IMD is
further shown to be O(1 4 ¢)-competitive, when using pro-
cessors (14-¢) times faster [14]; if migration is allowed, SRPT
can achieve a competitive ratio one or even smaller, when
using processors two or more times faster [21, 23).

The only previous work on multi-processors taking flow
time and energy into consideration was by Bunde [10], which
is about an offline approximation algorithm for jobs of unit
gsize. The literature also contains some multi-processor re-
sults on optimizing other classical objectives together with
energy in the infinite speed model. Pruhs et al. [26] and
Bunde [10] both studied offline algorithms for the makespan
objective. Albers et al. [2] studied online algorithms for
scheduling jobs with restricted deadlines.

Our work on flow time plus energy. We extend the
study of online scheduling for minimizing flow time plus en-
orgy to the setting of m > 2 processors. This extension
is not only of theoretical interest. Modern processors uti-
lize speed scaling as well as multi-core technology (dual-core
and quad-core are getting common); and a multi-core pro-
cessor is essentially a pool of processors. To make the work

more meaningful, we aim at schedules without migrating
jobs among processors. In practice, migrating jobs requires
overheads and is avoided in many applications.

To save energy in a multiprocessor setting, we want to
balance the load of the processors so as to avoid running
any processors at high speed. It is natural to consider some
kind of round-robin strategy to dispatch jobs. Typical ex-
amples include IMD for flow time scheduling [4] and CHR
for energy-efficient deadline scheduling in the infinite speed
model [2]. The main contribution of this paper is a non-
trivial analysis of CRR (classified round robin) for opti-
mizing flow time plus energy. Unlike [2], we apply CRR
according to job size rather than job density. Specifically,
when a job arrives, CRR dispatches it immediately based on
the following notion of classes of job sizes. Consider some
A = 0. A job iz said to be in class k if its size is in the range
(14X, (14A)*]. Jobs of the same class are dispatched to
the m processors using a round-robin strategy (i.e., the i-th
job of a class will be dispatched to processor (i mod m)). It
iz worth-mentioning that IMID is slightly more complicated
than CRR as it dispatches a job to the processor with the
smallest accumulated load of the corresponding class.

The most non-trivial result in this paper is that CRR al-
ways admits a non-migratory schedule 5 whose flow time
plus energy is within a constant factor of the optimal migra-
tory offline schedule. In an online setting, we do not know
how to compute this S, in particular how each individual
processor schedules jobs in 5. Yet we can approximate S
by using the online algorithm BPS [8, 6] separately for each
processor.  Since BPS is O(1)-competitive for minimizing
flow time plus energy in a single processor [8, 6], CRR plus
BPS would give a competitive result for the multiproces-
sor setting. Below is a summary of the results based on
the bounded speed model (where T' denotes the maximum
speed). Our analysis can also be applied to the infinite speed
model, but it is of less interest. In addition to the constants
P, Y1, e used in [8, 6], it is convenient to define a constant

e = (1+€*[(1+ 6™ + (1 - ja)(2 +e)fc].

o Apainst the optimal non-migratory schedule: For any
¢ = 0, CRR-BPS can be (2nu.ys)-competitive for
minimizing flow time plus energy, when the maximum
allowable speed is relaxed to (1 + r.}:'T- Eg.,ifa=2
and ¢ = 0.6, the competitive ratio is at most 27y, 7a.

e Apgainst the optimal migratory schedule: The compet-
itive ratio becomes 5. 4. ya.

Implication for How-time scheduling. Our work also
contributes to the study of traditional fow-time scheduling,
which assumes fixed-speed processors. We adapt the above
result to show that for minimizing flow time only, CRR (plus
SRPT for individual processor) would give a non-migratory
online alporithm which, when compared with the optimal
migratory algorithm, has a competitive ratio of one or even
any constant arbitrarily smaller than one, when using suf-
ficiontly fast processors. Prior to our work, similar result
is known only for online algorithms that need migration;
in particular, McCullough and Torng [21] showed that for
m > 2 processors, SRPT is s-speed %—mmpelil,im for flow
time, where 5 > 2 — % Our non-migratory result is less

N . e i Blw/a4-1
efficient. More precisely, for any & > 1, it is s-spoed t—i—hg-

competitive. E.g., if 8 = 64, the competitive ratio is 0.92.



This paper is about online alporithms, yet the key tech-
nique is an offline transformation. Given an optimal mi-
gratory (or non-migratory) offline schedule O, we show how
to construct a schedule 5 that follows CRR to dispatch jobs
with the total flow time plus energy increasing by a constant
factor only. Note that S takes advantage of @ to determine

how to schedule jobs and scale the speed within each pro-
COSS0T.

1.1 Definitions, notations, and a simple lower
bound

Given a job set 7, we want to schedule J on a pool of
m > 2 processors. Note that jobs are sequential in nature
and cannot be executed by more than one processor in par-
allel. All processors are identical and a job can be executed
in any processor. Preemption is allowed and a preempted
job can be resumed at the point of preemption. We differen-
tiate two types of schedules: a migratory schedule can move
partially-executed jobs from one processor to another pro-
cessor without any penalty, and a non-migratory schedule
cannot.

We use r(j) and p(j) to denote respectively the release
time and work requirement (or size) of job j. We let p( 7)) =
e (i) be the total size of J. The time required to
complete job j using a processor with fixed speed s is p{j)/s.

With respect to a schedule & of a job set 7, we use the
notations maz-speed(S), E(S) and F(&) for the maximum
spoed, energy usage, and total fow time of 5, respectively.
Note that F(S) is the sum, over all jobs, of the time since
a job is released until it is completed, or equivalently, the
integration over time of the number of unfinished jobs. As
processor speed can vary dynamically and the time to exe-
cute a job j is not necessarily equal to p(j), we define the
erecution time of job § to be the flow time minus waiting
time of §, and define the total execution time of § to be the
sum of execution time over all jobs in 5.

[t is convenient to define G{S) = F(S) + E(S). The fol-
lowing lemma shows a lower bound on G.8) which depends
on p(.T), irrelevant of the number of processors.

LEMMa 1. For any m-processor schedule S for a job set
Jr G{S:} E |:,|-_t 1_::::—”'" p{j.}'

Proor. Suppose that a job in 5 has flow time t. The
energy usage for j is minimized if 7 is run at constant speed
p{§)/t throughout, and it is at least (p{§)/t)™t = p()* ft® 1.
Since t 4+ p(§)®/t* ! is minimized when t = (a — 1)Y*p(j),
we have t+p{7)*/t* 1 = = ];':_uﬂ plj). Summing over all

jobs, we obtain the desired lower bound. [

2. THE ONLINE ALGORITHM

Thiz section presents the formal definition of the online al-
porithm CRR-BPS, which produces a non-migratory sched-
nle for m > 2 processors. In the following sections, we will
show that, when compared with the optimal non-migratory
or migratory schedule, this algorithm is O{1)}-competitive for
flow time plus energy, when the maximum allowable speed
is slightly relaxed.

Consider any A = 0. Recall that a job iz said to be in
class k if its size is in the range (1 + ))* ", (1 + A)*]. Ina
CRR(A )-dispatching schedule, jobs of the same class are dis-
patched upon their arrival (ties are broken using job ids) to
the m processors using a round-robin strategy, and different

classes are handled independently. Jobs once dispatched to
a processor will be processed there entirely; thus a CRR(A)-
dispatching schedule is non-migratory in nature. For nota-
tional ease, when the value of A is clear in the context, we
will simply use the term CRR-dispatching.

The intuition of using a CRR-dispatching schedule comes
from a new offline result that there is a CRR-dispatching
schedule such that the total flow time plus energy is O(1)
times that of the optimal (non-migratory or migratory) of-
fine schedule and the maximum allowable speed is only
slightly higher. Details are stated in Theorem 2 below (Sec-
tions 3, 4 and 5 are devoted to proving this theorem).

THEOREM 2. (iven a job set T, let N be an optimal
non-migratory schedule of [T, and let 8* be an optimal mi-
grotory schedule of 7. Then for any Aec = 0,

i. there is a CRR(A)-dispaiching schedule S for [T such
that G(S) < 21 + A1+ ™" + (1 — 1/a)(2 +
N/ANGN?), and maz-speed(S) < (1 + A)(1 + €) x
maz-speed| N and

ti. there is a CRRE{A)-dispatching schedule 8" for T such
that G(5') < 5(1 + A1+ + (1 — 1/a)(2 +
AV Ae)G(S*), and maz-speed(S™) < (1 4+ A1 4 €) x
maz-speed| S*).

Theorem 2 naturally suggests an online algorithm that
first dispatches jobs using a CRR{ A)-dispatching policy, and
then schedules jobs in each processor independently and in a
way that is competitive in the single-processor setting. For
the latter we make use of the single-processor algorithm BPS
[8, 6]. Below we review the algorithm BPS (the definition is
for reference only, in this paper we only need to know the
performance of BPS), and define the multi-processor algo-
rithm CRR -BP5., where A, ¢ > 0 are constants.

Algorithm BPS. At any time ¢, run the job
with the smallest size at speed wa(t)!'®, where
wa(t) is the sum of the remaining fraction (ie.,
remaining work divided by original work) of all
jobs. If wa ()" exceeds the maximum allowable

speed T (if any), just use the maximum speed T

Algorithm BPS.. At any time ¢, select the
job with the smallest size to execute, and the
speed to be used is (14¢) times the current speed
of a simulated BPS schedule on the jobs. Note
that the maximum allowable speed is relaxed to
(1+€)T.

Algorithm CRR,\-BPS.. Jobs are dispatched
to the m processors with the CRR{A)-dispatching
policy. Jobs in each processor are scheduled in-
dependently using BPS, .

It is known that BPS: performs well in minimizing flow
time plus energy for a single processor in the infinite speed
model [8] as well as the bounded speed model [6]. Recall
that the constants g,y and 7y are defined as max{(1 +
1/e), (1 + )}, 2/ Inx, and (2 + o{1))}ex/ In &, respectively.

LEMMA 3. [6, 8] Consider any ¢ > 0. For minimizing
flow time plus energy on a single processor, BPS, is gy -
competitive in the infinite speed model, and p, y2-competilive
in the bounded speed model, when the marimum speed is Te-
lazed to (1 4+ ¢)T.



