Using Run time Measured W orkload

Characteristics in P arallel Pro cessor Sc heduling

Th u D. Nguy en, Ra j V asw ani, and John Zahorjan

Departmen t of Computer Science and Engineering, Bo x 352350

Univ ersit y of W ashington

Seattle, W

A 98195-2350 USA

T ec hnic al Rep ort UW-CSE-95-10-01

Using Run time Measured W orkload Characteristics in P arallel

Pro cessor Sc heduling

Th u D. Nguy en, Ra j V asw ani, and John Zahorjan

Departmen t of Computer Science and Engineering

Univ ers it y of W ashington, Seattle, W

A 98195

Octob er 23, 1995

Abstract

W e address the design of practical sc heduling p olicies for scalable, shared memory m ulti-

pro cessors. In particular, w e prop ose and ev aluate exp erimen tally pro cessor allo catio n p olicies

that use information ab out parallel job execution c haracteristics in making their decisions. In

con trast to existing pro cessor allo ca tion w ork, whic h for the most part has relied on p erfect

information supplied b efore job execution, w e require no a priori information, instead relying

on runtime me asur ement of executing jobs.

The exp erimen tal results w e presen t v alidate the following observ ations:

� The use of run time measuremen ts of w orkload c haracteristics can signi�can tly impro v e

p erformance relativ e to disciplines that are oblivious to these c haracteristics, ev en giv en the

inheren t inaccuracies in the measuremen ts and the o v erhead of the dynamic reallo cati ons

that approac hes based on them require.

� Run time measuremen ts are su�cien t for the sc heduler to ac hiev e p erformance surprisingly

close to that p ossible when p erfect, a priori information is a v ailable.

� The primary p erformance loss, relativ e to the use of a priori informatio n, is due to the

transien t p o or decisions of the sc heduler as it acquires informatio n on the running appli-

cations, rather than to the o v erhead of measuremen t itself.

Additionally , w e consider b oth in teractiv e en vironmen ts, in whic h a resp onse time directed

sc heduler is appropriate, and batc h en vironmen ts, in whic h maximizing useful instruction through-

put is the primary goal.

Our exp erimen ts are p erformed on a protot yp e implemen tation running on a 50-no de KSR-2

shared memory m ultipro cessor. A �nal no v el asp ect of our w ork is the use of b oth hand and

compiler paralleli zed programs in our test w orkloads.

1 In tro ducti on

It seems in tuitiv ely clear that kno wledge of job c haracteristics is an adv an tage to a pro cessor sc hed-

uler in an y computer system. F or example, in b oth sequen tial and parallel mac hines, estimates of

basic job length allo ws some bias to w ards shortest-job-�rst, leading to reduced a v erage resp onse

times.

This pap er considers the use of information on job sp eedup and e�ciency in the sc heduling of

parallel jobs on parallel mac hines. There has b een considerable w ork on this topic in the past. A

great deal of this w ork has b een in v olv ed with the in teresting question of ho w b est to sc hedule jobs when giv en p erfect information ab out sp eedup, a fundamen tal attribute of parallel w orkloads (e.g.,

[21, 8, 3, 2], among man y others). While it w ould b e useful to understand ho w to b est sc hedule a set

of jobs giv en a priori information on their sp eedups, suc h information is di�cult, if not imp ossible,

to sp ecify accurately in practice

1

b ecause of the sensitivit y of job p erformance to the input data set

and to the relativ e lo cations of allo cated pro cessors on the mac hine’s in terconnection net w ork.

As an example, consider the MP3D application from the SPLASH [23] b enc hmark suite when run on

the KSR-2 m ultipro cessor. The KSR-2 has an in terconnection net w ork that is a hierarc h y of rings.

The basic comm unication time b et w een t w o rings is roughly six times that for comm unication within

an y one. Because of this, MP3D, whic h has p o or lo calit y , ac hiev es optimal sp eedup at a n um b er of

pro cessors that dep ends strongly on the lo cation of those pro cessors. In particular, if all pro cessors

are lo cated on a single ring, MP3D p eaks at 12 pro cessors. If allo cated pro cessors are split across t w o

rings, p erformance p eaks at 24 pro cessors. In b oth the cases that the user requests 12 pro cessors,

but the ones allo cated are on t w o rings, and the user requests 24 pro cessors, but they are all on

one ring, the ac hiev ed sp eedup is roughly half that of the actual optim um. Th us, ev en historical

information on job p erformance is not su�cien t for the user to pro vide accurate information on the

optim um n um b er of pro cessors to allo cate in its next execution.

The purp ose of this pap er is to determine whether run time measuremen ts can b e obtained su�cien tly

c heaply

, and with su�cien t accuracy

, to b e used in making sc heduling decisions in a w a y that

approac hes the p erformance attainable when omniscien t a priori information is a v ailable, but without

requiring that information. T ak en in this con text, this pap er describ es w ork in tended to address the

w a y in whic h r e alizable sc hedulers migh t mak e use of information on job c haracteristics, fo cusing

particularly on job sp eedup and e�ciency .

While at �rst glance it w ould app ear that run time measuremen ts of job b eha vior are clearly useful,

the actual situation is considerably more complicated, esp ecially in parallel systems. In particular,

the v alue of run time measuremen ts to parallel pro cessor allo cation p olicies dep ends on the answ ers

to the follo wing questions.

� How c an sp e e dup and e�ciency b e me asur e d at runtime with ac c eptably high ac cur acy and low

overhe ad?

� Do p ar al lel appli c atio ns have su�ciently stable char acteristics that their r e c ent p ast is a go o d

indic ator of the ne ar futur e? (F or example, giv en the w ell kno wn phase b eha vior of these

w orkloads, one migh t reasonably guess that this is not the case.)

� How c an the me asur es taken when an appli c atio n is run on p pr o c essors b e use d to estimate

its p erformanc e when run on q ?

� Do the c osts of the p otential ly many r e al lo c ations r e quir e d in the se ar ches (which ar e inher ent

in this appr o ach) to �nd appr opri ate �nal al lo c ations outweigh the b ene�ts?

Our goal is to help answ er these questions.

W e b egin b y presen ting a sc heme that allo ws the run time estimation of sp eedup and e�ciency

, at

lo w o v erhead. The k ey to our approac h is the measuremen t of the primary sources of ine�ciency:

comm unication, idleness due to comp etition for critical sections and load im balance, and system

o v erheads.

W e then consider ho w to use the information so obtained in making sc heduling decisions. W e

examine t w o distinct scenarios: in teractiv e systems, where minimizing resp onse time is the goal,

1

Of course, sup ercompute r users running the same application rep eatedly on similar data sets are accusto med to

pro viding this information, based on the p erformance of prior runs. Ho w ev er, at the v ery least this is an incon v enience .

A t the w orst, apparen tly insigni�can t c hange s in the data set ma y in fact ha v e a substan tial e�ect on the optim um

allo cation, although this could go undetec ted b y the user.

and batc h systems, where maximizing the rate at whic h useful w ork is completed is the goal. Both

kinds of computing already ha v e signi�can t roles on existing large scale parallel platforms [7]. F or

the in teractiv e en vironmen t, w e use measured e�ciencies to guide adjustmen t of the n um b er of

pro cessors giv en to eac h running job, attempting to maximize its sp eedup. F or batc h en vironmen ts,

our sc heduler allo cates pro cessors in an attempt to maximize curren t system e�ciency .

Ev aluation of the exten t to whic h run time measuremen ts can b e used to help the sc heduler is done

through the execution of b enc hmark programs on protot yp e implemen tations running on a KSR-2.

The b enc hmarks w e use are tak en from the SPLASH [23] and P erfect [1] b enc hmark suites, the b est

b enc hmarks a v ailable to us for this w ork.

Our cen tral result is that the use of run time measuremen ts of job b eha vior can impro v e sc heduler

p erformance substan tially

, despite the inevitable noise in the gathered data and the o v erheads in-

v olv ed in its use, and that suc h sc hedulers can approac h the p erformance attainable when p erfect

information on job sp eedups is a v ailable a priori.

1.1 Outline

In the next section w e discuss our tec hniques for measuring job sp eedup and e�ciency c haracteristics

at run time. Section 3 presen ts a resp onse time orien ted sc heduler that mak es use of these measure-

men ts, and exp erimen tal results for it. In Section 4 w e turn to the problem of sc heduling batc h w ork

to maximize its completion rate, again prop osing a p olicy that emplo ys run time measuremen ts and

ev aluating its p erformance exp erimen tally

. Section 5 concludes our w ork.

2 Measuring Job Sp eedup and E�ciency at Run time

2.1 What W e Measure

One approac h to using measured job c haracteristics in form ulating sc heduling p olicies is to exploit

general, long-term c haracteristizations of the w orkloads (e.g., [12]). An example of this from se-

quen tial systems is the use of feedbac k sc heduling: the success of this approac h is implied b y the

empirical v alidit y of the assumption that a job that has run for a long time is lik ely to con tin ue

running for a prop ortionally long time. Exploiting w orkload c haracteristics in this w a y do es not

require run time measuremen ts of individual job c haracteristics.

A second approac h is to use historical information from previous executions of individual jobs to

pro vide job-sp eci�c information when the job is submitted. Finding and determining ho w to exploit

suc h long-term c haracterizations for pro duction parallel w orkloads is an imp ortan t topic, and has

b een an asp ect of m uc h w ork in this area (e.g., [8, 20, 22, 3]).

In this pap er w e concen trate on a third approac h, using the sp eci�c, recen tly measured c haracter-

istics of the curren tly running jobs to optimize p erformance for the sp eci�c w orkload in execution.

(Sobalv arro and W eihl [24] tak e a similar approac h in an attempt to relax the constrain ts of co-

sc heduling.) As w e will sho w, this approac h can o�er substan tial b ene�ts. It also has the adv an tage

of b eing applicable indep enden tly of long-term pro duction w orkload c haracteristizations, whic h is

esp ecially imp ortan t in ligh t of the nascence of pro duction parallel programming: man y of these long-

term prop erties are lik ely to c hange in resp onse to new hardw are arc hitectures, to impro v emen ts in

parallelizing compiler tec hnologies and run time supp ort systems, and to a con tin uing expansion in

the div ersit y of applications run on parallel platforms.

The particular job c haracteristics w e use, and so m ust measure, are sp eedup and e�ciency

. These are

ob viously k ey asp ects of parallel job execution, and so seem lik e go o d candidates for use in making sc heduling decisions. In the next subsection, w e explain ho w w e obtain them through run time

measuremen t.

2.2 Obtaining Run time Measuremen ts of Sp eedup and E�ciency

The basic parallel job c haracteristics w e wish to exploit are sp eedup and e�ciency

. While these

measures are normally applied to the complete execution of an application (for example, sp eedup on

P pro cessors is the time to complete divided b y the time to complete on a single pro cessor), to b e

useful in our w ork w e m ust tak e a more short-term view. In particular, w e wish to measure sp eedup

or e�ciency o v er the fairly short-term past, with the in ten tion of relying on it as a predictor of the

near-term future. W e therefore use the terms sp eedup and e�ciency in this (more instan taneous)

sense.

While sp eedup and e�ciency are of course in timately related, in practice one (e�ciency) is rather

easily measured, whereas the other (sp eedup) is not. Imagine trying to estimate sp eedup directly b y

measuring the time required to complete some iden ti�able unit of application w ork. If w e tak e that

measuremen t when the application is running on P pro cessors, w e ha v e no w a y to roll the application

state bac k and remeasure when running on a single pro cessor. The b est w e can do is to measure

the next similar unit of w ork; in the common case of applications with an iterativ e structure, w e

migh t measure the next iteration, for instance. Unfortunately

, the amoun t of w ork inheren t in the

application can v ary from iteration to iteration, and so w e ha v e no w a y to determine if comparing

times from separate iterations is v alid.

Because of this di�cult y , w e instead measure e�ciency

, or more precisely , w e measure the ine�cien-

cies due to o v erheads and subtract these from 1.0. When sp eedup information is required, w e then

infer it from our e�ciency estimate.

It is w ell kno wn that loss of e�ciency in shared memory systems arises from a com bination of

parallelization o v erhead (e.g., p er-pro cessor initialization, w ork partitioning, and sync hronization),

system o v erhead (e.g., ev en ts suc h as page faults and clo c k in terrupts), idleness (e.g, due to load

im balance, sync hronization constrain ts, and sequen tial p ortions of execution) and comm unication.

Our exp erience with a wide v ariet y of b enc hmark programs sho ws that w e can accurately predict

application e�ciency b y measuring only system o v erhead, idleness, and comm unication; paralleliza-

tion o v erhead is t ypically small. Th us, w e require only estimates of the other three comp onen ts to

accurately assess e�ciency .

On the KSR-2, w e rely on a com bination of hardw are and soft w are supp ort to measure system

o v erhead, idleness, and comm unication costs. The KSR-2 has p er-no de ev en t monitors that main tain

three critical hardw are coun ters: elapsed w allclo c k time, elapsed user mo de execution time, and

accum ulated pro cessor stall

2

. Th us, measuring system o v erhead and comm unication is simply a

matter of reading these three registers p erio dically

. Measuring idleness is only sligh tly more in v olv ed:

w e instrumen t the Cthreads sync hronization co de [4] to k eep elapsed idle time using the w allclo c k

hardw are coun ter. Our idleness measuremen t sc heme is relativ ely o v erhead free b ecause idleness

accoun ting is p erformed when the pro cessor w ould otherwise not b e doing an y useful w ork.

2

On shared memory systems, suc h as the KSR-2, comm unication is required whenev e r data do es not curren tly

reside in the lo cal cac he, or is not in an appropriate state. Pro cessors in man y shared memory systems stall in

this situation, that is, they execute no instructions un til the remote data b ecomes a v ailable. Th us, pro cessor stall

corresp onds to comm unication cost. On message passing mac hines, measuring p erformance loss due to comm unication

w ould b e ev en more straigh tforw ard, requiring only soft w are supp ort

2.3 The In terv al of Measuremen t

There are t w o p ossible approac hes to c ho osing measuremen t in terv als: doing so in a w a y that is

transparen t to the application, and relying on application assistance. Ob viously

, the application

indep enden t approac h is preferable, if it can b e made to w ork.

The simplest application indep enden t measuremen t tec hnique is to tak e samples at �xed in terv als.

Ho w ev er, c ho osing the in terv al o v er whic h a single measuremen t is tak en is a di�cult problem. On

the one hand, for the individual samples to b e reliable, the measuremen t in terv al m ust b e long

enough that the job completes a represen tativ e sample of its computation. On the other hand, long

in terv als increase the latency of the sc heduler in resp onding to c hanges.

Our exp erience with the b enc hmark programs indicates that this application indep enden t approac h

is not su�cien tly accurate to b e useful: there is no �xed in terv al that is suitable across these

applications. While it migh t b e p ossible to design a dynamic sc heme for c ho osing an appropriate

in terv al indep enden tly for eac h application, w e ha v e not y et pursued this approac h. Instead, w e rely

on what w e argue is an acceptable lev el of application in v olv emen t.

The measuremen t in terv al w e use is an application \iteration." Iterativ e program structures are

v ery common in parallel applications. F or example, the o v erwhelming ma jorit y of the applications

in our b enc hmark suites ha v e an inheren tly iterativ e structure; in particular, there is an outermost

sequen tial lo op that driv es the execution. W e don’t require this, ho w ev er. A t a minim um, what

w e do require is that there b e some iden ti�able p oin t in the application’s execution where it can

indicate that a unit of w ork has b een completed. F or example, in a fairly coarse grained application

emplo ying user lev el threads as the basis of parallel execution, iterations migh t b e de�ned to b e the

w ork b et w een the k ernel thread’s dequeueing and subsequen t enqueueing (or termination of ) a user

lev el thread.

W e rely on the application to call appropriate run time routines at the b eginning and end of eac h

iteration. F or this study , w e ha v e inserted these calls in to eac h application in our application

suite b y hand. In man y instances, ho w ev er, w e b eliev e that it w ould b e p ossible for compilers to

automatically detect iterativ e b eha vior and insert the calls to the run time system appropriately . F or

example, Jeremiassen [9] has sho wn that it is p ossible to automatically detect phase b eha vior for

man y hand co ded applications.

2.4 Use of Job Length Predictions in Sc heduling

Application c haracteristics other than sp eedup and e�ciency certainly are also imp ortan t in sc hedul-

ing p olicy design. One suc h c haracteristic is remaining execution time, whic h migh t b e predictable b y

measuring acquired execution time, or n um b er of pro cessors used, or amoun t of memory consumed, if

it w ere kno wn that these measurable quan tities had some reliable correlation to (the unmeasurable)

future execution time. Man y previous w orks ha v e h yp othesized the existence of suc h correlations,

and ha v e considered them when ev aluating their p olicies (e.g., [11] and [3], among other). F eitelson

and Nitzb erg [7] presen t evidence that there is suc h a correlation for execution time consumed and

n um b er of no des used, at least for one pro duction installation. (Because they measured a message

passing mac hine, in whic h pro cessors and memory are allo cated together, it is di�cult to determine

from their data whether a similar correlation holds for memory use alone.)

In the w ork presen ted here, w e do not attempt to mak e use of these predictions. Rather, w e assume

that some other mec hanism, suc h as the feedbac k sc heduling emplo y ed in sequen tial systems, is used

for this purp ose. (P arsons and Sev cik [18] presen t the design and ev aluation of t w o suc h sc hemes, for

example.) W e consider the w orkload mixes w e sc hedule to b e the subset of a larger job mix c hosen

for curren t execution b y suc h a mec hanism.

3 In teractiv e En vironmen ts: Impro ving Resp onse Time

In this section, w e describ e and ev aluate a sc heduling p olicy designed to impro v e mean resp onse time

in in teractiv e en vironmen ts through the use of run time gathered job c haracterizations. This new

p olicy is called ST-EQUI. Before presen ting it, w e �rst describ e the baseline dynamic equipartition

p olicy from whic h ST-EQUI is deriv ed.

3.1 The Equipartition P olicy: EQUI

The basic sc heduling p olicy on whic h w e build is dynamic equipartition [25], whic h w e call EQUI.

Under EQUI, eac h curren tly executing job is allo cated an equal n um b er of pro cessors. Pro cessor

reallo cations tak e place at job arriv al and departure times. EQUI is represen tativ e of the space

sharing approac h to pro cessor allo cation that has b een found to p erform w ell for m ultiprogrammed

shared-memory m ultipro cessors [25, 14], and exempli�es sc hemes activ ely used in suc h en vironmen ts

[10].

W e ha v e used the EQUI p olicy as our baseline despite t w o common ob jections to it (and other

dynamic p olicies). The �rst is that the cost of p erio dic pro cessor reallo cations is to o high. W e do

not �nd this to b e the case in practice. The basic k ernel path cost of reallo cating a pro cessor on our

p o orly-tuned system is ab out 5 milliseconds. In addition to this, pro cessor reallo cations cause some

loss of cac he state, and so en tail a cac he re�ll o v erhead. Ho w ev er, this cost is not large, esp ecially

relativ e to the rate at whic h reallo cations tak e place, ev en for the KSR’s 32 megab yte lo cal cac hes.

The second common ob jection to dynamic p olicies is that parallel applications often rely on ha ving

a �xed n um b er of pro cessors a v ailable to them during their en tire execution. This dep endence stems

from the implemen tation of application lev el w ork partitioning in a static w a y , often based on the

n um b er of pro cessors a v ailable to the job when it �rst b egins execution. F or instance, a compiler

parallelized co de migh t mak e a single decision at program initialization time ab out ho w man y threads

to use in executing parallel lo ops; the program will then run v ery p o orly if the actual n um b er of

pro cessors a v ailable c hanges.

While it is true that existing parallel applications often rely on the n um b er of a v ailable pro cessors

b eing �xed, w e ha v e found that they do so needlessly

, that is, this reliance is an artifact of en viron-

men ts in whic h the programs w ere dev elop ed (whic h made this �xed allo cation guaran tee) rather

than on some fundamen tal requiremen t of the soft w are. F or example, w e w ere able to successfully

transform all of our b enc hmark applications to accommo date c hanges in pro cessor allo cation with

little di�cult y . In the case of the compiler parallelized co des, this w as done b y a simple c hange to

the threads library that is their target. In the case of the hand co ded programs, simple c hanges in

the selection of the n um b er of threads to use w as su�cien t.

One limitation of our quic k con v ersion of these programs, though, is that w e ha v e implemen ted

application lev el dynamic sc heduling only at the lev el of iteration b oundaries: the applications

examine and adjust to the n um b er of a v ailable pro cessors eac h time they b egin an iteration, but

do not do so while executing an y one iteration. It is clearly p ossible to do m uc h more dynamic

sc heduling (see, for example, [19, 6, 13]); w e did not do so b ecause of the v ery large incremen tal

implemen tation cost relativ e to our more restrictiv e c hange, and b ecause w e an ticipated that the

additional b ene�ts of this added exibilit y at the application lev el w ould b e quite mo dest.

3.2 Using Run time Measuremen ts: ST-EQUI

The sp eci�c p olicy w e prop ose to tak e adv an tage of run time measured sp eedup c haracteristics is

called ST-EQUI. A t the highest lev el, eac h job is allo cated an equal n um b er of pro cessors, just as with EQUI. Ho w ev er, eac h time a reallo cation tak es place, eac h a�ected job engages in a self-

tuning pro cedure b y whic h it estimates ho w man y of its allo cated pro cessors it should actually use

to maximize its curren t sp eedup. The self-tuning is p erformed b y rep eatedly adjusting the n um b er

of pro cessors the application uses and measuring its resulting e�ciency . F rom those measuremen ts

the application infers its sp eedup under the curren t allo cation decision, and p oten tially attempts to

adjust the allo cation in a w a y that will impro v e it.

The adv an tage of ST-EQUI o v er EQUI arises when at least some jobs determine that they are b etter

o� using few er than their fair share of pro cessors. In this case, they release their pro cessors bac k

to the system, whic h reallo cates them as equally as p ossible among those jobs that can pro�tably

mak e use of more than their fair share. It is reasonable to exp ect the jobs to release these pro cessors

b ecause they ha v e no incen tiv e to k eep them (they ha v e determined that they run more slo wly using

them than without them). Additionally

, in an y system c harging for resource use, there is a p ositiv e

incen tiv e to release excess resources.

The disadv an tages of ST-EQUI relativ e to EQUI are that reallo cations, and their asso ciated costs,

are more frequen t, and that there is p oten tially considerable o v erhead asso ciated with the searc h

pro cedure follo w ed during self-tuning. T o understand b etter the source of that o v erhead, w e next

presen t the self-tuning pro cedure in somewhat more detail.

3.2.1 Self-T uning

W e presen t here an o v erview of the self-tuning pro cedure w e emplo y . Comprehensiv e details can

b e found in [16], whic h examines the use of this tec hnique in a static (essen tially uniprogramming)

en vironmen t.

Self-tuning is based on a simple optimization tec hnique, the metho d of golden sections [15], whic h

searc hes for the maxim um of a unimo dal function o v er a �nite in terv al b y iterativ ely computing

function v alues and narro wing the in terv al in whic h the maxim um m ust o ccur. In our case, the

function to b e maximized is job sp eedup. Ev aluating the function v alue at p in v olv es running the

job for a single iteration using p pro cessors, measuring the resulting e�ciency

, and inferring from

it the job’s sp eedup at p. The initial in terv al of in terest in the searc h is 1 to P , the n um b er of

pro cessors curren tly a v ailable for use b y this job.

There are t w o basic problems w e m ust address in using golden sections for our purp ose. The �rst

is that sp eedup functions are not, in general, unimo dal. W e address this in a simple, greedy w a y .

When the results of the function ev aluations in the curren t in terv al of in terest demonstrate that

the function is not unimo dal, w e reduce the in terv al of in terest to the largest con tained subin terv al

that includes the maxim um sp eedup v alue observ ed so far and for whic h the kno wn sp eedup v alues

are conformal with a unimo dal function. The exp erimen ts in [16] sho w that this pro cedure w orks

remark ably w ell, nearly alw a ys con v erging to a near optimal v alue.

The second problem w e face is one of e�ciency

. While the golden sections metho d con v erges in a

n um b er of prob es prop ortional to the log of the in terv al length, the cost of an individual prob e can

b e quite large (if the job has p o or sp eedup at the prob ed n um b er of pro cessors). W e address this b y

exploiting the assumption that sp eedups cannot b e sup erlinear

3

. In particular, w e b egin self-tuning

b y executing one application iteration using all P a v ailable pro cessors. This allo ws us to estimate

S (P ), the job’s sp eedup with P pro cessors. Since sp eedups can nev er b e sup erlinear, w e kno w that

the globally b est n um b er of pro cessors m ust fall in [S (P ); P ]. Our searc h therefore starts in this

in terv al. W e use the same observ ation at later p oin ts in the searc h: the lo w er b ound of the curren t

in terv al of in terest m ust alw a ys b e no smaller than the largest sp eedup so far observ ed.

3

In fact, this prop ert y holds b y de�nition in our system, since w e estimate e�ciency b y measuring ine�ciencies

and subtracting them from 1.0.

3.2.2 Implemen tation of Self-T uning

W e ha v e implemen ted the co de required to p erform self-tuning in the Cthreads library

. Th us, the

self-tuning pro cedure is indep enden t of the sp eci�c application to b e run. Additionally

, there is

no co de dev elopmen t o v erhead in v olv ed in using it: the application programmer simply links his

program with the mo di�ed v ersion of Cthreads.

3.3 P erformance

T o ev aluate whether run time measuremen ts are su�cien tly accurate for use in making sc heduling

decisions, and to illustrate the b ene�ts of self-tuning as just describ ed, w e compare the m ultipro-

gramming p erformance of three p olicies:

� EQUI. The dynamic equipartition p olicy describ ed in Section 3.1. EQUI serv es as a baseline

for the p erformance of an ac hiev able p olicy .

� ST-EQUI. The EQUI p olicy augmen ted with self-tuning (Section 3.2).

� AP-EQUI. AP-EQUI op erates in the same w a y as ST-EQUI, except that it uses p erfect a priori

information on job sp eedup rather than imp erfect run time estimates. Giv en this information,

AP-EQUI needs to reallo cate pro cessors only at job arriv al and departure times. When it real-

lo cates, it giv es eac h job no more pro cessors than the n um b er that maximizes its throughput.

Distinctions in p erformance b et w een AP-EQUI and ST-EQUI serv e to illustrate the impact of

errors in our run time measuremen ts, as w ell as the o v erhead of dynamic self-tuning.

W e next describ e the w orkload used to exercise these p olicies.

3.3.1 W orkload

As explained in Section 1, w e are in terested in a div erse w orkload comp osed of b oth hand-co ded

(SPLASH) and compiler-parallelized (P erfect) applications.

Our previous detailed study of these applications [17] made clear that these programs could b e

divided in to three broad classes:

� Go o d sp e e dup. Most of the hand-co ded applications fall in to this class, whic h is c haracterized

b y fairly go o d sp eedup that rises monotonically as the job receiv es pro cessors. Some of these

applications exhibit slo wdo wn b ey ond a certain n um b er of allo cated pro cessors.

� Po or sp e e dup. Almost all of the compiler-parallelized applications fall in to this class, whic h is

c haracterized b y nearly negligible sp eedup at most pro cessor v alues. Most of these applications

exhibit slo wdo wn b ey ond a certain n um b er of allo cated pro cessors.

� Err atic sp e e dup. This class consists of applications whose sp eedup is irregular, e.g., it v aries

o v er time, or its curv e exhibits m ultiple lo cal maxima. Suc h b eha vior can b e observ ed in b oth

hand-co ded and compiler-parallelized applications [17].

Because it is clearly infeasible to run exp erimen ts with all p ossible com binations from our b enc hmark

suites, w e instead use our taxonom y to reduce the n um b er of jobs that m ust b e considered. In

particular, w e c hose to select a single application from eac h of the three classes as the represen tativ e

of that class, sp eci�cally

, the application from eac h class exhibiting the b est sp eedup. Th us, w e

c ho ose Barnes from the SPLASH suite to exemplify go o d sp eedup, FLO52 from the P erfect co des

0 5 10 15 20 25 30 35 40 45 50

0 5 10 15 20 25 30 35 40 45 50

Speedup

Number of Processors

Barnes (Sequential execution time = 5600 secs)

Barnes speedup

0

0.5

1

1.5

2

2.5 FLO52 (Sequential execution time = 375 secs)

FLO52 speedup

0

1

2

MP3D (Sequential execution time = 250 secs)

MP3D speedup

Figure 1: Sp e e dup Char acteristics of the R epr esentative Jobs

to exemplify p o or sp eedup, and MP3D from the SPLASH suite to exemplify erratic sp eedup. The

measured sp eedup curv es for these applications are giv en in Figure 1.

Next, w e c hose to set a maxim um m ultiprogramming lev el of four, reasoning that (a) giv en our

50-pro cessor mac hine, higher m ultiprogramming lev els w ould increase pro cessor demand to an ex-

ten t that w ould render allo cation decisions trivial, and (b) suc h a limit is prev alen t in practice,

since memory constrain ts dictate that only a relativ ely small n um b er of jobs can b e allo w ed to run

concurren tly . This decision is supp orted b y the measuremen ts in [7], whic h indicate that a m ultipro-

gramming lev els of 2, 3, and 4 are the three most common during da ytime hours in their pro duction

en vironmen t.

Th us, giv en the three represen tativ e applications and a maxim um m ultiprogramming lev el of four,

w e constructed and ev aluated all 31 of the p ossible w orkload mixes con taining more than a single

job t yp e. Figures 2{4 sho w job resp onse time for 10 of these 31 w orkload mixes. W e no w discuss

the p erformance of these w orkload mixes when running under the three pro cessor allo cation p olicies

previously describ ed.

barnes barnes

0.0 0.2 0.4 0.6 0.8 1.0 Normalized Response Time barnes mp3d

0.0 0.5 1.0 1.5 Normalized Response Time

Figure esults at amming evel = ars e esults

ars e esults for ST-EQUI; esults with ct

2,3,and4thep erformanceofarepresen tativ e samplethew orkload

EQUI

ST-EQUI p olicies for m ultiprogramming lev 2, 3, and 4 resp ectiv Respunder t w o p olicies are sho wn normalized to those

AP-EQUI horizon tal

on eac h results us the follo wing

barnes barnes flo52

0.0 0.5 1.0 1.5 Normalized Response Time barnes barnes mp3d

0.0 0.2 0.4 0.6 0.8 1.0 1.2 Normalized Response Time barnes mp3d mp3d

0.0 0.4 0.8 1.2 Normalized Response Time flo52 flo52 mp3d

0.0 0.5 1.0 1.5 2.0 Normalized Response Time flo52 mp3d mp3d

0.0 0.5 1.0 1.5 2.0 Normalized Response Time mp3d mp3d mp3d

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 Normalized Response Time

esults at amming evel

= ars e esults

ars e esults for ST-EQUI;

esults with ct olicy using runtime ement

(ST-EQUI) the similar olicy that This arises b all jobs can b b y participating in co op erativ e pro cessor allo scenarios high for pro cessors all jobs request their ST-EQUI b eha v es exactly as do es so its p erformance is w orse Ho w ev er scenarios with more pro cessor demands,

ST-EQUI p erforms m uc h b than do jobs slo wdo wn p oin faster b y excess pro cessors their p erformance;

jobs go o d sp eedup can then use these pro cessors to

as w

The using runtime

(ST-EQUI) erforms arly as wel l as the

ct a informatio n

(AP-EQUI) most

barnes barnes barnes flo52

0.0 0.5 1.0 1.5 2.0 Normalized Response Time barnes barnes barnes mp3d

0.0 0.2 0.4 0.6 0.8 1.0 1.2 Normalized Response Time barnes barnes flo52 flo52

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 Normalized Response Time barnes barnes mp3d mp3d

0.0 0.2 0.4 0.6 0.8 1.0 Normalized Response Time barnes flo52 flo52 mp3d

0.0 0.5 1.0 1.5 2.0 Normalized Response Time barnes flo52 mp3d mp3d

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 Normalized Response Time

esultsatamming evel= arseesults

ars e esults for ST-EQUI;

esults with ct di�erence b et w p erformance of the t w o p stems mainly the o v erhead

self-tuning, whic h ST-EQUI m accept as the price determining at run the jobs’

cessor needs of ob viating priori o v erhead is, as describ

3.2.1, cost running for time at pro cessor allo cations yield p o or p also

[16 this, with few ST-EQUI p erforms nearly as w ell as do also observ e for eac h the three jobs t yp es, there are some w orkload in whic jobs p erform b than under The reason for this is the one to

the example the in tro n um b er pro cessors that maximizes a sp

dep on whic h pro cessors are allo

AP-EQUI m ust b pro vided

allo target, and can adjust to whic pro cessors allo cated as reallo cations tak ST-EQUI is able outp erform on o ccasions when jobs are sensitiv e to pro cessor

placemen olicie incur the p erformance

Barnes the w orkloadi�erence b et w p erformance of ST-EQUI and of o ccurs b consisten

pro

Barnes with a lo w er allo cation (a v eraged o v er the job’s lifetime) than do es unable pro vide the full desired allo cation b although

jobs in the mix migh t ev en tually pro cessors to these pro cesses e slo rate b y the pace the other self-tuning, and (b) in

pro b y can result in other holding sligh tly more pro cessors actually den ying

Barnes these pro cesso although the

AP-EQUI incurs neither these the �rst more signi�can one a problem asw |dela ypro cessor a source of o v erhead for all practical pro cessor

allo pha v e sho wn that

ST-EQUI enjo ys a p erformance ano v EQUI, without priori kno wledge application (as is case

AP-EQUI). the p olicy

in the sense that do es not discriminate among simply resp onds to the

o requests to release/acquire pro cessorgiving eac equal w eigh t in the attempt to

resp the section, w e discuss relaxing fairness the in terest

o v era system

System batc h en vironmen ts, suc h are common for o v ernigh t runs large applications, p erformance measure resp onse time, but rather the rate at whic h w ork b higher this the larger the w orkload can pro cessed a �xed amoun t these en vironmen the goal sc heduler is to e�ciencythe

of parallel of all pro cessors section, w e describ e and a sc

p with this EQUAL-EFFp olicy w e prop ose, emplo ys a in to maximize

ciency:

tries partition pro cessors curren tly executing in a w a y results

jobs ha ving ab equal curren t in tuitiv e for this is reallo ca

pro cessor a curren tly with lo w e�ciency to one high e�ciency is v ery lik

to impro v e o v erall system p erformance; the case of this pro cess is equal allo it is p ossible to a pro cedure to compute equal e�ciency allo cations that b and has lo w o v erhead, and that mak es decisions that tend to require only small reallo cations an y) at successiv e sc heduling momen sho w b elo w that allo cating equal

results near optimal system in

Allo under are in a w a b egin b noting system is alenmaximizing the of sp eedups of

jobs sp eedup is equal to a v erage n um b er pro cessor

S

(p) b e

estimated sp eedup of job pro cessor

Aeac h sc momen w e b with that all pro cessors unallo cated, and then hand out a pro cessors jobs one b p b e the n um b er of pro cessors allo job

some p oin in this pro pro cessor to job for whic S

(p

1) � S

(p

is maxim so as p ositivstop allo cating when either there are remaining unallo cated pro cessors no job ha v e p ositiv e b from additional pro cessors that pro cedure guaran tees eac h job allo cated at least pro cessor, no can b starv pro cedure giv es the sc heduler set of target allo cations the those targets curren t allo cations, pro cessors mo v ed jobs ac hiev e the new

one di�cult y in implemen ting this pro cess wnot ha v e a sp eedup functions for the w e ha v e the presumably accurate for the most recen t allo cation, w ell as p oten out of date information obtained for

allo o v ercome this problem, w e emplo y a analytic sp eedup tak en

[5], as a for the jobs’ actual sp parameterize sp function for job thatin tersects thesp eedupobtained inthemost recen t measuremen in allosc heme w alks these sp curv

pro cedure uses only the most recen t ignoring for that is that job e�ciency can b e a�ected b y whic h pro cessors are allo ho w man are allo old allo cations ma ha v e consisted substan tially di�eren

pro cessor curren t so than the set lik ely to b e allo w e distrust this Mo delling

Results for implemen ting our protot yp e of EQUAL-EFF, w e �rst the exten to whic

izing e�ciencies maximizes system using extensiv e set simple sim to the sim ulations w the measured sp eedup curv es the the outputs w

total system ran the allo cation pro describ ed ab o v e using the kno wn sp

curv compared system e�ciencies obtained those for OPT-EFF, a p olicy that allo

pro cessoroptimally this computed the allo cations and p

measures using simple dynamic program, taking same sp eedup curv es as pro cessor the dynamic program requires O (

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20 25 30 35 40 45 50

System Efficiency

Number of Processors

Barnes-Barnes-FLO52

System efficiency under OPT-EFF

System efficiency under EQUAL-EFF

0

1

Barnes-FLO52-FLO52

0

1

Barnes-FLO52-MP3D

0

1

Barnes-MP3D-MP3D

0

1

Barnes-FLO52

0

1

Barnes-MP3D

esults

EQUAL-EFF and sho ws system e�ciencies obtained b these sim ulations for represen tativ e set

w orkloa com as w ell as the optimal e�ciencies computed for b y

dynamic progra all cases, the greedy sc emplo y ed b comes v ery close

the optim um, with the largest o ccurring only for v ery n um b of pro cessor on the results this simple mo w e w ere to con tin ue the protot yp e of The obtained exp erimen ts with that protot yp e are presen

EQUI EQUAL ST-EQUI ST-EQUAL

0.0 0.2 0.4 0.6 0.8 1.0 1.2 barnes flo52

Normalized System Efficiency

EQUI EQUAL ST-EQUI ST-EQUAL

0.0 0.2 0.4 0.6 0.8 1.0 1.2 barnes mp3d

Normalized System Efficiency

EQUI EQUAL ST-EQUI ST-EQUAL

0.0 0.2 0.4 0.6 0.8 1.0 1.2 barnes barnes mp3d

Normalized System Efficiency

EQUI EQUAL ST-EQUI ST-EQUAL

0.0 0.2 0.4 0.6 0.8 1.0 1.2 barnes flo52 flo52

Normalized System Efficiency

EQUI EQUAL ST-EQUI ST-EQUAL

0.0 0.2 0.4 0.6 0.8 1.0 1.2 barnes mp3d mp3d

Normalized System Efficiency

EQUI EQUAL ST-EQUI ST-EQUAL

0.0 0.2 0.4 0.6 0.8 1.0 1.2 barnes flo52 mp3d

Normalized System Efficiency

E�ciency esults=

Experformance use run time measured job c haracteristics in impro ving sc a batc

en vironmen b y considering related p The basic equipartition p olicy The equal heuristic p olicy The self-tuned equipartition algorithm, whic h w as to resp onse The p olicy with addition that eac h also engages releasing pro cessors when it determines it has b assigned than p erformance results these p olicies are compared against those predicted b y OPT-EFF is computed it do es not capture an y of o v erheads that are

sc heduling practice, exaggerating its assessed p erformance w orkloads comp osed of the same represen tativ e jobs as w ere

Section

Ho w ev er w e a single m ultiprogramming lev of 3 in all exp erimen from maxim um of 4 considered the in teractiv e en vironmen t) re ect the lik jobs submitted for batc h c hange is supp b y measuremen [7w e presen t here results for those w orkloads that include a Barnes job,

represen tativ e from the class of jobs ha ving go o d sp without

Barnes are relativ

unin teresting, as there are 50/3 pro cessors a eac h job under simple and ThroughputRates(jobs/min

n um b erexceedsn um b er can b used pro�tably b y the other t w o represen tativ e this reason, as w as space limitations, w e omit these results what follo

Figure 6 presen ts exp erimen tal results w e w e dra w conclusions

Section using runtime ements an atly those without ess to is supp b y comparing the results for EQUAL-EFF and ST-EQUAL-EFF sc

those for runtime ements ach the of olicies with ess ct a priori.

w orkloads, p erformance of equal e�ciency p olicies is 20% of o v erly optimistic primary olicy d loss of is the d with the al atio

In the cases where

EQUAL-EFF and fail approac h

ical) p erformance of OPT-EFF, further examination rev ealed that it w as b ecause

o v er asso with the searc h pro cedure, rather than b ecause the h w as

p o �nal allo cation c the p olicy to maximize without regard fairness, w onder if jobs p o or sp eedup c haracterstics are starv ed shothe job throughput rates jobs/min ute) for eac h job class under our w orkload w ere problem in practice, w e w ould exp ect to see sharp drops in throughputs when comparing an equal e�ciency p to an equipartition p this do es not happ is a re ection the equal e�ciency p olicies’ guaran tee that ev ery job b

giv en at least pro cesso

Conclusions goalin this pap er w asto determine if parallelpro cessorallo p oliciesb ebuilt run timemeasuremen ts ofapplication p suc h p could replace a priori sp eci�cation job c haracteristics, a troublesome and error prone n um b er of reasonsit w as ob vious run time measuremen ts w ould b e useful scw as clear ho obtain those measuremen ts; it w as uncertain if recen

measuremen w ould b go o d indicators of future b eha vior;

measures tak for an application allo cation of p pro cessors easily in terpreted considering c allo

to pro cessors; and use run time measures requires dynamic allo cation sc and

concomitan reallo cation o v er ha v e form ulated p for b in teractiv e batc h orien ted parallel en vironmen ts

mak of information b y run time measuremen t application c haracteris Givcon v enience these p olicies for the user the their resilience c hanges progra

b eha to phase c hanges a single run or c hanges datasets b et w runs,

go o p and evidence of our protot yp that practical implemen are p

w e b eliev e that the a ailabilit time measuremen ts an imp ortan t factor b considered

parallel pro cessor allo cation p olicy

D. Chen, D. Kuc k, Y. P L. P oin R. Rolo�, A. E. Clemen

S. Chin, D. Sc hneider, G.

oMessina,

D. alkHsiung, Sc harzmeier, K. Lue,

S. Seidl,

O. Go oPERFECT

Club

Benc E�ectiv

P aluation

Sup International of ompute r ations

3(3):5{4 0,

1989.

Brec h t K. Parallel

Program

Characteristics in

Pro Allo catio

Policies ecrep ort,

Departmen t Computer

Science, Univ ersitinM.Application

Characteristics and

for Run-to-Completion P arallel

Pro cesso r Sc heduling P olicies dings A e, pages

33{44, Ma y 1994. C.

Co op and

R. Dra v C ecRep ort

CMU-CS-88-154,

Departmen t of Carnegie-Mel Univ ersit

June

1988. DoP artitioning of Multipro ecrepUniv ersitEager and Run-Time

Supp Shared-Memory P

Computing. A ansact on Computer

Systems, 11(1):1{3 2, G.and B. Nitzb Characteristic of a Pro duction P arallel

Scien ti�c the

NASA Ames iPSC/860 Job duling at gies for al IPPS ’95 Workshop

pages

337{ 360 Springer,

Apr.

1995.

Ghosal, Serazzi, and ProSet and Use Sc heduling

pro cessors. IEEE

Computers,

38(3):4 08{ 423 ,

Marc h 1989. E.

Jeremiass and S. J. Sharing on Shared

Multipro cess ors eof 7th SIGPLAN osium

Principles and e

al lel es sing,

Sept.

Square

Researc

Inc., Lane,MA

02154 Principles

ation,

1994

Ma jumdar,

D. R.

Bun ScPA CM SIGMETRICS e, pages

104{11 Ma y 1988.

MaR.Bun

ScinMultiprogrammed P arallel dings A CM SIGMETRICS epages104{1 13, Ma y and T.Pro cess A�nit y Lo op Sc heduling

Shared-Memory

pro cessors. IEEE ansact on al lel

Systems, 5(4):379{ 400 ,

Apr.

1994

R.aswand

J. Dynamic

Pro cess Allo cation

Strategy

grammed,

Shared

Multipro cesso

Aon Computer

Systems,

11(2):146 {17 8, Ma McCormicammingWiley & Inc., D.

Nguy en, R. aswand

J. Sp eedupPro

Allo ecRep ort

Departmen Computer

Science

Univ ersit

Sept.

1995 D.

Nguy en, R. aswand

J. Sc heduling

Implications of Application

Characteristi ecrep Departmenof

Computer

Science and Univ ersitof[18]W. P and C. Sev MultiproSc ariabilit

Service duling at for al lel ess ing,

IPPS

Workshoppages

127{14 Apr.P olyc hronop and D. Kuc Self-ScPractical Sc heduling Sc heme P

Sup

Computers ,

C-36(12):1 425 {1 439 ,

Dec.

1987. M.

Squillan te, , and S. Pro cessSc on P aralleldings A

SIGMETRICS epages

158{17 Ma SevCharacterizaof P aralleli sm in and Their Use Sc A CM SIGMETRICS e, pages

171{18 Ma y 1989. SevSc and Pro cesso Allo catio n in Multiprogrammed P arallel

Pro Evaluation,

19(2-3), W.-D.eband

A. Stanford P arall el

Applications A ctur e News,

20(1):5{4 4,

1992 G. and W. E. Cosc heduling of P arallel Jobs on

Multipro cesso ate for al IPPS ’95 Workshoppages

126.

Springer,

Apr.

1995.

uc k andProCon trol and Sc heduling for Multiprogramme d

Multipro cesso e of the A CM osium on System

Principles,

159{16 6, Decem b

1989.