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Abstract

Workstation networks ar e an underutilize d yet valu-

able r esour c e for solving lar ge-sc ale p ar al lel pr oblems.

In this p ap er, we pr esent \id le-initiate d" te chniques

for e�ciently sche duling lar ge-sc ale p ar al lel c omputa-

tions on workstation networks. By \id le-initiate d," we

me an that id le c omputers actively se ar ch out work to

do r ather than wait for work to b e assigne d. The id le-

initiate d sche duler op er ates at b oth the macr o and the

micr o levels. On the macr o level, a c omputer with-

out work joins an ongoing p ar al lel c omputation as a

p articip ant. On the micr o level, a p articip ant with-

out work \ste als" work fr om some other p articip ant of

the same c omputation. We have implemente d these

sche duling te chniques in Phish , a p ortable system for

running dynamic p ar al lel applic ations on a network of

workstations.

1 Intro duction

Ev en with the ann ual exp onen tial impro v emen ts in

micropro cessor sp eed, a large b o dy of problems can-

not b e solv ed in a reasonable time on a single com-

puter. One metho d of reducing the time for solving

suc h problems is to dev elop algorithms to b e used on

parallel sup ercomputers. Muc h e�ort has b een ex-

p ended in impro ving the p erformance of parallel su-

p ercomputers. Another resource for p erforming large-

scale parallel computations is net w orks of w orksta-

tions. W orkstation net w orks are increasingly prev a-
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len t, and since m uc h of a t ypical w orkstation's com-

puting capacit y go es un used [20 ], a w orkstation net-

w ork presen ts a large source of compute p o w er on

whic h to run large-scale parallel applications. F ur-

thermore, a t ypical w orkstation is far less exp ensiv e

than a compute no de of most massiv ely parallel su-

p ercomputers [19 ]. Because of these c haracteristics,

net w orks of w orkstations are w orth y of study as a w a y

of p erforming large-scale parallel computations.

When compared to a massiv ely parallel sup ercom-

puter, suc h as the CM-5 from Thinking Mac hines, a

net w ork of w orkstations su�ers an ob vious w eakness:

net w ork p erformance. In particular, the soft w are o v er-

head incurred when sending a message on a t ypical

w orkstation is often at least t w o orders of magnitude

greater than the corresp onding o v erhead on a paral-

lel sup ercomputer. Also, the bisection bandwidth of a

t ypical w orkstation net w ork is again often at least t w o

orders of magnitude less than the bisection bandwidth

of a parallel sup ercomputer's in terconnect. Despite

these limitatio ns, w e demonstrate later that for some

applications a go o d sc heduler running on a net w ork of

w orkstations can reduce the in terpro cessor comm uni-

cations to the p oin t where the mo dest comm unication

p erformance do es not degrade the o v erall application

p erformance. F urthermore, and more imp ortan tly ,

impro ving w orkstation net w orks with lo w-latency and

high-bandwidth in terconnects (suc h as A TM) is a v ery

activ e �eld of researc h [3 , 15 , 17], whic h is closing the

gap b et w een w orkstation net w orks and sup ercomputer

in terconnects.

P arallel computing on a net w ork of w orkstations

presen ts a v ast arra y of sc heduling c hoices. Sp eci�-

cally , when giv en a set of parallel jobs to execute, a

sc heduler m ust answ er sev eral questions for eac h pro-

cessor:

� Should the pro cessor w ork on a parallel job at all?

� When should the pro cessor w ork on parallel jobs?

� Whic h parallel job should the pro cessor w ork on?



Man y sup ercomputers answ er these questions with a

v ery limited set of p ossibilities. F or example, the CM-

5 divides its pro cessors in to a small n um b er of �xed-

size partitions. Eac h partition is run either in ded-

icated mo de, where the pro cessors complete one job

after another, or in time-sharing mo de, where the pro-

cessors are gang-sc heduled to the jobs in round-robin

fashion. Th us, all the pro cessors w ork on parallel jobs

all the time, and all the pro cessors in a giv en partition

w ork on the same parallel job. F or example, if 4 jobs

wish to run in a 32-no de time-shared partition, then

eac h job runs on all 32 pro cessors for some quan tum

of time un til the job is preempted b y the round-robin

sc heduler.

Clearly , this tec hnique of allo cating the 32 pro ces-

sors to the 4 jobs ma y not b e the most e�cien t c hoice.

First, empirical evidence (though in a somewhat di�er-

en t con text) [26 ] indicates that b etter throughput ma y

b e ac hiev ed b y space-sharing rather than time-sharing

| in other w ords, assign eac h of the 4 jobs to 8 of the

pro cessors. In this manner, eac h job gets a dedicated

set of pro cessors, and all con text-switc hing o v erheads

are a v oided. Also, with space-sharing comes another

p ossibilit y . Supp ose the a v ailable parallelism in one of

the jobs decreases. In this case, assigning some pro-

cessors to another job with excess a v ailable parallelism

is b etter than letting the pro cessors sit idly .

T o address these sc heduling issues, w e ha v e de-

v elop ed and implemen ted some new sc heduling tec h-

niques in a protot yp e system. W e refer to our sc hedul-

ing tec hniques as id le-initiate d b ecause idle comput-

ers activ ely searc h out w ork to do rather than w ait

for w ork to b e assigned. The idle-initiated sc heduler

w orks on b oth the macro and the micro lev els.

The macro-lev el sc heduler is resp onsible for assign-

ing pro cessors to parallel jobs and op erates with the

follo wing goals:

1. Space-share rather than time-share.

2. Accommo date dynamically c hanging amoun ts of

parallelism among jobs.

3. Allo w o wners to retain so v ereign t y o v er their ma-

c hines.

These goals and the resulting macro-lev el, idle-

initiated sc heduler are all discussed in Section 2.

The micro-lev el sc heduler is resp onsible for assign-

ing the tasks that comprise a parallel job to the partic-

ipating pro cessors of that job. The micro-lev el sc hed-

uler op erates with the follo wing goals:

1. Preserv e comm unications and memory lo calit y .

2. Accommo date dynamic parallelism.

These goals and the resulting micro-lev el, idle-

initiated sc heduler are all discussed in Section 2 after

the macro-lev el sc heduler.

The idle-initiated sc heduler is implemen ted in the

Phish protot yp e system. Phish pro vides a simple pro-

grammi ng mo del and an execution v ehicle for parallel

applications with unstructured and/or dynamic par-

allelism | the t yp e of applications that are di�cult

to implemen t in the data-parallel or message-passing

st yles. The Phish run time system allo ws applications

to utilize a dynamically c hanging set of w orkstations.

In particular, w orkstations, when left idle, ma y join

an ongoing computation and then lea v e the compu-

tation when reclaimed b y their o wners. Also, w ork-

stations ma y join and lea v e an ongoing computation

in resp onse to the a v ailabili t y of parallelism within

the computation. The Phish implemen tation op erates

with the follo wing goals:

1. Execute large-scale parallel applications on large

n um b ers of pro cessors.

2. Utilize compute resources that w ould otherwise

go idle.

3. Pro vide fault tolerance so that applications can

run for long p erio ds of time.

4. Do not in terfere with the normal da y-to-da y use

and managemen t of the w orkstation net w ork.

5. Ac hiev e linear parallel sp eedup with only mo dest

degradations in e�ciency .

These goals and our �rst protot yp e implemen tation

are all discussed in Section 3.

This protot yp e is curren tly op erational at the MIT

Lab oratory for Computer Science, and w e ha v e run

a couple of large-scale applications: a protein-folding

application and a ra y tracer. In Section 4 w e re-

p ort preliminary p erformance data from these and

t w o other \to y" applications. These data demon-

strate the high degree of e�ciency deliv ered b y the

micro-lev el sc heduler's abilit y to preserv e comm unica-

tion and memory lo calit y . F or example, in an execu-

tion of the protein-folding application with 8 w orksta-

tions, despite the o v er 10 million tasks executed, only

133 w ere ev er migrated from one w orkstation to an-

other, and y et the execution ac hiev ed almost p erfect

8-fold sp eedup.

The remainder of this pap er is organized as follo ws.

Section 2 discusses the idle-initiated sc heduler at b oth

the macro and micro lev els, and Section 3 discusses



the implemen tation of this sc heduler in Phish. Pre-

liminary application p erformance is presen ted in Sec-

tion 4. This pap er closes with a discussion of related

w ork in Section 5 and conclusions in Section 6.

2 Idle-init iat ed scheduling

W e ha v e dev elop ed idle-initiated sc heduling tec h-

niques in order to e�ectiv ely sc hedule large-scale, dy-

namic parallel computations on a net w ork of w orksta-

tions. Idle-initiated sc heduling op erates on b oth the

macro lev el and the micro lev el.

Macro-level scheduling

The role of the macro-lev el (or in ter-application)

sc heduler is to determine whic h w orkstations are idle

and to assign these idle w orkstations to parallel jobs.

Eac h w orkstation o wner can set his or her o wn p ol-

icy on \idleness" v ersus \busyness." F or example,

some o wners ma y decide that their mac hines are idle

| that is, a v ailable to b e used for parallel jobs | only

when nob o dy is logged in. Other o wners ma y mak e

their mac hines a v ailable so long as the CPU load is

b elo w some threshold. W e b eliev e that main taini ng

the o wner's so v ereign t y is essen tial if w e w an t o wners

to allo w their mac hines to b e used for parallel compu-

tation.

When a w orkstation b ecomes idle, it requests a job

from a p o ol of parallel jobs managed b y the macro-

lev el sc heduler. If parallel jobs are a v ailable, the sc hed-

uler assigns a job to the w orkstation. Note that when

it assigns a job to a w orkstation, the sc heduler k eeps

that job in its p o ol so that the job can also b e as-

signed to other idle w orkstations. If no parallel job

is a v ailable, the w orkstation con tin ues requesting jobs

un til either a job b ecomes a v ailable or the w orkstation

b ecomes busy . Once a w orkstation receiv es a job, it

runs a participating pro cess under the con trol of the

micro-lev el sc heduler describ ed b elo w un til the pro cess

dies.

The participating pro cess can die for sev eral rea-

sons. In the simplest case, the job ma y terminate.

Second, the o wner's idleness p olicy ma y determine

that the w orkstation is no longer a v ailable for parallel

computation. In this case, the pro cess's data migrates

b efore termination to another pro cess of the same par-

allel job. Third, the amoun t of parallelism in the job

ma y decrease to the p oin t where a participan t is un-

able to k eep busy . As the parallelism in an application

shrinks, some of its participating pro cesses die, and

the macro-lev el sc heduler accommo dates this time-

v arying parallelism b y reassigning the freed w orksta-

tions to other jobs. Finally , the macro-lev el sc heduler

ma y preempt the pro cess due to sc heduling priorit y .

This preemption is the only case in whic h the macro-

lev el sc heduler p erforms time-sharing. Whenev er p os-

sible, ho w ev er, the macro-lev el sc heduler shares com-

pute resources among parallel jobs b y space-sharing.

The preference for space-sharing o v er time-sharing

is supp orted b oth b y in tuition and to some exten t b y

empirical data. In the con text of shared-memory m ul-

tipro cessors, T uc k er and Gupta [26 ] found that utiliza-

tion and throughput are impro v ed b y space-sharing in-

stead of time-sharing. They cite con text-switc h o v er-

head as a signi�can t factor. In the realm of message-

passing parallel computing, Brew er and Kuszmaul [5 ]

found another reason to a v oid time-sharing. They

found that ac hieving p erformance in message passing

is critically tied to the rate at whic h messages can b e

receiv ed. When a pro cess is sw app ed-out, it cannot

receiv e messages | messages �ll up a v ailable bu�ers

and p oten tially clog the net w ork.

Micro-level scheduling

On the micro lev el, eac h parallel job consists of a p o ol

of discrete tasks. T asks are dynamically created b e-

cause the execution of a task can spa wn new tasks.

F urthermore, tasks can ha v e sync hronization require-

men ts in that some tasks ma y need to w ait for other

tasks to b e executed. The role of the micro-lev el (or

in tra-application) sc heduler, then, is to assign tasks to

participating pro cesses.

Eac h participating pro cess main tains its o wn list of

r e ady tasks whose sync hronization requiremen ts ha v e

b een met. F or example, Figure 1(a) sho ws the state

of a participating pro cess's list of ready tasks. While

the queue is not empt y , the pro cess w orks on ready

tasks in a LIF O order. It w orks on tasks at the head

of the list and inserts an y newly spa wned ready tasks

at the head of the list. In Figure 1(b), the pro cess has

executed task D, whic h spa wned tasks E, F, and G.

A t some p oin t, the participating pro cess �nishes ex-

ecuting all of its ready tasks. Of course, there ma y

still b e ready tasks that need to b e executed in the

lists of other participan ts. In order to get one of those

ready tasks to w ork on, the participan t without ready

tasks b ecomes a thief . The thief c ho oses uniformly

at random a victim participan t, from whic h to steal a

ready task. If the victim's list of ready tasks is not

empt y , it giv es the thief the task at the tail of the

list. Th us, stealing tasks is done in a FIF O manner.

In Figure 1(c), the participan t pro cess has b ecome a

victim. A thief has stolen task A, whic h w as at the

tail. If, on the other hand, the victim's queue of ready
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Figure 1 : The lo cal ready task list of a participan t.

(a) The queue con tains four tasks: A, B, C, and D.

(b) After executing task D whic h spa wns three c hild

tasks: E, F, and G. (c) After some other participan t

steals task A.

tasks is empt y , the thief c ho oses another victim from

whic h to steal a task. If no task can b e found ev en af-

ter man y attempted steals, the amoun t of parallelism

in the job m ust ha v e decreased. In resp onse to this

decrease in parallelism, the thief pro cess terminates,

and the terminated pro cess's w orkstation go es bac k

under the con trol of the macro-lev el sc heduler to b e

assigned another job.

With CPU sp eeds increasing faster than net w ork

and memory sp eeds, the o v erhead incurred b y net-

w ork comm uni cation, cac he misses, and page faults

b ecomes ev er more signi�can t to application p erfor-

mance. Th us, preserving comm uni cation and memory

lo calit y is essen tial to p erformance. Our micro-lev el

sc heduler preserv es comm unication and memory lo-

calit y b y w orking on tasks in LIF O order and stealing

tasks in FIF O order.

This claim is supp orted b y in tuition, analytic re-

sults, and empirical data. In tuitiv ely , executing tasks

in LIF O order preserv es memory lo calit y b y k eeping

the pro cess's w orking set small, b ecause whenev er a

task is executed, the next task to b e executed is of-

ten closely related to the �rst task. Stealing in FIF O

order has an in tuitiv e pa y o� in preserving comm unica-

tion lo calit y , b ecause for computations with a tree-lik e

structure, the task at the tail of the ready list is often

a task near the base of the tree, and therefore, a task

that will spa wn man y descenden t tasks. Analytic re-

sults of Blumofe and Leiserson [2] sho w that for a large

class of dynamic computations, the randomized w ork

stealing strategy com bined with LIF O execution order

and FIF O steal order ac hiev es linear sp eedup (with

high probabilit y) as w ell as tigh tly b ounded comm u-

nication and memory requiremen ts. In Section 4, w e

presen t empirical evidence that our micro-lev el sc hed-

uler preserv es b oth comm unication and memory lo cal-

it y .

3 Phish

Phish is a p ortable pac k age for running dynamic par-

allel applications on a net w ork of w orkstations. In

this section, w e presen t an o v erview of the Phish sys-

tem. Because of space constrain ts, w e are unable to

presen t a detailed description of the en tire Phish sys-

tem. Rather, w e fo cus on ho w Phish implemen ts the

idle-initiated sc heduler.

A t the macro-lev el sc heduling, Phish consists of the

PhishJobQ and the PhishJobManager as sho wn in Fig-

ure 2. The PhishJobQ, an RPC serv er, resides on one

computer and manages the p o ol of parallel jobs. When

a Phish application b egins execution, it is submitted

to the PhishJobQ. When an idle w orkstation requests

a job, the PhishJobQ assigns one of its parallel jobs

to the idle w orkstation. Our curren t implemen tation

of the PhishJobQ uses a non-preemptiv e round-robin

sc heduling algorithm to assign jobs.

The PhishJobManager, a bac kground daemon, re-

sides on ev ery w orkstation that is part of the Phish

net w ork and tries to obtain a job from the PhishJobQ

when the w orkstation b ecomes idle. Our curren t im-

plemen tation of the PhishJobManager uses a v ery con-

serv ativ e p olicy | a w orkstation is deemed idle only

when no users are logged in. While users are logged

in, the PhishJobManager c hec ks ev ery �v e min utes to

see if they ha v e logged out. As so on as the PhishJob-

Manager disco v ers that its w orkstation is idle, it re-

quests a job from the PhishJobQ. If the PhishJobQ

resp onds negativ ely b ecause the parallel job p o ol is

empt y , then the PhishJobManager con tin ues to re-

quest a job ev ery thirt y seconds un til it gets a job

from the PhishJobQ. If the PhishJobQ resp onds p osi-

tiv ely b y assigning a job, the PhishJobManager starts

a worker pro cess to participate in the job and w aits

for the w ork er to terminate. In the mean time, the

PhishJobManager c hec ks ev ery t w o seconds to see if

an y one has logged in. If the PhishJobManager disco v-

ers that the w orkstation is no longer idle, it terminates

the w ork er pro cess. F uture implemen tations of Phish

will pro vide opp ortunities for using and studying more

sophisticated job assignmen t algorithms and di�eren t

idleness p olicies.

A t the micro-lev el sc heduling, an executing Phish
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Figure 2 : P arallel jobs are submitted to the

PhishJobQ. Eac h w orkstation in the net w ork runs the

PhishJobManager, and when the PhishJobManager

determines that its w orkstation is a v ailable to run a

parallel job, it gets a job from the PhishJobQ. In this

example, the PhishJobQ has 3 jobs, and eac h w ork-

station with no user logged in (those not shaded) is

participating in one of the jobs.

job consists of a Cle aringhouse and one or more w ork-

ers as illustrated in Figure 3. The Clearinghouse is

a sp ecial program (indep enden t of the particular ap-

plication) that is resp onsible for k eeping trac k of all

w ork er pro cesses participating in the job and pro vid-

ing v arious services to the w ork ers. A w ork er is a par-

ticipating pro cess, whic h is an instance of the actual

application program. When a w ork er starts, it regis-

ters with the Clearinghouse, and when a w ork er quits,

it unregisters. W ork ers can �nd out ab out the other

w ork ers participating in the job b y obtaining p erio dic

up dates from the Clearinghouse. W ork ers can p er-

form I/O through the Clearinghouse, so a user need

only w atc h the Clearinghouse to see job output. When

a parallel job is started, a Clearinghouse m ust also b e

started. Often, a w ork er pro cess is also started on the

same w orkstation as the Clearinghouse.

The PhishJobQ and Clearinghouse represen t p oten-

tial b ottlenec ks to the scalabilit y of the Phish sys-

tem, but these concerns are largely mitigated b y the

coarse gran ularit y of the services they pro vide. The

PhishJobManager on a giv en w orkstation comm uni-

cates with the PhishJobQ at most once ev ery 30 sec-

Clearing-
house

Worker Worker WorkerWorker

Figure 3 : The Clearinghouse pro vides services to all

the w ork ers participating in a parallel job.

onds. Lik ewise, a w ork er pro cess comm unicates with

the Clearinghouse once to register, once to unregister,

and once ev ery 2 min utes to obtain an up date. The

only other comm uni cation b et w een the Clearinghouse

and its w ork ers is for I/O whic h is bu�ered as m uc h

as p ossible. Although w e ha v e not empirically tested

the system's scalabilit y , w e conjecture that Phish can

b e scaled to o v er a thousand w orkstations.

Phish applications are co ded using a simple exten-

sion to the C programming language and a simple pre-

pro cessor that outputs nativ e C em b ellished with calls

to the Phish sc heduling library . W e supp ort this pro-

grammi ng mo del on b oth the CM-5 with the Strata

[4 , 13 ] sc heduling library and on a net w ork of w ork-

stations with Phish. More details of this programmi ng

mo del can b e found in [13 ].

Once a program has b een compiled and b ound with

the Phish library , a user can set o� a 
urry of parallel

computation on w orkstations throughout the net w ork

b y simply in v oking the program on his or her w ork-

station. F or example, simply t yping \ ray my-scene "

will run our parallel ra y tracer on the data giv en in

the �le my-scene . By default, this simple command

starts up the Clearinghouse and the �rst w ork er on

the lo cal w orkstation, so the computation b egins righ t

a w a y . Also b y default, it automatically submits the

job to the PhishJobQ. Th us, as other w orkstations

b ecome idle, they automatically b egin w orking on the

ra y-tracing job.

W e conclude this section with a couple of commen ts

ab out the Phish implemen tation. Since the round-trip

latency of the net w ork is v ery high, almost all comm u-

nications are done with split-phase op erations; that is,

the run time system almost alw a ys w orks while w ait-

ing for a reply message. In order to ac hiev e split-phase

comm unicatio ns, all comm unications are implemen ted

on top of UDP/IP messages. Finally , Phish is fault tol-

eran t. Enough redundan t state is main tained so that

lost w ork can b e redone in the ev en t of a mac hine

crash.



4 Application p erfo rmance

Curren tly , w e ha v e 2 to y applications and 2 real ap-

plications with more on the w a y . The to y applica-

tions are fib and nqueens . The fib application is

a naiv e, doubly-recursiv e program that computes Fi-

b onacci n um b ers. The nqueens application coun ts b y

bac ktrac k searc h the n um b er of w a ys of arranging n

queens on an n � n c hess b oard suc h that no queen

can capture an y other. The real applications are pro-

tein folding and ra y tracing. The protein-folding ap-

plication �nds all p ossible foldings of a p olymer in to

a lattice and computes a histogram of the energy v al-

ues. This application w as dev elop ed b y Chris Jo erg

of the MIT Lab oratory for Computer Science and Vi-

ja y P ande of the MIT Cen ter for Material Sciences

and Engineering. The ra y-tracing application renders

images b y tracing ligh t ra ys around a mathematical

mo del of a scene. More details of b oth the ra y tracer

and the protein folder can b e found in [13 ].

W e b egin with data measuring the serial slowdown

incurred b y parallel sc heduling o v erhead. The serial

slo wdo wn of an application is measured as the ratio of

the single-pro cessor execution time of the parallel co de

to the execution time of the b est serial implem en tation

of the same algorithm. F or example, if the serial slo w-

do wn is 3.0 and the b est serial implemen tation runs in

10 seconds, then our parallel implemen tatio n runs in

30 seconds on one pro cessor. Another w a y of lo oking

at this n um b er is to sa y that the parallel implemen-

tation needs 3 pro cessors | assuming linear sp eedup

| in order to break ev en. Serial slo wdo wn arises due

to the extra o v erhead that the parallel implem en tation

incurs b y pac k aging tasks so they can b e run in parallel

(as opp osed to simple pro cedure calls in the serial im-

plemen tation), sc heduling the execution of these tasks,

and p olling the net w ork for messages.

Serial slo wdo wn data for 3 applications are giv en in

T able 1. In general, w e see that the serial slo wdo wn

incurred b y Phish on our net w ork of w orkstations is

sligh tly greater than that su�ered b y Strata on the

CM-5. Phish m ust w ork harder in its sc heduling b e-

cause it op erates with a dynamic pro cessor set while

Strata op erates with a static pro cessor set.

F or the individual applications, on one end of the

sp ectrum, w e see rather large serial slo wdo wn for fib ,

and on the other end, w e see almost no serial slo wdo wn

for ray . The fib application incurs serial slo wdo wn

b ecause of its tin y grain size; it do es almost nothing

but spa wn parallel tasks, whic h are simple pro cedure

calls in the serial implemen tation. The fairly coarse

grain size of the ray application incurs v ery little serial

slo wdo wn.

fib nqueens ray

CM-5 4.44 1.09 1.00

SparcStation 10 5.90 1.12 1.04

T able 1 : Serial slo wdo wn measured for three applica-

tions on the CM-5 using the Strata sc heduling library

and on a SparcStation 10 using Phish.

Of course, if our applications are going to su�er

an y serial slo wdo wn, there ough t to b e some paral-

lel sp eedup forthcoming. Figure 4 sho ws the a v er-

age execution time and Figure 5 sho ws the parallel

sp eedup ac hiev ed b y the protein-folding ( pfold ) ap-

plication running on a net w ork of SparcStation 1's us-

ing Phish. In general, measuring sp eedup with Phish

is complicated b y the fact that the computers partic-

ipating in a computation do not start up at the same

time. Therefore, ev en if they sta y with the compu-

tation un til the end and terminate at (v ery nearly)

the same time, eac h participating computer runs for

a di�eren t amoun t of time. Also, the participating

computers ma y di�er in computing p o w er. T o cir-

cum v en t this heterogeneit y , w e did our measuremen ts

using only SparcStation 1's. T o deal with participan ts

running for di�eren t amoun ts of time, w e attempted

to start eac h participating computer at as close to the

same time as p ossible. (Actually , starting all the par-

ticipan ts at exactly the same time is imp ossible since

eac h participan t m ust b egin b y registering with the

Clearinghouse) W e then measured the sp eedup with

P participan ts as the ratio of the execution time of the

parallel implemen tati on running with one participan t

to the a v erage execution time of the P participan ts.

Sp eci�cally , let T

1

denote the execution time of the

parallel implemen tation running with one participan t,

and let T

P

( i ) for i = 1 ; 2 ; : : : ; P denote the execution

time of the i th participan t in a parallel execution with

P participan ts. Then the P -pro cessor sp eedup S

P

is

giv en b y

S

P

= P

T

1

P

P

i =1

T

P

( i )

:

(T o simplify presen tation, this de�nition of sp eedup

is sligh tly generous. When w e p erform an execu-

tion with P participan ts, rather than consider it as

a P -pro cessor execution, w e should consider it a � -

pro cessor execution with � de�ned as the time a v erage

of the n um b er of pro cessors participating in the exe-

cution. In practice, this mo di�ed de�nition do es not

c hange our results b y v ery m uc h since w e w ere able

to start all the participan ts at reasonably close to the
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Figure 4 : Av erage execution time of the Phish pfold

application running on a net w ork of SparcStation 1's

v ersus the n um b er of participan ts. The a v erage exe-

cution time of a P -participan t execution is giv en b y

(

P

P

i =1

T

P

( i )) =P where T

P

( i ) is the w all-clo c k execu-

tion time of the i th participan t. When doing this ex-

p erimen t, w e used idle w orkstations, so the w all-clo c k

time is virtually the same as the sum of the user and

system times giv en b y the \rusage" system call.

same time.)

The graph of Figure 5 sho ws that w e are getting

close to p erfectly linear sp eedup for the pfold applica-

tion, ev en with 32 participan ts. With 32 participan ts,

the execution time is getting short enough that some

of the �xed o v erheads, esp ecially registering with the

Clearinghouse, are b ecoming signi�can t. In fact, all

4 of our applications demonstrate similar sp eedups,

but for lac k of space w e only presen t the pfold data.

W e realize that ac hieving linear sp eedup is often easy

| just mak e the problem size large enough. There-

fore, the serial slo wdo wn data are far more signi�can t

in assessing Phish's p erformance. In particular, the

fact that an application with a tin y grain size suc h

as fib su�ers less than a factor of 6 loss in e�ciency

(and ac hiev es linear sp eedup), sho ws that the idle-

initiated sc heduler can e�ectiv ely execute �ne-grain

parallel applications. This e�ciency in the face of

highly limited net w ork p erformance comes from the

idle-initiated sc heduler's abilit y to preserv e lo calit y ,

as w e no w sho w.

T able 2 presen ts some data that indicate the ex-

ten t to whic h our idle-initiated sc heduler is able to

preserv e lo calit y . These data presen t sev eral message

and sc heduling statistics for a 4-participan t and an

8-participan t execution of the pfold application.

When comparing the n um b er of tasks executed to

the maxim um tasks in use, whic h e�ectiv ely measures

the size of the largest w orking set of an y participan t,

w e see that ev en though more than 10 milli on tasks are
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Figure 5 : Sp eedup of the Phish pfold application

running on a net w ork of SparcStation 1's v ersus the

n um b er of participan ts. The P -participan t sp eedup

is computed as S

P

= P T

1

=

P

P

i =1

T

P

( i ), where T

P

( i )

is the w all-clo c k execution time of the i th participan t

and T

1

is the w all-clo c k execution time of the parallel

program with one participan t. The dashed line repre-

sen ts p erfect linear sp eedup.

4 participan ts 8 participan ts

T asks executed 10,390,216 10,390,216

Max tasks in use 59 59

T asks stolen 70 133

Sync hronizations 10,390,214 10,390,214

Non-lo cal sync hs 55 122

Messages sen t 1,598 1,998

Execution time 182 sec. 94 sec.

T able 2 : A v ariet y of Phish message and sc heduling

statistics tak en from a 4- and an 8-participan t execu-

tion of the pfold application.

executed, no participan t ev er has more than 59 tasks

in use. Th us, our LIF O sc heduler k eeps the w orking

set small, whic h is vital to ac hieving go o d p erformance

b ecause of the hierarc hical memory organization of

mo dern RISC w orkstations. F urthermore, increasing

the n um b er of participan ts do es not increase the size

of the w orking set. This prop ert y pro v ably holds [2 ]

for an algorithm that is only sligh tly di�eren t from the

one w e use.

The remaining data in T able 2 sho w the exten t to

whic h the idle-initiated sc heduler is able to a v oid ex-

p ensiv e net w ork comm unicatio n. V ery few tasks need

to b e stolen. Also, an o v erwhelming ma jorit y of syn-

c hronizations are lo cal and therefore do not require

an y net w ork comm unicatio n. Ultimately , v ery few

messages are sen t.



5 Related w o rk

Muc h recen t w ork in op erating systems has gone to

impro ving the utilization of w orkstation net w orks. T o

v arying degrees, distributed op erating systems suc h as

V [9 ], Sprite [21 ], and Amo eba [25 ] view the w orksta-

tion net w ork as a p o ol of pro cessors on whic h pro cesses

are transparen tly placed and migrated. This trans-

paren t pro cess placemen t impro v es throughput and

utilization b y more ev enly spreading the load across

pro cessors. Unlik e Phish, whic h fo cuses on dynamic

parallel applications, these systems are concerned pri-

marily with static distributed applications.

Among systems that do directly address parallel

computing on w orkstation net w orks, some fo cus pri-

marily on message-passing. Of particular note in this

category is PVM [22 ]. PVM pro vides a collection of

message passing and co ordination primitiv es that an

application can use to orc hestrate the op eration of its

v arious parallel comp onen ts. PVM do es not, ho w ev er,

pro vide m uc h supp ort for sc heduling b ey ond a basic,

static sc heduler. In con trast, Phish pro vides a rela-

tiv ely high-lev el programmi ng mo del that reliev es the

programmer of the need to sc hedule at the message-

passing lev el.

The P arform [6 ] is a message-passing system with

an emphasis on dynamic load balancing. The P arform

emplo ys load sensors to determine dynamically the rel-

ativ e load of the v arious mac hines that mak e up the

P arform. This information is then used to divide and

distribute the v arious parallel tasks. In con trast, the

idle-initiated sc heduler do es not mo v e a task unless an

idle mac hine requests w ork.

The EcliPSe system [23 ] and the DIB system [11 ]

emplo y w orkstation net w orks to run parallel appli-

cations from sp eci�c domains. EcliPSe p erforms

sto c hastic sim ulation, and DIB p erforms bac ktrac k

searc h. DIB is of particular relev ance to us, since bac k-

trac k searc h exhibits dynamic parallelism. In fact,

DIB's sc heduler inspired our idle-initiated sc heduler.

This t yp e of sc heduling tec hnique actually go es bac k

b efore DIB to MultiLisp [14 ] and has b ecome kno wn

as work ste aling [2].

Other systems address parallel computing on a net-

w ork of w orkstations b y main taining shared global

state. In the Ivy system [18 ], the global state is a

paged virtual address space. P ages migrate b et w een

pro cessors on demand while a proto col ensures the

consistency of m ultiple copies of a page. As an al-

ternate approac h, the shared global state in systems

suc h as Emerald [16 ], Am b er [8 ], Amo eba/Orca [24 ]

and Net w ork Ob jects [1 ] is a collection of abstract data

t yp es or ob jects. Ob jects can b e placed on and mi-

grated b et w een the net w ork no des. Op erations can

b e in v ok ed on an ob ject no matter where the ob ject is

lo cated, and proto cols ensure the consistency of dupli-

cate ob jects. These systems supp ort v arying degrees

of concurrency and fault tolerance.

These systems with global-state are largely orthog-

onal to ours, b ecause they fo cus on the e�cien t imple-

men tation of shared global state while mostly ignor-

ing sc heduling issues. W e ha v e tak en the rev erse tact

b y concen trating on sc heduling issues without imple-

men ting an y kind of shared global state. As a con-

sequence, the curren t Phish implemen tatio n is some-

what limited in the t yp es of applications that can b e

run. On the other hand, there are imp ortan t applica-

tions that don't need a shared global state for whic h

Phish deliv ers tremendous p erformance. In the future,

w e plan to add shared global state to Phish.

Linda [7 ] com bines shared global state and sc hedul-

ing issues in to one simple paradigm: gener ative c om-

munic ation . The basic idea is that ob jects called \tu-

ples" can b e placed in, remo v ed from, or simply read

from a common \tuple-space." This simple notion

turns out to b e surprisingly expressiv e. Although no

particular sc heduling is actually built in to Linda, our

sc heduling tec hniques | or an y sc heduling tec hnique

for that matter | could b e implemen ted with Linda.

In fact, Piranha [12 ] is a system built on top of

Linda with design goals v ery similar to those of Phish.

(The fact that these systems share a piscene name is

purely coinciden tal.) Lik e Phish, Piranha allo ws a par-

allel application to run on a set of w orkstations that

ma y gro w and shrink during the course of its execu-

tion. In particular, as w orkstations b ecome idle, they

ma y join an ongoing computation, and when reclaimed

b y their o wners, w orkstations ma y lea v e a computa-

tion. Piranha's creators call this capabilit y \adaptiv e

parallelism." This capabilit y is also presen t in the

Benev olen t Bandit Lab oratory [10 ], a PC-based sys-

tem. Phish also p ossesses this capabilit y , and Phish's

macro-lev el sc heduler is v ery similar to these other sys-

tems. Phish's micro-lev el sc heduler, ho w ev er, is v ery

di�eren t and w orks with the macro-lev el to giv e Phish

the added capabilit y of adapting parallelism to in ter-

nal, as w ell as external, forces. In particular, Phish

allo ws w orkstations to join and lea v e a computation

in resp onse to gro wing and shrinking lev els of paral-

lelism within the computation.

6 F uture w o rk and conclusions

With Phish and the Strata sc heduling library b oth

supp orting the same programmi ng mo del, w e natu-



rally plan to run applications using b oth the w orksta-

tion net w ork and the CM-5 together. Also, w e plan to

giv e Phish capabilities to run applications o v er wide-

area net w orks with heterogeneous net w ork resources.

Using the CM-5 together with a net w ork of w orksta-

tions actually �ts in to our plans for supp orting het-

erogeneous net w orks b ecause the CM-5 is essen tially

a net w ork of w orkstations.

W e are already w orking on some extension of our

theoretical w ork-stealing results to incorp orate net-

w ork heterogeneit y . The fo cus of this researc h is ac-

commo dating heterogeneous net w ork capabilit y as op-

p osed to heterogeneous computer capabilit y . Almost

all micropro cessors man ufactured to da y are within

a single order of magnitude of eac h other in terms

of p erformance. In terconnection net w orks, on the

other hand, ha v e v astly di�ering capabilities. Our

new sc heduling tec hniques attempt to preserv e lo cal-

it y with resp ect to those net w ork cuts that ha v e the

least bandwidth.

Besides the future w ork just men tioned, w e ha v e

sev eral other planned extensions. These include new

applications, supp ort for c hec kp oin ting, a graphical in-

terface, implemen tatio n of other macro-lev el sc hedul-

ing p olicies, and supp ort for globally shared data

structures.

W e conclude with the follo wing p oin ts ab out Phish.

� Phish's macro-lev el sc heduler allo ws w orkstations

to join and lea v e an ongoing computation in re-

sp onse to the a v ailabilit y of idle cycles.

� Phish's macro-lev el sc heduler co op erates with its

micro-lev el sc heduler to allo w w orkstations to join

and lea v e an ongoing computation in resp onse to

the a v ailabilit y of parallelism within the compu-

tation.

� Phish's micro-lev el sc heduler deliv ers high p erfor-

mance to dynamic parallel applications b y pre-

serving memory and comm unication lo calit y .

� Phish is highly fault-toleran t and therefore able

to run large-scale applications for long p erio ds of

time with almost no administrativ e e�ort.
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