I n P

r o c . of

t h e Internat

iona l

Wor k

sho p on Paral lelS

y m bolicLang

uages and Systems,

Oct.

1

99 5

(Springer

)

U n

d

e

r

s t and in

g

Lang

uage

Su

pp

ort

for

Irregu

lar

Parallelis m

M u

ku n

d R

a g ha vachar

i andAnn

e Roger

s

P r i n c e t on Uni

versit

y

, Princeton N

J 0

8 5 44 C

S - T R-50 6-

96

A b

s t r a ct .

W

hi

le soft

w are su

pport for array-base

d, data-parallel algo-

rithms has been studied extensively, less attention has been devoted to

irregular parallel applications. The majority of these applications are

unstructured, that is, they possess asynchronou s components that do

not�t the data-parallel model.Examples of unstructured applications

include sparse matrix and n-body problems. Previous research, such as

Parti[

11 ] and CH

A OS[1 3], has concentrated on extending the array-based

data-parallel model to handle structured irregular algorithms.For un-

structured irregular applications, however, the appropriate language ab-

stractions, compiler technology, and runtime techniques have yet to be

discovered.In this paper, we analyze, under a systematic framework, implementa-

tions of a representative set of algorithms|

Blocked Sparse Cholesky(BSC

)[

20],

Barnes-Hut[3], and EM3

D[10]| on Tempest/Blizzard[18], a

platform that supports both shared memory and message passing. Using

our framework and corroborating experiments, we isolate a set of abstrac-

tions that allows easy and e�cient expression of our benchmarks. The

philosophy behind this set is to provide, for each component of a parallel

language, mechanisms that support user control, along with good default

behavior. Our contributions are the following: a framework for the evalu-

ation of abstractions, a set of recommendations for language support for

irregular applications, and an analysis of the ability of current languages

to support them.1

I

n t r o d u ct ion

Whi le sof

t ware support for array

- based , data-parallel algorithms has been stud-

ied extensively, less attention has been devoted to irregular parallel applications.

T h e m a j o r i t y o f irre g u lar a ppli catio n s are u n s t ru ctur e d , that is, they possess

asynchronous components that do not �t the data -parallel model . E xamples of

unstructure d applications include sparse matrix and n- body problems. Pre vi-

ous research, such as Parti [ 11 ] and C H A O S[1 3], has concentrated on extending

the array-based data-parallel model to handle structured irregular algorithms.

For unstructure d irregular applications, ho wever, the appropriate language ab-

stractions, compiler technology, and runtime techni ques have yet to be discov-

ered. The emergence of machines, such as Alewife[1], F LASH[1 4], SH R I M P[1 5],

and Tempest /Typhoon[1 8], that support the use of both shared memory and

message passing in an application, further necess itates the development of new

abstractions and techniques.

We ta ke a methodical approach to the problem of language support for ir-

regular applications. In this paper, we analy ze, under a systematic framework,

implementations of a representative set of algorithms | two unstructured ir-

regular applications, Blocked Sparse Cholesky ( BSC )[ 2 0], Barnes- Hut[3], and a

structure d irregular application, EM 3 D[10] | on Tempest/Blizzard[18], a plat-

form that supports both shared memory and message passing. Using our experi-

ments and analysis as a guide, we isolate an e �ective set of abstractions necessary

for easy and e �cient expression of our benchmarks. The philosophy behind this

set is to provide, for each component of a parallel language, mechanisms that

support user control, along with good default behavior. Our contributions are

the following : a framework for the evaluation of language mechanisms, a set of

recommendations for language support for irregular applications, and an analysis

of the ability of current languages to support them.

Our framework divides the design space for parallel languages into two com-

ponents: data model and task model. 1 We discuss the data model in three parts:

name space, data locality management, and communication. We divide the task

model into four topics: thread model, task creation, task allocation, and synchro-

nization. For each component of our framework, we derive the set of mechanisms

necess ary for e�cient expression of the algorithms and compare them with the

capabilities of current languages. We validate our recommendations with exper-

imental evidence from our three benchmarks. Table 1 summarizes our results ; it

lists our recommendations and compares them with the needs of our benchmarks.

It also serves as a roadmap for our discussion.

Though the list of languages considered in this paper is far from exhaustive,

we have attempted to choose a set of languages that represents the current state

of parallel languages. We believe that for a parallel language to be accepted

widely, it must be based on a familiar language, such as C, C ++, or Fortran.

Therefore, we only consider systems based on these languages. Due to space

constraints, we o�er only a brief summary of the languages mentioned in the

paper in Appendix A. Table 2 summarizes the capabilities of current languages

to provide the recommended abstractions. We discuss the table in some depth

in Sect. 6.

The remainder of the paper is organized as follows: we give overviews of Tem-

1 W e d o no t con s ide r t he iss ue o f I /O in this p aper .

T a b l e 1 . S u mm a r y o f r e comme n da t ion s for benc hmar ks . p denotes recommended

mechanism is used ; ? denotes that a less general abstraction su �ces; D means that the

default mechanism is used. A blank s pace denotes that the issue does not a �ect the

application.

Recom - E M 3 D BS C Barnes- Hut

mendations Blocks Domains Tree Build Force Calc Sec.

Data Model x 4

Naming Global p p p p p x4. 1

Data Locality x4. 2

Distribution User Control p p p

Replication Access Control p ? D p p

(TSM a default )

Communication x4.3

Bulk Transport p p

Asynchronous p p p p

Task Model x 5

Thread Model Multithreading ? p ? p ? x5.1

Task Creation Asynchronous ? p ? p ? x5.2

Task Allocation User Control D p D p p x5.3

(Data-Centric

default)

Synchroni zation x5.4

Barriers p p p

Asynchronous p p

a Transparent shared memory

p e s t a n d o u r t hree ben ch mar ks in Sect . 2 and Sect. 3 ; we discuss issues re lated

to data and task models in Sect. 4 and Sect. 5; and we summari ze our �ndin gs

in Sect. 6.

2 P l a t f o r m | T em p e st

There has been a con vergence in the architectures o f massivel y parallel ma -

chines towards a set of workstation-like nodes linked by a fast interconnection

network. An e �ect of this convergence , as is evidenced in the design of Alewife [ 1 ],

FLASH[14], SHR IM P[15], and Typhoon[1 8], is that it has become possible to build

machines that support both shared memory and message passing e �ciently. We

use a programming interface represe ntative of this class of emerging architec-

tures, Tempest[18], as the platform for our e xperiments.

Tempest supports the development of shared memory, message passing, or

hybrid (i.e., combination ) applications. It does not implement a shared address

space directly, but provides four mechanisms that enable user-level software to

do so : Active Messages[24], bulk data transfer, virtual memory management,

Ta b l e 2

. C a pa b i li t y o f c u rr e nt language s to support recommen ded abstractions.

D

denotes that only the default mechanism is available. Recom

- Comp.

mendations Chaos Cid C++ Concert COO

L

Jade OldenSplit-C Data

ModelNaming

Global p p p p p p p p

Data Locality

Distribution

User Control p p p p p p p

Replication

Access Control D Da D D D D D(

TSM b default )

Communication Bul k Transport p p

Asynchronous p p p p p p p p

Task Model

Thread Model Multithreading p p p p p

Task Creation Asynchronous p p p p p

Task Alloc. User Control D pc p p D

(Data-centric

default)

Synchronization

Barriers p p

Asynchronous p p a Does not o�er full shared-memory semantics. b Transparent shared memory. c Does not o�er default data-centric behavior.a n d �n e

- g ra in mem or y acce ss contro l

. Fine-grained memory access control al-

lows the

user toprotect aligned memoryblocks and have inappropriate accesses

to blocks vectored to a user-level handler.By using active messages with �ne-

grained access control, a programmer may design customized protocols.Vir-

tual memory management routines allow the use of local memory as a cache

for shared data.Programmers can either manage the address space explicitly

through application-speci�c protocols, or through standard protocol libraries.The default library uses Tempest’s mechanisms to provide transparent shared-

memory semantics.We use Blizzard[

2 1 ], an implementation of Tempest on a

Thinking

MachinesCM-

5[

4], for the experiments discussed in this paper.All

experiments were run on32 processors.3

A pp l i c a ti o n s In this section, we provide an overview of our three applications: BSC, Barnes-Hut, andEM

3D.

3. 1 B l o c k e d S p a r se C holesk y

T

h e Ch o le s k y f a c to r i zatio n of sparse

, symmetric, positivede

�nite matrices is

an important component of many engineering applications.

An algorithm for

sparse Cholesky factorization that hasbeen shown to have good theoretical and

practical performance on parallel machines isB

l o c k e d S p a r se C holesk y

( B S C ) [ 2 0 ]. We describe the algorithm and our implementation brie y. We refer readers

interested in speci�c details toRothberg’s

Ph

D thesis[20].

The basis of BSC is to partition the input matrix, based on its sparse struc-

ture, intoblocks. There are two operations de�ned on blocks: blockupdate and

blockfactor

i zatio n. A block can be factored once all updates to it have com-

pleted, the number of updates determined by the sparse structure of the matrix.Block updates induce a directed, acyclic, task precedence graph, where no block

is completed until its ancestors are factored, and once a block is factored, no fur-

ther updates to it will be made. The algorithm completes once all blocks have

been factored.

An optimization that increases the performance of BSC on parallel machines

is to divide a subset of the blocks into disjoint sets called domains. The domains

are chosen so that they are independent, that is, they receive no updates from any

other block or domain. At the onset of computation, domains can be factored

concurrently. After a domain is factored, the series of block updates de�ned

by its structure is performed. At the end of the domain-block update phase,

the remaining factorizations and updates of blocks proceed as described in the

previous paragraph.Of the stages in this algorithm, the block factorization and

update phase is the most computationally intensive.

Task creation in BSC is handled by a taskqueue-based approach.In subse-

quent sections, we describe our experiments, using various communication and

synchronization strategies, on BSC. The implementation with the best perfor-

mance takes advantage of the exibility of Tempest by using several communica-

tion strategies: transparent shared memory for domain reference s, bulk transport

for block references , and ActiveMessages for task queue modi�cations.

3.2 Barnes

-

H u t Barnes -

Hut[

3], simulates the evolution, over time, of bodies in a gravitational

system.

Each body is modeled as a point mass and exerts gravitational force

on other bodies in the system. At each time step, the program computes new

positions and velocities for all bodies.Using the observation that the force a

body exerts on another falls rapidly with distance, the algorithm approximates

the force exerted by a collection of bodies beyond a certain distance by the force

exerted by a point mass at the center of mass of the collection.

Each iteration in the algorithm is composed of two phases. The �rst phase

builds an oct-tree based on the locations of the bodies in 3-space. This tree is

not balanced, it is deeper in regions that contain many bodies. The second phase

consists of a force calculation, which computes new accelerations and velocities

for the bodies, and a position update, which computes bodies’ new positions.

ca t i o n . A ll cachin g is handl ed trans parently by the system.

Lang uages such asConcert

[

9 ] do not allow programmers any control over data locality since they

believe that it is better handled by the compiler or runtime system.4

. 3 C o mm u n i c a tion

Because of the unstructured nature of applications such asB

S C and Barnes-

Hut ,

it is di�cult to implement them using synchronous primitives such as blocking

sends

/receives. An asynchronous mechanism, such as ActiveMessages, better

expresses the communication patterns since it does not require the sender and

receiver to rendezvous.In addition, a bulk transfer routine can often reduce

the cost of accesse s to remote data.Using bulk transfer to fetch blocks in BSC

results in a2

6 % speedup over a transparent shared-memory version.Similarly,

forE

M 3

D, using bulk updates results in a performance improvement of86% over

sending single updates[12].Few languages support bulk transfer, Cid and Split-C being the exceptions.

Most languages, however, do provide an asynchronous communication mecha-

nism. Languages that provide transparent shared memory fetch remote data

asynchronously by either relying on the underlying hardware or by simulating

shared memory in software. CH

A OS, for example, simulates shared memory by

relying on the compiler to convert the program into explicit message-passing

code. Cid and Split-C do not provide an implicit mechanism, programmers must

insert calls to asynchronous routines to acquire data.

4.4Di

scussion

Our studies reveal that a global name space, memory access control with default

transparent shared memory, bulk transport and an asynchronous communica-

tion mechanism are useful for easy and e�cient expression of irregular applica-

tions.

While most of these features are present in certain languages, no language

provides abstractions for access control, an important mechanism. Currently,

using access control in our applications requires programming in the\assem-

bly language

", that is, the base-level of our platform,Tempest. For example,

to implement customized protocols, the user must manage data structures at

the granularity of pages. We are exploring a segmented-paging based approach

that should alleviate this problem. Other researche rs are developing systems that

simplify the design of protocols[7]. With these enhancements, one can provide a

high-level interface that would allow programmers easy use of access control.5

T a s k M o d e l We divide the task model of a language into four components: thread model,

task creation, task allocation, and synchronization. In this section, we argue

that multithreading, asynchronous task creation, control over task allocation

with default data-centric behavior, barriers, and asynchronous mutual exclusion

are useful for the implementation of irregular applications.

5. 1 T h r e a d m odel

E

M 3

D c a n b e ex p re sse d well in t he S

PMD m odel.

O ur implementations of

BS C

andBarnes

-

Hut , however, use non-preemptive threads.In our experience , mul-

tithreadin g signi�cantly simpli�es the expression of unstructured applications.

Other researche rs �nd that multithreading helps in reducing the e�ects of delays

due to remote accesses and synchronization

[

2 5 ]. It is unclear, however, whether

irregular applications would perform better with preemptive or non-preemptive

threads. In the future, we plan use our benchmarks to compare the performance

and ease of programming of preemptive and non-preemptive multithreading.

SPMD languages, such asSplit-

C, follow the single thread per processor

model. COO

L allows multiple threads per processor, but a thread retains con-

trol until it completes or is blocked on synchronization. In Compositional C++

and Concert, several threads may run concurrently on a processor.To provide

maximum exibility, we believe that preemptive execution of threads should

be supported.Programmers could specify non-preemptive execution in one of

two ways. The programmer can set a ag that informs the compiler/runtime

system that all tasks run until completion, or at task creation the user can spec-

ify whether the task should run atomically. In the latter case, the appropriate

scheduling policy for integrating the execution of atomic tasks with preemptive

tasks requires further study.

5.2 T as k Crea t io n There are many mechanisms by which programmers specify parallelism in lan-

guages :

f o r a ll loops, remote procedure call, fork, task queues, etc. The task

creation mechanisms required by the three applications that we study vary. The

semantics of forall loops naturally represe nt the parallelism in structured ap-

plications such as EM3D. In EM3D, during each iteration, calculations on nodes

can be performed in parallel. This parallelism is expresse d well by a forall loop

over all nodes.

On the other hand, forall loop semantics are not su�cient for BSC. Consider

the following example, conceptually similar to BSC:

for( i =

1

; i<

N; i++

) f

A

i = p

Ai;/

* S q uar e

Roo t ste p */

AB

i +=Cal culate(Ai); /*Up date Step */g where

Bi =k, for some k,i

< k�

N .Essentially, each iteration, i, of the

code performs the square root of Ai and updates one element, Ak , where k is

greater than i. The Calculate operation is the most time-consuming portion

of the computation.

An iteration, k, is dependent on all iterations i, for i < k,

that update Ak and cannot be scheduled until the updates are completed. At

the onset of computation, the iterations, k, for which there is no Bi = k, can be

scheduled. In the best case, where Bi = N(for all i), every Calculate operation

can execute in parallel, though the updates to AN would have to be synchronized.

fo r a ll l oop s i mpl y t h at all ite ratio ns co ul d execute in parallel;

because of the

presence of loop-carried dependencies, this example cannot be expresse dwith a

forall loop.

The two stages inBarnes-

Hut have di�erent requirements. The force calcu-

lation phase is structured, and as such, can be expressed well with a forall

loop. The tree building phase, however, involves complex interactions between

the nodes and the tree being built.Due to dependencies between the insertion

of di�erent nodes into the tree, forall loops cannot be used. BothB

S C and

the tree-building phase of Barnes-Hut create tasks in an unstructured fashion

that is best suited for an asynchronous task creation mechanism.Synchronous

mechanisms, such as remote procedure call, are ine�cient because the processor

creating a task does not require information from the processor executing it and

the synchronization serializes task creation.

CH

A OS supports loops with forall semantics, and hence, cannot handle

BSC and Barnes-Hut well. Split-C is based on the SP

MD model, that is, a single

task is created on each processor at the beginning of computation. Subsequent

task creation must be managed explicitly by the programmer.Other parallel

languages o�er various mechanisms for task creation: forking a thread(Cid

),

calling a parallel function (COOL, Compositional C++), remote procedure call,

etc. There is natural hierarchy in the expressive power of task creation mecha-

nisms.

Remote procedure calls can be implemented in terms of fork-joins, which

in turn are less expressive than asynchronous task creation mechanisms such

as forks and task queues.We believe that by providing an asynchronous task

creation mechanism such as task queues, a language provides maximum exi-

bility, while allowing other useful abstractions such asR

PC and fork-join to be

implemented as library routines using this mechanism.5

. 3 T a s k A ll o ca t io n

A parallel algorithm must specify two functions: a mappingT :T a s ks!

P of

tasks to processors, and a mappingD :Data ! P of data to processors. T is

a many-to-one function, while D is a many-to-many function. An algorithm isd

a ta - c e nt r ic if T depends on D. While many such relationships are possible, the

most common one is owner computes, T (task)= D(data w r itt e n to in task).

We de�ne all mappings that are not data-centric to be tas

k-centric. E

M 3

D is a good example of data-centric task allocation; the data is divided

among the processors using a partitioner and each processor operates on its

data.

For Barnes-Hut, we experimented with two task allocation schemes for the

tree building phase.In the data-centric version, each processor is responsible

for inserting the nodes it owns into the tree. Our task-centric approach is to

assign a portion of the space to each processor, and each processor is responsible

for particles in the space it owns. The task-centric version performs twice as

well as the data-centric version because it allows trees to be built bottom-up,

removing much of the serialization due to locks. Similarly, Singh et al

. have

shown that a task-centric scheme outperforms data-centric schemes for the force

calculation phase[

2 3 ]. In their data-centric scheme, each processor is allocated an

eq u a l num ber o f bod ie s , and at every time-ste p, it is responsible forcalculatin g

the forces on its bodies.

The task-centric version processes the structure of the

oct-tree to determine the appropriate allocation ofwork to each processor.

The standard B S C algorithm uses owner computes| blocks and domains are

associated with processors and every update is executed on the home processor

of a block or domain.We have determined experimentally that even though each

processor receives roughly the same number of blocks, this version su�ers from

load imbalance.At any instant, only a small subset of the blocks on a processor is

active, that is, receiving updates. As a result, at any given time, processors have

varying amounts of work, resulting in load imbalance.It is di�cult to calculate,a

p r i ori, the work distribution as a function of time and to account for it during

task allocation.

To alleviate the load imbalance, we experimented with other task allocation

schemes. The method that has the best performance is for a processor to\give" a

task to another processor when its task queue length reaches a certain threshold.

We implemented two versions of this \work giving" algorithm. The task-centric

approach gives a task to a random processor, the data-centric approach gives

the task to one of the processors owning a source block used in the update.Our

experiments show that the data-centric method has slightly better performance

than the task-centric one, and is4

%- 1

0% better than strict owner computes.

The task allocation schemes used by our three applications are widely di�er-

ent and it is di�cult for a language that o�ers no control over task allocation,

such asConcert, to derive these schemes.Languages that assign tasks to proces-

sors automatically are either data-centric or task-centric | Olden is data-centric,

while

Jade and Concert are task-centric. A SP

M D language, likeSplit-C, o�ers

only one task per processor, and therefore, the issue of task allocation does not

arise. Other languages allow users to specify the processor a task should run on,

but provide a default behavior as well.For example, in COO

L, the default task

allocation scheme is data-centric, but the programmer can override this choice.

In keeping with our philosophy of o�ering maximum exibility with good de-

faults, we believe that languages should supply a default data-centric behavior,

but permit the implementation of task-centric schemes by supporting control

over task allocation.5

. 4 S y n c h r on i z a tion

The role of synchronization in parallel programs is to control the order in which

tasks access data. InEM

3D, a barrier ensures that all updates to data have com-

pleted before the next iteration is started. BSC uses a barrier to con�rm that all

processors have initialized their data structures, and an atomic task queue mod-

i�cation routine. We implemented two versions of the task modi�cation routine:

the �rst, implements the routine as an ActiveMessage handler, taking advantage

of the fact that handlers run atomically; the second, uses shared-memory MCS

locks[1 6

] for mutual exclusion. The former version performs four times better

than the latter. Our measurements show that only a small amount of time in

the lock-based version is spent obtaining and releasing locks; the major cause

of d e c re a sed performa nce is unnecessar y seriali za tion of tasks

.

Modi�cations to

a taskqueue mustbe atomic but need not be ordered.Locks serialize accesses

to task queues, andhence, serialize the creation of tasks.Barnes -

Hut requires a

barrier between iterations of the force calculation phase.The tree building phase

uses locks to moderate insertions into the tree.Falsa�e

t a l . have shown that

message-passing locks performs two times better than MC S locks[

1 2 ]. Our benchmarks require barriers and an asynchronous mutual exclusion

mechanism for e�cient implementation. Olden, a future-based language, pro-

vides a to

u c h call that is used to ensure that a task has completed and that the

return value has been written. Split-C provides memory barriers to synchronize

split-phase memory operations.Jade requires programmers to provide the con-

sistency requirements of tasks, and schedules a task only once its requirements

are met. This approach can often to lead to unnecessary serialization in prob-

lems such as Barnes-Hut[19].

C

OO L allows a parallel function to be speci�ed to

be mutually exclusive and lets tasks synchronize usingjoin variables. Concert

allows data to synchronize by choosing which methods it will accept.Among

these mechanisms, only COOL and Concert provide asynchronous mutual exclu-

sion synchronization methods.5

.5 D i s c ussi o n The abstractions o�ered by a language are a�ected by its thread model.In

S

P M D languages, like Split-C and CH

AOS, there is a single thread of control

per processor, and hence, they do not o�er mechanisms for task creation and

allocation, and provide only forms of barrier synchronization.While structured

applications are easily expressed under this paradigm, unstructured problems

require more complex abstractions.

Our studies show that, for our benchmarks, an asynchronous task creation

mechanism, control over task allocation with default data-centric behavior, bar-

riers, and an asynchronous mutual exclusion mechanism form an e�ective set of

abstractions that allow easy and e�cient implementation.Using this set, other

abstractions can be built as libraries. It is an open question, however, whether

preemptive or non-preemptive multithreading is required.6

S u mm a r y In the previous sections, we have used three irregular applications|

BSC,EM

3D,

and Barnes-Hut | to study the e�ects of various abstractions on the ease and

e�ciency of programming. Table 1 summarizes our �ndings. Using experimental

evidence and analysis, we show that it is important to provide a global name

space coupled with memory access control with a good default policy. Choosing

the right communication mechanism for a data structure helps reduce communi-

cation costs. An asynchronous communication primitive along with bulk trans-

fer, enables higher-level communication abstractions to implemented as libraries

16 . J. M. Me ll o r - Cr u mme y a n d M.L.

S co tt.

Al gor it hm s for scalable synchronization

on shared-memory multiprocessors.A

C M T r a n sa c t i ons on Com p ut er

S ystems ,

9

(1 )

: 21 {6

5,

Feb.

1991.

17.

R. S.Ni khil. Cid: A parallel, shared-memory C for distributed-memory machines.In

Languages and Compilers for

Paral lel Computing, pages376{39

0, Aug. 1994.

18. S. Reinhardt, J. Larus, andD.

Wood.Tempest and Typhoon: user-level shared

memory. In Proceedings of the 2

1st AnnualInternational Symposium on Computer

Architecture, Apr. 1994.

19. M. Rinard. The design, implementation and evaluation ofJade

: a portable, implic-

itly paral lel programming language.PhD thesis, StanfordUniversity, Aug. 1994.

20.E. Rothberg.E

xploiting the memory hierarchy in sequential and sparse Cholesky

factori zation. PhD thesis, Stanford University Department of Computer Science,

Jan. 1993.

21. I. Schoinas,B. Falsa�, A. Lebeck, S. Reinhardt, J. Larus, and D. Wood. Fine-

grain access control for distributed shared memory. In Conference on Architectural

Support for Programming Languages andOperating Systems, pages 297{307, Nov.

1994.

22. J. P. Singh, J. L.Hennessy, and A.Gupta. Implications of hierarchical n-body

methods for multiprocessor architecture. ACM Transactions on Computer Sys-

tems, May 1995.

23. J. P. Singh, C. Holt, T. Totsuka, A. Gupta, and J. L. Hennessy. Load balancing

and data locality in adaptive hierarchical n-body methods: Barnes-hut, fast mul-

tipole, and radiosity. Journal of Paral lel andDistributed Computing, June 1995.

24. T. von Eicken, D. Culler, S. Goldstein, andK. Schauser. Active messages: a mech-

anism for integrated commmunication and computing. In Proceedings of the In-

ternational Symposium on Computer Architecture, pages 256{266, May 1992.

25. K.Yelick, S. Chakrabarti, E. Deprit, J. Jones, A. Krishnamurthy, and C.-P. Wen.

Parallel data structures for symbolic computation. InWorkshop on Paral lel Sym-

bolic Languages and Systems,Oct. 1995.

AO v e rv ie w o f t he p ara llel lan g uage s mentioned in the

pap er C

H A O S [ 1 3 ] Ar u n t i m e li br ar y base d system, designed f or structured irreg-

ularproblems

.

Using the data distribution and loop iteration

partitioning provided by the user, CHAOS remaps data to the

new distributions, performs loop preprocessing to translate

global references into local references, and generates commu-

nication schedules for exchanging data between processors.Data structures must be expressed in terms of arrays.

Cid[1

7] Cid is a superset of C that supports a global address space.Remote objects are manipulated by forking a remote thread

or with asynchronou s remote-access calls.Programmers can

control ob ject placement, thread placement, and thread gran-

ularity. Data transfer is performed at ob ject-granularity.Im-

plemented using a preprocessor and runtime system.

Compositional C++[

8] A concurrent ob ject-oriented language consisting of six exten-

sions to C++: parallel block, spawn, atomic functions, logical

processors, global pointers, sync variables. Remote procedure

call is a primitive in this language.

Concert[

9] A�ne-grained concurrent ob ject-oriented language.Each ob-

ject lies in global shared memory, is single-threaded, and com-

municates with other ob jects by asynchronous invocations.

Synchronization constraints are enforced by selective pro-

cessing of messages. Programmers control concurrency and

the enabling of computations; location, storage, and detailed

scheduling are left to the compiler and runtime system. COO L[

6] In COOL, an extension of C++, parallelism is expressed by

declaring functions to bep a ral lel. Operations on ob jects may

be speci�ed to be mutually exclusive. Allows programmers to

locate and migrate ob jects and provide a�nity hints that the

runtime system uses to map tasks. Jade[19]

Starting with a sequential program, a programmer annotates

certain portions of the code with data-usage information.The

implementation uses the program’s serial order and the data-

usage requirements to decide when tasks can be launched

safely.

Olden[

5] An extension of C designed for recursive data structures. The

programmer allocates data to the processors, and depending

on the locality of data, the runtime system decides whether

to migrate threads or execute them locally, caching data as

needed.

Split-C[1

0] An extension of C that follows the SPMD model.Global

pointers address the global address space while standard

pointers address the portion owned by the accessing proces-

sor. O�ers support for split-phase memory operations and

bulk transfer.

This article was processed using the La T EX macro package with LLNCS style