[7] T.J. LeBlanc. \Shared Memory V ersus Message Passing in a Tightly-Coupled Multipro cessor: A

Case Study". In Pr o c e e dings of the 1986 International Confer enc e on Par al lel Pr o c essing, pages

463{466, August 1986.

[8] Kai Li and Paul Hudak. \Memory Coherence in Shared Virtual Memory Systems". ACM T r ans-

actions on Computer Systems, 7(4):321{359, Novemb er 1989.

[9] C. Lin and L. Snyder. \A Comparison of Programming Mo dels for Shared Memory Multipro ces-

sors". In Pr o c e e dings of the 1990 International Confer enc e on Par al lel Pr o c essing, pages 163{170,

August 1990.

[10] J. M. Mellor-Crummey and M. L. Scott. \Algorithms for Scalable Synchronization on Shared-

Memory Multipro cessors". ACM T r ansactions on Computer Systems, 9(1):21{65, 1991.

[11] T. Ngo and L. Snyder. \On the In uence of Programming Mo dels on Shared Memory Computer

Performance". In Sc alable High Performanc e Computing Confer enc e (SHPCC ’92), Williamsburg,

V A, April 1992.

[12] R.H. Thomas and W. Crowther. \The Uniform System: An Approach to Runtime Supp ort for Large

Scale Shared Memory Parallel Pro cessors". In Pr o c e e dings of the 1988 International Confer enc e

on Par al lel Pr o c essing, pages 245{254, August 1988.

[13] A. T ucker and A. Gupta. \Pro cess Control and Scheduling Issues for Multiprogrammed Shared-

Memory Multipro cessors". In Pr o c e e dings of the 12th Symp osium on Op er ating Systems Principles,

pages 159{166, Decemb er 1989.

[14] X. Zhang and P

. Sriniv asan. \Distributed T ask Pro cessing Performance on a NUMA Shared Mem-

ory Multipro cessor". In Pr o c e e dings of the 2nd IEEE Symp osium on Par al lel and Distribut e d

Pr o c essing, pages 786{789, Dec 1990.

20 scheduling the threads of a shared-memory program using the same principles of lo cality employed

in the message-passing mo del, it is p ossible to b oth exploit lo calit y and balance the load. Programs

based on this new mo del p erform well on a wide range of architectures, regardless of the degree

of load imbalance in the application.

References

[1] T. E. Anderson. \The Performance of Spin Lo ck Alternatives for Shared-Memory Multipro cessors".

IEEETPDS, 1(1):6{16, Jan 1990.

[2] T. E. Anderson, E. D. Lazowsk a, and H. M. Levy

. \The Performance Implications of Thread

Management Alternatives for Shared Memory Multipro cessors". IEEE T r ansactions on Computers,

38(12):1631{1644, Decemb er 1989.

[3] B.N. Bershad, E.D. Lazowsk a, H.M. Levy

, and D.B. W agner. \An Op en Environment for Building

Parallel Programming Systems". In Pr o c e e dings of the ACM/SIGPLAN PPEALS 1988 Symp osium

on Par al lel Pr o gr amming: Exp erienc e with Applic ations, L anguages, and Systems, pages 1{9, July

1988.

[4] S. Dandamudi. \A Comparison of T ask Scheduling Strategies for Multipro cessor Systems". In

Pr o c e e dings of the Thir d IEEE Symp osium on Par al lel and Distribute d Pr o c essing, Decemb er 1991.

[5] T. W. Do eppner Jr. \Threads: A System for the Supp ort of Concurrent Programming". T echnical

Rep ort CS-87-11, Department of Computer Science, Brown University

, 1987.

[6] T.J. LeBlanc. \Problem Decomp osition and Communication T radeo�s in a Shared-Memory Multi-

pro cessor". In Martin Schultz, editor, Numeric al Algorithms for Mo dern Par al lel Computer Ar chi-

te ctur es, IMA V olumes in Mathematics and its Applic ations V olume 13, pages 145{163. Springer-

V erlag, 1988.

19 lo cality considerations dominate, and SMP is comparable to message passing. W e should note however

that SMP do es not have the same conceptual simplicit y of the shared-memory mo del, since the pro-

grammer must e�ectively partition the lightweight threads of an application into equiv alence classes, so

that the scheduler can assign threads that access the same data to the same pro cessor.

7 Conclusions

In this pap er we compared two p opular programming mo dels for shared-memory multipro cessors: the

shared-memory mo del and the message-passing mo del. W e showed that each mo del has p erformance

adv antages, and that any p erformance comparison of the two mo dels dep end s on b oth the application

and the underlying architecture. The load balancing prop erties of the shared-memory mo del are b ene-

�cial for applications with inherent load imbalance, while the lo cality prop erties of the message-passing

mo del are b ene�cial on machines with relatively exp ensive communication.

Our exp eriments using applications with and without load imbalance on a wide range of architectures

provides insights into the relative utilit y of the two mo dels. Based on these exp eriments we conclude:

� The r elative p erformanc e of the two mo dels dep ends on the c ost of c ommunic ation (r elative to

c omputation) as pr ovide d by the har dwar e, and the inher ent lo ad imb alanc e of the applic ation.

� Shar e d memory is pr efer able on multipr o c essors wher e c ommunic ation is r elatively che ap (like the

Sequent Symmetry). In these machines, the load balancing adv antages of shared memory tend

to outweigh the lo cality adv antages of message passing. Even in cases where there is no load

imbalance, if communication is su�ciently cheap, message passing is only marginally b etter than

shared memory .

� As the c ost of c ommunic ation incr e ases in shar e d-memory multipr o c essors, message p assing is

b e c oming an incr e asingly attr active alternative to shar e d memory. The lo cality adv antages of

message passing increase with a rise in the cost of communication, while the load balancing

adv antages of shared memory are not in uenced by a change in the relative cost of communication.

� It is p ossible to c ombine the advantages of b oth mo dels into a single pr o gr amming mo del. By

18

10

100

1000

10 20 30 40 50 60 70 80 90 100

Time

Percentage of no des in clique

MP 3

3

3

3

3

3

SM

+

+

+

+

+

+

SMP 2

2

2

2

2

2

Figure 13: T ransitiv e closure on the Symmetry

, as a function of load imbalance.

1

10

100

10 20 30 40 50 60 70 80 90 100

Time

Percentage of no des in clique

MP 3

3

3

3

3

3

3

3

SM

+

+

+

+

+

+

+

+

SMP 2

2

2

2

2

2

2

2

Figure 14: T ransitive closure on the Iris, as a function of load imbalance.

17

That is, we assume that a subset of threads in the �ne-grain decomp osition of our new mo del corresp ond

to a single pro cess in the coarse-grain decomp osition used in message passing, and we schedule that

set of threads on the same pro cessor. The resulting program has the same lo calit y prop erties as the

message-passing implementation. If load imbalance should arise during execution, we reassign threads

to idle pro cessors dynamically

. Of course any such reassignment would destroy the lo cality of a thread,

but would o ccur only in resp onse to load imbalance.

This mo del combines the prop erties of the shared-memory and message-passing mo dels in that:

� W e create a large numb er of threads, as in the shared-memory mo del.

� The set of threads in the shared-memory mo del that corresp ond to a single pro cess in the message-

passing mo del are scheduled for execution on the same pro cessor, as in the message-passing mo del.

� If a pro cessor is idle, it removes a thread from another pro cessor’s queue, and executes it.

Note that we do not prop ose a sp eci�c p olicy for thread reassignment. In our current implementation,

an idle pro cessor examines the queues of the other pro cessors and removes the �rst thread from the

queue with the most threads. This implementation su�ces on small-scale machines, but would not b e

e�cient on a large-scale machine, where a scalable or randomized p olicy [4] would b e more appropriate.

T o illustrate the p erformance of the new mo del under v arious load imbalance conditions and commu-

nication costs, we rep eated the exp eriments from the previous section, adding an implementation based

on this new mo del. The results app ear in �gures 13-14.

On the Symmetry (�gure 13) SMP closely approximates the p erformance of shared memory

. When

there is very little load imbalance, SMP p erforms slightly b etter than shared memory

, and is comparable

to message passing. On the Iris, SMP is comparable to shared memory when there is signi�cant load

imbalance, and is comparable to message passing when there is little load imbalance. SMP actually

p erforms the b est of all three alternatives near the crossover p oint for shared memory and message

passing, since it combines the adv antages of each.

These results show that SMP do es in fact have the p erformance adv antages of each mo del. Where

communication is cheap (the Symmetry) and load balancing considerations dominate, SMP is compara-

ble to shared memory

. Where communication is exp ensive (the Iris) or load imbalance is insigni�cant,

16

10

100

1000

10 20 30 40 50 60 70 80 90 100

Time

Percentage of no des in clique

MP

SM

Figure 11: T ransitiv e closure on the Symmetry .

1

10

100

10 20 30 40 50 60 70 80 90 100

Time

Percentage of no des in clique

MP

SM

Figure 12: T ransitive closure on the Iris.

15 required twice as much time as the shared-memory implementation.

Even though the Symmetry and Iris are b oth bus-based, cache-coherent multipro cessors, the results

for the Symmetry do not apply to the Iris and vice versa. The cost of communication on the Iris is much

higher (relative to the sp eed of the pro cessors) than it is on the Symmetry

, and communication is the

dominant factor is a comparison of the two mo dels. W e exp ect future multipro cessors to b ehave more

like the Iris and less like the Symmetry b ecause pro cessors are getting faster at a much higher rate than

memories and interconnection networks. If this trend continues, then the adv antages of message passing

for applications with no imbalance will continue to increase. Even if an application exhibits some load

imbalance, it will take a greater degree of load imbalance for shared memory to p erform b etter than

message passing on the machines of the future. As a result, there will b e very few applications for which

there is a p erformance argument in favor of shared memory .

6 Com bining Shared Memory and Message P assing

The exp eriments in the previous sections suggest that there are always cases where one mo del will

p erform signi�cantly b etter than the other. F or a given application, the b est choice of mo del v aries

across machines. F or a given machine, the b est choice of mo del v aries across applications. The decision

is esp ecially di�cult in cases where the correct choice of mo del dep ends on unpredictable factors, such

as the input v alues. Rather than force programmers to make a di�cult choice b etween the adv antages

of each mo del, we would like to know whether it is p ossible to combine the load balancing prop erties of

shared memory with the lo calit y prop erties of message passing.

The main problem with the shared-memory mo del is the use of a central ready queue, which ignores

lo cality in the scheduling decision. The problem with this approach is that it balances load at the

exp ense of lo cality even when ther e is no lo ad imb alanc e. If we combine the lightw eight threads of the

shared-memory mo del (essential to load balancing) with the scheduling p olicy of the message-passing

mo del (essential to lo cality), we can realize the adv antages of each.

In the new mo del (which we will refer to as SMP), applications create a large numb er of threads that

express the natural parallelism in the problem. Threads are scheduled as in the message-passing mo del.

14 di�erent inputs to v ary the amount of load imbalance. W e used as input a graph of 1000 no des, where

the �rst N no des form a clique, and the remaining no des have no connections. W e v aried N b etween

100 and 1000.

In the message-passing implementation, each of the P pro cessors works on 1000=P consecutive iter-

ations. In this implementation, most of the work is assigned to the pro cessors working on the �rst N

iterations of the parallel lo op; the other pro cessors are idle most of the time. In the shared-memory

implementation, work moves freely among pro cessors at the exp ense of lo cality

, so there is no load

imbalance.

Figure 11 plots the completion time of the two programs on an 8-pro cessor Sequent Symmetry as a

function of the amount of load imbalance caused by the input. As we increase the p ercentage of no des

in the clique along the x axis, we increase the distribution of work among pro cessors, and decrease the

extent of load imbalance. When 50% of all no des are in the clique, the v ast ma jorit y of work is assigned

to only 4 pro cessors. When 95% of all no des are in the clique, the load is fairly evenly balanced among

the 8 pro cessors.

W e can see from �gure 11 that the shared-memory implementation p erforms b est over a wide range

of load imbalance. The message-passing implementation p erforms b est only when the load is almost

p erfectly balanced, and then only p erforms ab out 2% b etter. This exp eriment con�rms the fact that

the Symmetry is an excellent vehicle for shared-memory programs, and suggests one reason why shared

memory is the most p opular programming mo del for the Symmetry and other bus-based, cache-coherent

multipro cessors.

W e p erformed the same exp eriments on the Iris, which has signi�cantly faster pro cessors than the

Symmetry

, but only a slightly faster bus (for the numb er of pro cessors it employs). Figure 12 plots the

results for the Iris. On this machine the message-passing mo del is b etter than the shared-memory mo del

for a wide range of load imbalance. When there is almost no imbalance, message passing is ab out twice

as fast as shared memory

. Shared memory is b etter than message passing only when the imbalance

is such that all the work is assigned to four or fewer pro cessors. Even in the presence of extreme

load imbalance, the message-passing implementation is only ab out 25% worse than the shared-memory

implementation. Under the same conditions on the Symmetry

, the message-passing implementation

13 for shared-memory programs precisely b ecause the conceptual simplicit y of the shared-memory mo del

can b e exploited without any signi�cant loss in p erformance. However, on newer machines, like the Iris

and TC2000, which have extremely fast RISC pro cessors and a relatively slow communication medium,

the p erformance p enalty asso ciated with the shared-memory mo del b ecomes quite substantial. On these

machines, the conceptual simplicity of the shared-memory mo del may not b e justi�ed by the cost.

These results illustrate a trend in multipro cessor architecture. Over the last ten years, we have

witnessed dramatic improvements in micropro cessor sp eeds due to recent adv ances in VLSI and RISC

technology

. These improvements in pro cessor sp eed have not b een accompanied by a corresp onding

improvement in bus or interconnection network bandwidth. Since pro cessor sp eeds have improved by two

orders of magnitude, while the communication bandwidth has increased by only one order of magnitude,

communication is much more exp ensive (relative to computation) in mo dern multipro cessors. This trend

clearly favors the message-passing mo del.

If the p erformance p enalty asso ciated with the shared-memory mo del for a given application is 5% on

the Symmetry or Multimax, it will grow to 35% or more on the Iris. The disparity b etween the mo dels

will grow even larger on the next generation of multipro cessors, if current trends continue. Even though

the numb er of communication op erations do es not increase with changes in pro cessor and memory

sp eeds, if the relativ e cost of those op erations continues to increase, the p erformance gap b etween the

mo dels will increase as well.

5 Load Balancing vs. Lo calit y

The exp eriments in the previous section suggest that the message-passing mo del is clearly preferable if no

load imbalance exists, particularly on state-of-the-art multipro cessors, which have relatively exp ensive

communication. Our earlier exp eriments with transitive closure suggest that under conditions of extreme

load imbalance, the shared-memory mo del is preferable. W e will now examine how the degree of load

imbalance a�ects the choice b etween the mo dels on two machines, the Symmetry and Iris, which di�er

primarily in the relative cost of communication.

T o explore the role of load imbalance, we rep eatedly executed the transitiv e closure application using

12

10

100

1000

0 5 10 15 20 25

Time

Pro cess ors

MP

SM

Figure 5: Symmetry

100

1000

0 10 20 30 40 50 60

Time

Pro ces sors

MP

SM

Figure 6: Butter y I

10

100

1000

2 4 6 8 10 12 14 16 18

Time

Pro cess ors

MP

SM

Figure 7: Multimax

10

100

0 5 10 15 20 25

Time

Pro ces sors

MP

SM

Figure 8: Butter y Plus

1

10

100

1 2 3 4 5 6 7 8

Time

Pro cess ors

MP

SM

Figure 9: Iris

1

10

100

0 5 10 15 20 25 30 35

Time

Pro ces sors

MP

SM

Figure 10: TC2000

11 and execute it to completion. The pseudo-co de for this implementation is as follows:

for k = 2 to N do

forall i = k to N do

for j = k-1 to N+1 do

A[i][j] = A[i][j] - A[k-1][j] * A[i][k-1]/A[k-1][k-1]

In the message-passing implementation (MP), each pro cess is resp onsible for the elimination of all

elements in the subset of matrix rows statically assigned to the pro cess. The only communication

b etween pro cesses consists of the broadcasting of pivot rows. The pseudo-co de for a pro cess in this

implementation is as follows:

for k = 2 to N do {

receive_pivot(pivot,k)

for i = k to N step P do

for j = k-1 to N+1 do

A[i][j] = A[i][j] - pivot[j] * A[i][k-1]/pivot[k-1]

}

if (I_have_row(k+1)) broadcast_pivot(A[k+1])

}

W e executed these two programs on six di�erent shared-memory machines, including the four ma-

chines from the previous section, the BBN Butter y Plus (the hardware base of the GP1000 pro duct

line), and the Encore Multimax (a bus-based cache-coherent machine similar to the Sequent). The

results of our exp eriments are presented in �gures 5-10.

It is not surprising that the message-passing implementation p erforms b est in nearly all cases. The

overhead asso ciated with communication and pro cess management in the share-memory implemen-

tation dominates, b ecause this application has very little load imbalance. These results con�rm the

observ ations made in previous studies [6, 7, 11]. It is interesting to note however that the p erformance

adv antages of the message-passing implementation v ary signi�cantly across architectures, dep end ing on

the relative cost of communication as implemented by the hardware.

On older machines, like the Butter y

, Multimax, and Symmetry

, there is no discernible di�erence in

the p erformance of the two implementations. In fact, these machines have b een very p opular platforms

10 machines have enormous bandwidth for communication, and relatively slow pro cessors for computation.

Since our input graph pro duced quite a bit of load imbalance, the adv antages of the shared-memory

mo del dominate on these machines.

In �gure 3, the exact opp osite o ccurs. On this machine, the message-passing implementation is b etter

than the shared-memory implementation. The Iris has less bandwidth than the Symmetry

, and much

faster pro cessors. As a result, communication is relatively exp ensive on the Iris, and the lo calit y b ene�ts

asso ciated with the message-passing implementation dominate any p erformance improvements due to

load balancing, even when the application exhibits signi�cant load imbalance.

The results are less clear on the TC2000, as can b e seen in �gure 4. On 7 or fewer pro cessors,

the shared-memory implementation p erforms b est, while on 8 or more pro cessors the message-passing

implementation is clearly b etter. As more and more pro cessors are used in the message-passing imple-

mentation, the amount of load imbalance due to the static assignment of rows to pro cessors decreases.

Eventually

, the p erformance b ene�ts of lo cality b egin to dominate, as the need for load balancing de-

creases. On this machine, which has relatively exp ensive communication, and for this application, which

has a signi�cant amount of load imbalance, the crossover p oint is around 7 pro cessors.

W e can conclude from these exp eriments that b oth programming mo dels o�er p erformance adv an-

tages. In situations where communication is cheap and load imbalance signi�cant, the shared-memory

mo del is probably the b est choice. Where communication is exp ensive, or where load imbalance is

unlikely

, the message-passing mo del is probably b etter. In the next two sections, we will explore in

more detail the roles of the architecture and load imbalance in this tradeo�.

4 Role of the Arc hitecture

In order to fo cus on the role of the architecture, and in particular on the cost of communication, we will

consider an application that do es not intro duce any signi�cant load imbalance. W e will use Gaussian

elimination, which was used in the earlier studies comparing these two programming mo dels [6, 7, 11].

The shared-memory implementation creates a thread for each element of the matrix to b e eliminated.

All threads are placed in a central ready queue. Idle pro cessors take a thread from the ready queue,

9

100

0 5 10 15 20 25

Time

Pro cess ors

DM

SM

Figure 1: T ransitive closure on the Symmetry

100

15 20 25 30 35 40 45 50 55 60

Time

Pro ces sors

MP

SM

Figure 2: T ransitive closure on the Butter y I

10

1 2 3 4 5 6 7 8

Time

Pro cess ors

MP

SM

Figure 3: T ransitiv e closure on the Iris

10

0 2 4 6 8 10 12 14 16

Time

Pro ces sors

MP

SM

Figure 4: T ransitive closure on the TC2000

8 for i = 1 to N do

forall j = 1 to N do

if (M(j,i)) then

for k = 1 to N do

if (M(i,k)) M(j,k) := true

An implementation based on message passing would assign a numb er of rows to each pro cessor

statically

. In this implementation, each pro cessor is resp onsible for up dating its own rows. During the

i

th iteration of the outmost lo op, the pro cessor containing the i

th row broadcasts the contents of the

row to the other pro cessors. This implementation has what we call inher ent lo ad imb alanc e, in that the

amount of work p erformed by each pro cess dep ends on the input v alues. Under any static assignment

of pro cesses to pro cessors, the input determines how much load imbalance will o ccur. In our case, the

input to the program is a graph of N no des, with the �rst N =4 no des forming a clique and the rest

of the no des having no connections at all, so most of the computation is contained in the �rst N =4

iterations of the parallel lo op.

An implementation based on shared memory creates a thread for each iteration of the forall lo op.

Since all threads are scheduled using a central ready queue, no pro cessor is idle while there are threads

on the queue. As a result, all pro cessors �nish executing within one iteration of each other, and load

imbalance do esn’t arise. However, each thread must load the data it will need into the lo cal memory

or cache when it b egins execution, so there is substantial communication overhead asso ciated with the

shared-memory implementation.

T o quantify the relative imp ortance of communication and load imbalance, we executed the shared-

memory (SM) and message-passing (MP) implementations of transitive closure on four shared-memory

multipro cessors. W e used two bus-based, cache-coherent machines: the Sequent Symmetry S81, and the

Silicon Graphics 4D/480GTX Iris multipro cessor workstation. W e also used two large-scale distributed

shared-memory machines: the BBN Butter y and the TC2000 from BBN Adv anced Computers Inc.

These machines span several generations of multipro cessor architecture over the last ten years. The

results of our exp eriments are presented in �gures 1-4.

As can b e seen in �gures 1 and 2, the shared-memory implementation p erforms slightly b etter than

the message-passing implementation on the Butter y

, and much b etter on the Symmetry

. Both of these

7 thread executes to completion on a single pro cessor, it may sp end a substantial p ercentage of its lifetime

bringing the data it needs into the lo cal cache or memory

. Threads that access the same data may not

execute on the same pro cessor, causing the data to move back and forth b etween pro cessors. The

resulting communication overhead can b e substantial, and is incurred whether or not load imbalance

exists.

In summary

, the shared-memory mo del employs cheap threads that may execute on any pro cessor and

access data anywhere in the machine. The message-passing mo del employs heavyweight pro cesses that

are statically assigned to a pro cessor and access lo cal data only; communication among pro cessors is

done through message passing. The shared-memory mo del has sup erior load balancing prop erties, while

the message-passing mo del o�ers b etter lo cality of reference. A p erformance comparison b etween the

two mo dels dep end s therefore on the relative cost asso ciated with communication and load imbalance.

If communication is extremely exp ensive in a given architecture, message-passing programs will likely

p erform b etter than their shared-memory counterparts. If an application exhibits tremendous load

imbalance, the shared-memory implementation will likely p erform b etter. The precise tradeo� dep end s

on the architecture and application.

W e should note that any p erformance comparison ignores an imp ortant qualitative di�erence in the

two mo dels: the shared-memory programming mo del is widely b elieved to b e easier to use than the

message-passing mo del. The conceptual simplicit y of the shared-memory mo del derives from similarities

with sequential programming. Evidence in favor of the shared-memory mo del is the overwhelming domi-

nance of shared-memory multipro cessors for general-purp ose parallel programming, and the considerable

e�ort in software development designed to provide the illusion of shared memory on multicomputers.

3 The E�ects of Load Im balance

In order to explore the p erformance implications of load imbalance, and thereby quantify the p erfor-

mance adv antages o�ered by the shared-memory mo del, we will consider an application that has the

p otential for b oth load imbalance and lo cality of reference. The following parallel algorithm to compute

the transitive closure exhibits b oth of these prop erties:

6 cesses are exp ensive, and are therefore used sparingly (typically one pro cess p er pro cessor). Since all

the threads in a shared-memory program share a single address space (resulting in so called lightweight

pro cesses), threads can b e implemented in user-space, and pro cess management overhead is negligible.

As a result, threads can b e used to represent the parallelism in the application without regard to the

physical parallelism provided by the hardware. Although there are conceptual adv antages to having

more threads than pro cessors in a shared-memory program, a �ne-grain decomp osition also helps in

avoiding load imbalance, which can severely impact p erformance.

Load imbalance o ccurs whenever pro cessors are idle and there is work still to b e p erformed. There are

two distinct sources of load imbalance in a parallel program: (1) an uneven assignment of computation

to pro cesses (or threads) and (2) an uneven assignment of pro cesses (or threads) to pro cessors. A

�ne-grain decomp osition using lightw eight threads minimizes the e�ects of an uneven assignment of

computation to threads, since the v ariance in thread execution times is small. T o avoid an uneven

assignment of threads to pro cessors, most shared-memory programming systems use a central ready

queue from which idle pro cessors remove threads for execution [3, 5, 12, 13]. A single ready queue

evenly distributes the load among pro cessors, and ensures that no pro cessor remains idle while there is

work to b e done. This scheme is e�ective b ecause, in a shared-memory program on a shared-memory

multipro cessor, a thread can execute on any pro cessor and still access the shared data.

In the message-passing mo del, the static partitioning of data among pro cesses, and the static assign-

ment of pro cesses to pro cessors, can pro duce load imbalance. Although a static assignment may work

well in many cases, there are applications where the work a pro cessor p erforms dep ends on factors that

are unknown at compile-time, such as the input v alues. These cases require an assignment strategy that

can adjust the load dynamically [14], like the central work queue. Pro cess migration is one alternativ e

for message-passing programs, but migration of heavyweight pro cesses is exp ensive.

In general, dynamic load balancing p olicies intro duce a lot of communication overhead. Even the

central work queue mechanism used in the shared-memory mo del increases communication. Threads

are constantly moved to di�erent pro cessors, always executing on the next av ailable pro cessor so as to

avoid load imbalance. Each time a thread is scheduled for execution, it is usually executed on a di�erent

pro cessor, although its data may still reside on the pro cessor where it executed previously

. Even if a

5 wait for something to happ en, cycles are wasted and the hardware is under-utilized. Synchronization

can b e a dominant source of overhead, but this overhead can b e minimized through the use of scalable

synchronization primitiv es [1, 10]. As a result, synchronization overhead need not b e signi�cant in either

mo del.

Pro cess management overhead refers to the time required to create, destroy

, and schedule pro cesses.

Parallel programs in the message-passing mo del typically create one pro cess p er pro cessor, so the over-

head asso ciated with pro cess management is negligible. Shared-memory programs, on the other hand,

usually employ a large numb er of �ne-grain pro cesses (called thr e ads), whose numb er dep ends primarily

on the amount of parallelism exhibited by the algorithm. A large numb er of threads would b e very

exp ensive if implemented inside the op erating system kernel, but the current trend is to move thread

management out of the kernel and into a thread library [3, 5]. Given an appropriate user-level imple-

mentation of threads [2], most shared-memory applications exhibit no noticeable overhead asso ciated

with pro cess management.

Communication overhead is intro duced by interaction b etween pro cessors. Communication manifests

itself as cache misses in multipro cessors with caches, as non-lo cal memory accesses in distributed shared-

memory machines, and as the sending or receiving of messages in a distributed-memory machine or

multicomputer.

In the shared-memory mo del, threads communicate using references to shared data. Conceptually ,

the shared data resides in a global memory accessible to all threads. In realit y , some data references

will b e more exp ensive than others, since only a fraction of the shared data will reside in lo cal memory .

The global memory is typically implemented using a single address space, which is shared by all the

threads in a program.

In the message-passing mo del on the other hand, pro cesses communicate using messages; each pro cess

resides within its own address space, and there is no data shared b etween pro cesses. All data must b e

asso ciated with a pro cess statically

, and is accessible only to that pro cess. Thus, all data references are

to lo cal memory .

Since the message-passing mo del allo cates an address space for each pro cess (resulting in so called

he avyweight pro cesses), the op erating system is involv ed in pro cess management. In this mo del, pro-

4

All of these exp eriments were p erformed on shared-memory multipro cessors, and therefore lead one to

conclude that there are no p erformance adv antages to using the shared-memory mo del on any machine.

This conclusion implies that shared memory is a luxury

, providing conceptual simplicity at the exp ense

of application p erformance. Since there are no metrics that measure conceptual simplicity during the

programming pro cess, any quantitative comparison of the two mo dels favors message passing.

In this pap er we argue that previous comparisons of the two mo dels ignored an imp ortant dimension

that favors shared memory

, namely load imbalance. W e show that applications with inherent load

imbalance often execute more e�ciently under the shared-memory mo del than under the message-

passing mo del, and therefore any quantitativ e comparison of the two mo dels must balance the relative

adv antages of lo cality of reference in the message-passing mo del against the load balancing prop erties of

the shared-memory mo del. Our exp eriments on a wide range of shared-memory multipro cessors quantify

this tradeo�, while v arying the relative cost of communication. Our results show that the relatively

cheap communication in the previous generation of multipro cessors favors the shared-memory mo del

(assuming some load imbalance), while the recent increase in the cost of communication (relative to the

cost of computation) favors the message-passing mo del. Since an accurate comparison of the two mo dels

dep ends on factors that may b e unknown until runtime, we prop ose an alternativ e programming mo del,

which has the load balancing prop erties of the shared-memory mo del and the lo cality prop erties of the

message-passing mo del. W e show that this new mo del p erforms b etter than the other two alternatives,

regardless of the relative cost of communication or the load imbalance inherent in the application.

2 Comparing Programm ing Mo dels

There are several dimensions along which a p erformance comparison b etween the two mo dels can b e

made, where each dimension is related to an imp ortant source of overhead in parallel programs. W e will

consider four sources of overhead that arise in parallel pro cessing: synchr onization, pr o c ess management,

c ommunic ation, and lo ad imb alanc e.

Synchronization overhead stems from the fact that a pro cessor often has nothing to do while it waits

for another pro cessor to relinquish a critical region or provide the required data. If a pro cessor must

3

1 In tro duction

Two of the most p opular programming mo dels for parallel pro cessors are the shared-memory (SM)

and the message-passing (MP) mo dels. Each of these mo dels was develop ed for a di�erent class of

multipro cessor, and each mo del exhibits characteristics that re ect assumptions ab out the underlying

machine. The SM mo del uses shared memory for inter-pro cess communication and is typically asso ciated

with shared-memory multipro cessors like the Sequent Symmetry

. The MP mo del uses message passing

for inter-pro cess communication, and is typically asso ciated with distributed-memory multipro cessors

like the Intel Hyp ercub e, or distributed multicomputers made up of a network of workstations. The

de�ning characteristic for these two mo dels is the communication mechanism provided by the underlying

hardware: the SM mo del assumes hardware supp ort for shared-memory

, while the MP mo del makes no

such assumption.

Recent adv ances in b oth hardware and software technology have blurred the distinction b etween

shared-memory multipro cessors and distributed-memory multicomputers. The (relative) cost of com-

munication has increased enormously on shared-memory multipro cessors, due to fundamental break-

throughs in pro cessor technology (like the advent of RISC pro cessors) that were not accompanied by

similar breakthroughs in memory and switch technology

. At the same time, sophisticated software

techniques have b een develop ed that implement shared memory in software on top of multicomputers

[8]. As a result of these two developments, b oth programming mo dels are now in use on b oth classes of

machine.

In earlier work [6, 7] we argued that a message-passing implementation p erforms b etter than a shared-

memory implementation of the same program on distributed shared-memory machines like the BBN

Butter y

. Lin and Snyder [9] came to the same conclusion based on their exp eriments on b oth the

Butter y and the Sequent Symmetry

, a bus-based, cache-coherent multipro cessor. Subsequent work

by Ngo and Snyder [11] veri�ed these conclusions using a more sophisticated set of applications, and

a wider range of shared-memory machines. In each case, the conclusion favoring the message-passing

mo del was attributed to the lo calit y of reference implicit in the message-passing mo del, and sorely

lacking in the shared-memory mo del.

2

Shared Memory vs. Message P assing

in Shared-Memory Multipro cessors

Thomas J. LeBlanc Ev angelos P

. Mark atos

leblanc@cs.ro chester.edu mark atos@cs.ro chester.edu

Computer Science Department

Universit y of Ro chester

Ro chester, NY 14627

April 30, 1992

Abstract

Shared-memory multipro cessors can supp ort a mo del of parallel computation based on either

shared memory or message passing. Since the programming mo del dictates so many asp ects of the

implementation of an application, including pro cess decomp osition and scheduling, the choice of

programming mo del is a dominant factor in application p erformance. In this pap er we argue that

the choice b etween the shared-memory and message-passing mo dels dep ends on two factors: the

relative cost of communication and computation as implemented by the hardware, and the degree of

load imbalance inherent in the application. W e use two representative applications to illustrate the

p erformance adv antages of each programming mo del on several di�erent shared-memory machines,

including the BBN Butter y

, Sequent Symmetry

, Encore Multimax, and Silicon Graphics Iris multi-

pro cessors. W e show that applications implemented in the shared-memory mo del p erform b etter on

the previous generation of multipro cessors, while applications implemented in the message-passing

mo del p erform b etter on mo dern multipro cessors. W e argue that b oth mo dels have p erformance

adv antages, and that the factors that in uence the choice of mo del may not b e known at compile-

time. As a compromise solution, we prop ose an alternative programming mo del, which has the load

balancing prop erties of the shared-memory mo del and the lo cality prop erties of the message-passing

mo del, and show that this new mo del p erforms b etter than the other two alternatives.

1