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Abstract

Although traditional scheduling policies for high-end pHel
systems focus on minimizing average job wait time while miaxi
ing system utilization, actual supercomputer workload¢é&scon-
firm the existence of significant periods of time of low tiian.
Previous work has shown that, in the context of backfillirngese
ulers, portions of such high-end systems can be selectpaety
ered down to reduce power consumption and cooling costewhil
maintaining reasonable job performance. This is accorhplisby
using online simulations of a model of the actual system to au
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for high-end systems. The scheduler periodically usesierdim-
ulation [6] to model the system under different numbers @iilav
able processors, selecting the minimum number of processar
essary to meet negotiated user service level agreemenfssiSL
The system then raises or lowers the number of processoits ava
able for scheduling in the actual system to match that sugdes
by the online simulations. Detailed experiments using \earts
from the Parallel Workloads Archive [3] indicate that thislipy
can resultin significant savings in the number of “activeidghus
power consuming) processors across the system lifetinmteowutit
significant compromises on predefined SLAs [5]. Although our

tomate scheduler parameter adjustment. Here we augment ourpower-aware scheduling policy was exhibited in the contéste

power-aware scheduling policy by incorporating multipleeges
into the backfilling mechanism, which provides dramaticrioxp-
ment in job performance while retaining significant poweriags.

1 Introduction

Contemporary scheduling policies in high-end distributed
memory systems (e.g., Maui scheduler and PBS) aim at minimiz
ing job wait time while maximizing system utilization, tygailly
using variations of the basic FCFS discipline. Backfillir®j is
often found in the core of these schedulers [2], and the aiditly
of multiple waiting queues and a variety of configurationgvas
eters allow the system administrator to customize the sdimegd
policy according to the site’s needs. With backfilling, j@s not
executed in strictly FCFS order, but instead certain shiwhes are
allowed to move ahead for execution provided their exeaudimes
not delay certain previously submitted jobs. The goal okhilic
ing is to decrease system fragmentation and increase sygiem
lization [9, 10] by using otherwise idle processors for intliate
execution.

Despite these efforts to maximize system utilization, wsial
of supercomputer workloads indicate the existence of Bazmt
time periods of low system utilization [5]. This observati@along
with the growing trend for developing techniques for powemm
agement [1], motivated the development of a schedulingcpoli
that integrates scheduling and power management [5] — aitom
ing scheduler parameterization in the presence of varyiagkw
load conditions to improve power consumption and coolingt€o
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well established single-queue EASY backfilling policy [§, @ur
policy can be applied to any scheduling policy, even in syste
that support multiple levels of SLAs.

Despite the 10% or more savings in the number of active pro-
cessors exhibited by our power-aware policy, the main daakb
is that roughly a factor of two increase in job slowdown can be
expected. In this work, we augment our power-aware schegluli
policy by incorporating multiple-queue backfilling [4], @hin to
be more effective than EASY at improving job slowdown. In the
current context, the addition of multiple-queue backfglito the
power-aware scheduling policy dramatically improves jtws
down while simultaneously providing comparable or bettmrer
savings.

2 Experimental Methodology

In this work we consider high-performance batch scheduling
systems in which jobs run to completion (i.e., no preemptidob
scheduling is based on the EASY scheduler [8, 9], which ipaor
rates backfilling and a single queue of jobs. Backfilling iezgi
users to provide an estimate of the job runtime. Based ondtite e
mates, certain short jobs are permitted to move ahead foudre
provided specific other jobs are not delayed. Even in the-pres
ence of notoriously inaccurate estimates [7, 9], backélieduces
system fragmentation, increases utilization, and immpqerfor-
mance by using processors that would otherwise remain littie.
less clearly stated otherwise, for the results in this wogkuse
actual execution times as (exact) user estimates.

Our results to follow are obtained by simulation using the
following supercomputer workloads from the Parallel Wodds
Archive [3]:

e CTC: 77222 jobs on a 512-node IBM SP2 at the Cornell

Theory Center, June 1996—May 1997;



e KTH: 28490 jobs on a 100-node IBM SP2 at the Swedish
Royal Institute of Technology, September 1996-August
1997;

e SDSC-SP259725 jobs on a 128-node IBM SP2 at the San
Diego Supercomputer Center, April 1998—April 2000;

e Blue Horizon: 243 314 jobs on a 144-node with 8 processors
per node IBM SP at the San Diego Supercomputer Center,
April 2000-January 2003.

From the traces, for each job we extract the job arrival tiiee,(
submission time), number of processors requested, andsthe e
mated and actual durations of the job. Because we do not bse jo
completion times from the traces, the scheduling strasegéed

on the corresponding systems are not relevant to our study.

We consideraggregateperformance measures, i.e., average
statistics computed for an entire simulation run, givingiragle
quantifiable measure of performance. Because workloadichar
teristics vary dramatically across time [4, 5, 6], we alsasider

per partition, andgeparateshort from long jobs by assigning in-
coming jobs to different queues based on user runtime egtima
Initially, processors are distributed evenly among thditans,
but as time evolves processors may move from one partitianto
other so that processors currently idle in one partition beaysed
for immediate backfilling in another. In this manner, thetegs
is able to adjust to transient workload conditions, and tlerage
job slowdown is reduced by diminishing the likelihood thatart
job is delayed behind a long job.

For the results to follow, we use a slowdown threshold of 200
as the SLA for the online simulations, and we use four queues
in the multiple-queue backfilling policy. Different choiéor the
slowdown threshold and the number of queues yield diffebeint
qualitatively similar results.

Figure 1 depicts for each of the four workloads (a) the aggre-
gate slowdown and (b) the utilization for an EASY all-prazas
run, for an EASY with power-aware OLS run, and for an MQBF
with power-aware OLS run. Also depicted in (c) is the propor-

transientperformance measures, i.e., per-week snapshot statisticgion of processors that are maintained in an inactive stdégive

plotted versus time to illustrate how well a policy reactsvark-
load variability. Because we are interested in reducingniina-
ber of active processors to reduce power and cooling regeints
without severely impacting job performance, we consider dvit-

ical performance measures. From the job perspective, ttee me
sure of interest is each job’s bounded slowdown [9] defined by
s =1+ (d/max{10,v}), whered andv are respectively the de-
lay time and actual service time of the job. From the system pe
spective, utilization provides a measure of goodness gbdkaeer-
aware policy: if utilization is very high (resulting fromadarge

a reduction in the number of active processors), job perdoca
will suffer; if utilization is very low (resulting from too mny ac-
tive processors), job performance will increase at the espef
increased system support costs. In the context of a fluotyati
number of active processors, utilization is computed naddb the
current number of processors active [5].

3 Experimental Results

In this work we compare three separate scheduling policies:
EASY with a single queue and all processors always actives EA
with a single queue and power-aware online simulation (JBF)
to selectively adapt the number of active processors; antiptied
queue backfilling (MQBF) [4] with power-aware OLS. A brief-de
scription of the latter two policies follows; we direct theérested
reader to the appropriate articles for more details.

To augment single-queue EASY with power-aware OLS, the
scheduler periodically executes several lightweight &ations of
the actual system (using only the current state of the syatsin
collection of jobs present — no new arrivals are simulat&dch
online simulation models the system under a different nurobe
processors, fixed for the lifetime of that simulation. Thieestuler
then selects the minimum number of processors that gives-sim
lated results meeting a predefined service level agreerSemt)(
and modifies the number of active processors in the actutdrsys
(e.g., by placing processors in “sleep” mode). In this manthe
scheduler reacts to transient conditions in the workloaédipt-
ing the best number of processors for the future with the gbal
reducing the amount of power and cooling needed by the system

In this work we present new results obtained by combining
MQBF and power-aware OLS. The power-aware OLS approach
remains as described above. MQBF splits the system inta-mult
ple partitions (the number of partitions is fixed), with ongege

to an EASY all-processor run, i.e., the overall processuings
obtained by using power-aware OLS. As shown in this figuile, re
ative to all processors active, the addition of power-awats

to the EASY scheduler results in increased utilization amdca
cessor savings of approximately 10% or more at the expense of
roughly a factor of two increase in job slowdotvn However,
replacing the single-queue EASY/OLS policy with MQBF/OLS
results in dramatic decreases in job slowdown while maiirgi
comparable or better utilization and processor savingsurtiier
note that the MQBF/OLS slowdowns are nearly equal to or less
thanall-processorEASY for SDSC-SP2 and Blue Horizon.) The
message is clear: power-aware OLS is able to provide mefaing
power and cooling cost savings, while MQBF is able to account
for variabilities in the workload to yield significantly ket job
performance — combining the two policies provides mutual-be
efits from both.

Figure 2 depicts transient slowdown and utilization versus
wallclock time for the KTH workload. The dashed lines repre-
sent results from using single-queue EASY/OLS while thédsol
lines represent MQBF/OLS. These transient results areissons
tent with the aggregate results in Figure 1. MQBF/OLS gener-
ally provides lower slowdown and higher utilization acroisse.
Although there are a few small windows of time during which
EASY/OLS performs slightly better (e.g., slowdown for weel?
and 38), MQBF/OLS performs better, often significantly sox-d
ing many more of the windows. (Transient results from thepth
three workloads are qualitatively similar but omitted foevity.)

Furthermore, Figure 3(a) depicts for the SDSC-SP2 work-
load the number of active processors across time — this numbe
changes according to the results of the power-aware orilime-s
lations. The solid line represents MQBF/OLS and the dasimed |
represents EASY/OLS. The fluctuation in number of active pro
cessors tends to be less noisy when using MQBF/OLS compared
to EASY/OLS. This observation is important when considgrin
the physical stresses that may result from powering up amchdo
portions of the system. Figure 3(b) depicts an empirical cum
lative density function of the percentage of jobs versussjol-
down. Again, the combination of MQBF with power-aware OLS
provides better results, yielding a higher percentage lo$ joith

1The CTC workload with all processors active experienceization
of only 55%. Therefore the dramatic OLS results for CTC arsgeerated
when compared to the other systems which have higher tiizavith all
processors active.
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Figure 1. (a) Aggregate slowdown and (b) aggregate utilizat  ion for an all-processor EASY simulation
run, an EASY/OLS policy run, and an MQBF/OLS policy run; (c)p  roportion of processors maintained
in an inactive state.
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Figure 2. Slowdown and utilization as a function of time for t he KTH workload. For dashed lines, the
EASY/OLS policy is used; for solid lines, the MQBF/OLS polic y is used.

lower slowdown. (Results for the other three workloads are-s sumption of high-performance systems while maintainingrus

lar.) negotiated SLAs. Via detailed simulations using tracesnfro
Finally, Figure 4 is analogous to Figure 1, except that is thi the Parallel Workloads Archive, we demonstrated that cambi
case inexact user runtime estimates are used for backfibitgr ing multiple-queue backfilling and power-aware online dation

than actual (exact estimate) runtimes. When using inexact r  provides mutual benefits. Multiple-queue backfilling iseatd ad-
time estimates, the slowdown achieved for each of the thobke p  dress workload variability, resulting in improved job perhance
cies (EASY, EASY/OLS, and MQBF/OLS) tends to be higher compared to single-queue EASY, while power-aware onlimaisi
than when using the same policy in the presence of exact esti-lation simultaneously provides adaptive parameteripatiomin-
mates. Nonetheless, as shown in Figure 4, overall trendsirare imize operating costs. The result is a flexible schedulinicpo
ilar to those obtained when using exact estimates — EASY/OLS that can address job performance expectations, automiagel-sc

achieves higher utilization and processor savings than¥E#$he uler parameterization for the administrator, and redusegp@nd
expense of higher slowdown; MQBF/OLS maintains the high uti cooling costs. Ongoing work addresses multiple levels ¢&Sin
lization and processor savings of EASY/OLS while reduciolg j  the form of different classes of service. Future work witdg on
slowdown. These results provide evidence that MQBF/OLSwor  constructing and implementing an integrated two-levelesicifr
well even in the presence of inaccurate runtime estimawbe( ing framework, leveraging collaborative opportunitiestta job
using inexact runtime estimates, transient results fofattiework- scheduling and kernel levels, for optimizing potential powav-
loads are qualitatively similar to those obtained when gigixact ings while maintaining high performance.

estimates but are omitted for brevity.)
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