SIMULA

TION OF GENERIC MUL

TIPR

OCESSOR

CONFIGURA

TIONS F

OR ASYNCHR

ONOUS ALGORITHMS

James M. Conrad

conrad@csl36h.csl.ncsu.edu

Dr. Dharma P

. Agra w a l

dpa@csl36h.csl.ncsu.edu

North Carolina State Univ ersit y , (919) 515-3984

Departmen t of Electrical and Computer Engineering

Bo x 7911

Raleigh, NC 27695-7911

Decem b er 17, 1992

Corresp ondence should b e directed to Dr. Dharma P

. Agrawal.

This work has b een supp orted in part by the Army Research O�ce, under grant

DAAL03-89-K-01 42.

Adv ance Cop y

In ternational Journal in Computer Sim ulation

Sp ecial Issue on Multipro cessor Net w orks

1993

ABSTRA CT

A multipro cessor simulator is a useful to ol to predict a parallel algorithm’s b ehavior. Most

existing parallel system simulators assume a particular architecture or simulate algorithms

at a machine instruction level. This pap er describ es a simple but elegant parallel pro cessing

simulator environment which could represent a general class of multiple instruction stream

- multiple data stream (MIMD) architectures. The p erformance of a class of asynchronous

parallel algorithm is examined, and as an example, an arc consistency algorithm is considered

in detail. Simulation results indicate that if our algorithm is programmed appropriately

and run on a parallel machine, go o d sp eedup and pro cessor utilization, and hence go o d

p erformance, can b e achieved. Actual measurements taken from runs on a Sequent Symmetry

computer verify this premise.

Keyw ords:

Arc Consistency

, Asynchronous Parallel Algorithm, Constraint Network, Multipro cessor,

Redundancy

, Simulation, Sp eedup, Utilization.

1 In tro duction

Much of the existing work on parallel algorithms has b een devoted to synchronous algorithms,

wherein a strict synchronism b etween successive steps of a parallel computation is observed,

and pro cessing of subtasks is done in lo ckstep [1]. In this work, we study a class of algorithms

for multipro cessors called asynchr onous p ar al lel algorithms [2] (hereafter called asynchronous

algorithms). These algorithms allow some degree of asynchronism b etween v arious steps or

successive iterations. The most imp ortant characteristic of asynchronous algorithms is that

whenever any pro cessor needs a global v ariable, it reads the most currently av ailable v alue

and continues execution using that information. The main ob jective of this pap er is to verify

that the sp eci�c steps of these algorithms can b e e�ciently programmed for many di�erent

typ es of multipro cessors.

Parallel computers can b e classi�ed according to the instruction stream sequence executed

by the computer and the data stream sequence used by the individual pro cessors [1]. Stream

classi�cation of parallel systems includes Single Instruction str e am - Multiple Data str e am

(SIMD) computers and Multiple Instruction str e am - Multiple Data str e am (MIMD) com-

puters. It may b e noted that asynchronous algorithms in general can only b e run on the

MIMD class of multipro cessors and not on SIMD multipro cessors. Parallel computers can

also b e classi�ed according to three p ossible memory architectures: shared, distributed, and

hybrid.

T o examine the e�ect of running asynchronous algorithms, we de�ned three sp eci�c goals:

1. The simulation should b e able to represent any MIMD multipro cessor architecture.

2. The simulation should b e capable of representing the memory op erations of either

shared, distributed, or hybrid memory architecture.

3. The simulation should b e able to measure a relatively large and identi�able amount of

work p erformed by an algorithm, but not measure work instruction by instruction.

W e considered many exp erimental parallel pro cessing simulators [3, 4, 5 ] and several commer-

cial simulators [4, 6] and observed that either they were to o complex, or they simulated one

sp eci�c architecture, or they simulated the problem at a machine instruction level. There-

fore, we decided to develop our own simulator. With a simple yet elegant simulator we

are able to represent any MIMD computer architecture, represent communications overhead

of a distributed memory computer, examine the work p erformed by each pro cessor of the

simulation, and collect data for overall algorithm p erformance ev aluation. W e can also v ary

the frequency of interpro cessor communication and, thereby

, meet all three goals describ ed

ab ove.

W e have compared our shared memory simulation results with measurements taken on a

shared memory Sequent Symmetry computer. Results indicate that the sp eedup and pro-

cessor utilization from the simulation are fairly close to that of the actual runs.

This pap er is organized as follows. Section 2 de�nes the typ es of generic parallel pro cessing

architectures we simulate. Section 3 describ es the general characteristics of asynchronous

algorithms. Section 4 presents a Static Parallel Arc Consistency algorithm as a sp eci�c

asynchronous algorithm under consideration. Section 5 de�nes the requirements for achieving

the goals of the simulation pro ject and describ es how simulating shared, distributed, and

hybrid memory accesses are achieved. Section 6 intro duces the measurement metrics and

presents simulation results and actual measurements for the example algorithm. Section 6

includes the conclusion.

2 P arallel Computer Arc hitectures

At a given instant, a MIMD parallel pro cessing computer executes a di�erent instruction on

each of its pro cessing elemen ts. The pro cessors may

, however, require communication with

each other or sharing of resources. How the pro cessors access memory or input/output de-

vices totally dep ends on the underlying computer architecture. W e classify MIMD computer

architectures relative to the lo cation and distribution of their memory mo dules. The three

p ossible schemes of MIMD computers are: shared memory

, distributed memory

, and hybrid

memory .

Figure 1 shows a blo ck diagram of a shared memory architecture with four pro cessors and four

memory mo dules. The switching network is designed in such a way that each pro cessor can

access any of the memory mo dules. The switching network can b e a simple bus, a complex

crossbar, or a multistage interconnection network. Communication b etween pro cessors is

handled by writing to and reading from the shared memory lo cations.

Figure 2 shows a blo ck diagram, and Figure 3 an example, of a distributed memory archi-

tecture. Each pro cessor has its own priv ate memory

. Communication takes place directly

b etween the pro cessors via the switching network. If one pro cessor wants a v ariable v alue

from the memory mo dule of another pro cessor, the requesting pro cessor submits a message

to the other pro cessor. The remote pro cessor retrieves the information from its priv ate mem-

ory and sends it to the requesting pro cessor. One of the many network top ologies, such as

ring, mesh, or hyp ercub e, could provide the interpro cessor communication.

Figure 4 shows an example of a hybrid memory architecture, which combines the inherent

characteristics of b oth shared and distributed memory architectures. The priv ate memory

can serve as a fast memory for computer instructions and lo cal data, while the shared memory

can b e used to store global v ariables used by some or all the pro cessors.

3 P arallel Algorithms

Kung [2] de�nes a parallel algorithm for multipro cessors as a collection of concurrent pr o-

c esses that may op erate simultaneously to solve a given problem. A pro cess should b e an

Blo ckDiagram of aShared MemoryComputer Archite

FigureBlo ckDiagram ofa DistributedMemoryComputerArchitec ofa DistributedMemoryComputerArchitecture

FigureBlo ck

DiagramofaHybrid

MemoryComputerArchitec idensubset of the entireproblem,but can executeon more than one pro A problem usually requires interaction b etween the pro the program controlling pro cess needs to communicate with another pro cess, it can send or receiveinformation a message or it can read or store information via a globally av ailable v

Sucp oinin the program are action oints, and these p oints dividea pro cess into stagesA d ar lel algorithm consists of pro cesses where \there exists a pro cess sucthat some stage of the pro cess is not activ ated until another pro cess has �nished a p ortion of its program"[2 example, the pro cesses + and C +are part of larger pro cess X = (A + B ) � (C + D pro cess to compute that the + C + pro cesses b oth complete, therefore the pro cess is synchronized with the twAn asynchronous algorithm has the following prop erties

[2set of global v ariables is av ailable to all pro a stage of a pro cess is complete,the pro cess

�rst reads some global v Then, based on the v alues of the v ariables and the results from the previous pro stage, the pro cess mo di�es some global v ariables, and then activ ates the next stage terminates most imp ortant characteristic of asynchronous algorithms is that its pro cesses nevwfor inputs, therefore, a pro cess cannot b e deadlo cked waiting for synchronization another pro asynchronous algorithms are typically executed on shared ory computers, we have mo di�ed these algorithms for a distributed memory environment.

e describ e the needed changes in Section

Consistency as an Example of an hronous

Constraint satisfaction is a branch of Arti�cial

Intelligence where one must �nd v alues for group of v ariables, or Mackw[7] describ es constraint satisfaction as \those in which one has a set of v ariables, each to b e instantiated in an asso ciated and a set of Bo olean constraints limiting the set of allowed v alues for sp eci�ed subsets of v Consistency e examine a class of constraint satisfaction pre-pro cessing algorithms called c tency algorithmsalgorithms remove v alues from v ariable domains which can nev in a solution to the constraint satisfaction representthesetasksmathematical form,weneedtode�nesomevariable,v

,alsocalled aparameter, isaunitwhich isassignedameaning,orv

�nite domain,D

,isalistofp ossible v aluesthat v ariablev

canb egivvalue, l

i

,also calleda lab el,is a sp eci�c assignment givento v ariable v

from a of p ossible items,that is, l

i

2D

binaryaint,R

,isarelationbywhich ifav aluel

i

fromdomainD

isv ariablev

,andv aluel

j

fromdomainD

isassignedtov ariablev

,thenconstrainR istrueiftherelation issatis�ed,thatis(l

i

l

j

2R

The arc ar c(j ) is c onsistent if, for each v alue in D

, there is at least one v alue in D

satis�es the constraint of the can b e made consistent by p erforming the op 8l

i

D

D

[ fl

i

j(9l

j

)(l

j

2 D

) ^ R

(l

i

;l

j

)consistencyalgorithmstypicallydonot �nda singleassignmentsetfor aconstrainaconstraintsatisfaction algorithm,like backtracking,mustb earcconsistencyto searchfora sp eci�cassignment Aaint network isa graphical representationofa sp eci�cconstraintsatisfaction lem. 5 shows an example of a four v ariable constraint netwcircles representhe �nite domain v ariables of the problem, and the b oxes represent the constraints b etwthe v the v ariable domains are single letters, and the constraints are pairs which satisfy an assignment of the two v c is a directed edge from v ariable to another v ariable. onsistency ck is a comparison of a p ossible v alue of v ariable with the p ossible v alue of another v ariable. we lo ok at Figure 5, one check includes assigning the v alue A to ariable 1 and the v alue D to ariable 2 and cing if this pair of v alues satis�es Constraint network in Figure 5 has only one set assignments which satisfy the constrain1 is assigned A, ariable 2 is F, ariable 3 is assigned H, and ariable 4 is assigned Mackwand reuder [8] proved the complexityb ounds of sequential arc using consistency checks as the unit of numb er of cks dep the numb er of v ariables (n), v alues p er v ariable (a), and edges (e) in the netwdesirable to embrace this complexity measure as an imp ortant parameter, and consistency checks are counthe pro cess of preparing and executing a checrequires several machine instructions, we decided to de�ne our identi�able amount work as single consistency check for each pro shall further de�ne one pro cycle as the time needed to p erform one consistency check.

ariableConstraintNetw

Consistency tial Algorithm Mackw[9] Arc Consistency sequential algorithm #1 (AC-1) is a simple algorithm ensurearcEvarcoftheconstraint iscked.TheAC-1 algorithmusesRevise subroutine, which examines an arc by cho osing a v ariable v alue and checking if v ariable connected by the arc has at least one v alue which is consistent with the v alue v is done for each v alue in the �rst v ariable’s a v alue is removfrom a v ariable’s domain, a change bit is set with a logical \1" and AC-1 recks each it’s arcs at least one more time.AC-1 continues to recheck it’s arcs until no more v alues removThe worst case complexityof AC-1 is rep orted by Mackworth and reuder [8] as O(a neconsistency checwe examine the constraint network of Figure 5, the sequential Aalgorithm makes 58 consistency checks to �nd a single solution assignmentrace of the consistency checks for AC-1 is shown in Figure show a check mark ( next to a successful consistency check, and a \�" next to an unsuccessful checkshow if the change bit is set to logical \1" domain changes are shown in third Arc Consistency and Henderson [10 ] prop osed a parallel version of the AC-1 algorithm, but their vexecutes on a shared memory architecture.Gu and Sosic [11] also prop osed a version of the AC-1 algorithm, but their version is only v alid for a sp ecial-purp ose computer. have develop ed a true asynchronous algorithm called the Static Parallel Consistency algorithm AC), which can b e executed on any MIMD computer architecture.

AC algorithm is a mo di�cation of Mackworth’s AC-1 algorithm [12 ] with sevchanges which lead to p erformance enhancemenEacpro cessor is assigned a part a constraint network, and each pro cessor ensures lo cal arc consistency of it assigned of the netwAutilizes a pro cedure called Static Parallel Revise Bo olean (Sprevise), which is similar to Mackworth’s Revise will checkan and removeall v ariable v alues which could never participate in a a v alue removed, all pro cessors which use the v alue are informed and will need to recheck end of the AC pro cedure o ccurs only when all pro cessors have veri�elo arc each pro cessor has veri�ed lo cal arc , it accesses av ailable counting v ariable indicating the numb er of active pro the v that at least one other pro cessor is still working on arc , the pro b ecomes idle. An idle pro cessor restarts when an active pro cessor connected by a constraindeletes a v ariable v alue used by the idle pro restarted pro cessor tries to ensure lo arc consistency The AC algorithm also will stops if a domain of a v ariable is empty b ecause no could ever b e

Clo c

Clo c

V

V

DEFGHI

AD

***Lo

AD

***Lo

CD

BD

AJ

BE

CJ

BFADEFGHI

DA

cd

A

AJ

DHAFH

CJ

FH

DA

HF

EA

HJ

10ECADFGHI

JA

11 A

JH

12 DG

42 AF

***Lo

FG

CFF H

FH

44 AJ

15 GD

45 A

HD

FH

17 HF

47 HF

18 ID�

48 HJ

19 IFADF GH

JF

20 GJ�

50 JH

21 GK

AF

***Lo

GLADF H

AJ

23 HJ

53 A

JA

54 FH

25 KA

55 HF

26 LA

HJ

27 LCADF H

JF

28 JH

58 JH

29 KHADF H

Figure

Check raceof

Sequential

AC-1 worst case timecomplexityof the AC-1 algorithm is O(a ne) consistencychecks,since we distribute worktoppro cessors(such thatp� n),theworstcasetime complexitytheACalgorithmisO(a ne=p)consistencychecThe worst case pro cessing complexity

ofwork p erformedis ppro cessorstimes the time complexity, or O(a neof the extreme worse the average, the actual work p erformed is quite wexamine the constraint network in Figure

5,the parallel AC algorithm makes checks to �nd the single solution assignment, but do es so in 15 cycles.

parallel trace

(Figure 7) shows the work p erformed by each pro eacpro is assigned one v ariable and all the directed arcs that originate from that v Consistency checks are carried out in the same manner as describ ed change bit somewhat di�erent. A pro cessor will alter only other pro cessors’ change pro altering this bit is noted in the \change bit" column

(this information is not recorded by pro cessor, it is only provided here for added readability).The domain changes column shothe v ariable v alues for each pro

Pro

Pro

Pro

Pro

V

V

V

V

AD

Lo

DA

Lo

GD

Lo

JA

Lo

BD

EA

HD

KA

BE

EB

HE

LA

BFon

A

EC� on

HF on

LB� on

CD on

A

IDon

LC

AJ

DG on

IF

JGon

CJ

FG

GJ

JH

AD

*** Lo

FH on

GK

KGon

CD on

DA

Lo

HJ on

KH

AJ

A

HDLo

JA

Lo

CJ on

DH

HF on

JH

AF

Lo

FH

HJ

CF on

HF

Lo on

AJ

A

Lo

HJ

JA

Lo

FH

JH

Figure

Check race of AC

cessing ulation

Requiremets

The �rst goal of our simulation pro ject is to consider the op erations p erformed by pro cessors and not the underlying interconnections b etween pro assume of the distributed memory computer’s pro cessor interconnections, commtime is the assumption is similar to the pro cessor to pro cessor commof the Intel iPSC/2, where message passing from one pro cessor to all other pro cessors

identical[13 areconcerned,though,withthecommunicationsandsetupasso ciated with sending and receivinga e also want to make our simulator exible enough to allow any arbitrary numb er of second goal is to have a capability of simulating a shared, distributed, or hybrid architecture.algorithm design and execution should b e indep endent of any sp architecture and the co de should b e easily p ortable to di�erent parallel (although one should �ne-tune the co de to exploit features of each This us to concentrate on the algorithm and we need not worry ab out such details as the handled by each computer’s op erating do es not mean that we interested in the memory architecturee di�erentiate b etween shared and , but by minimizing the numb er of writable v ariables we have lessened the access The third goal is that the simulation measure a large and identi�able amount of work p by our Evthough measurement of the individual computer would represent a true parallel pro cessingsimulator, we do notwant sucha

�ne-grainsurement. step of our algorithm, therefore, represents many computer are interestedin measuringthe work at a larger grain level,such as a consistencycheckan arcconsistencysingleconsistency check iseasily measuredandrepresents several steps ofouralgorithm. fact, consistency cks provide an identi�able

which can b e used to compare all arc consistency algorithms (sequential and Once we have executed these algorithms on our simulator, we can identify those which shothe greatest promise of sp eedup, and implement the algorithms on actual multipro o implement a parallel pro cessing simulator on a unipro cessor and to meet our goals, wemploa \time-shared" scthis scheme, during a time e, one pro cessor p wequiv alent to one consistency checcycle is de�ned as the time where every pro given one time Athe end of a cycle,the memory of our multipro cessing system up that a given pro cessor may not have any work to p erform during a time and could remain During each pro cessor’s time slice, the following op erations are p erformed (refer to Step previous-state information (i.e.counting v alues or lo op v ariables) is read the simulator’s an actual multipro cessing application, this information not stored in , but is lo cated in the registers of each pro Step the previous-state information, the next identi�able amount of work is (in our example,this work is one consistency checStep work consisting of reading a \multipro cessor’s memory" and, if needed, a change to the \multipro cessor’s memory" is p change is actually a temp orary memorylo cation so the changewillnot b eav ailableto \pro their time slice Step current state information is stored into the simulator’s is necessary in a simulated mo del but not in a true multipro cessor algorithm stops when all pro cessors are can b e determined in a computer by using a single v ariable to indicate how many pro cessors are active.a distributed memory computer, one pro cessor, or the host computer, willhold this v

while at least one pro cessor is active and has work to p for each pro if idle pro cessor has no work to p erform, remain else if idle pro cessor has work to p set state information to initial p erform time slice if all work complete,b ecome idle pro else

retrievestate p erform time slice if all work complete,b ecome idle pro move the temp orary v ariables over to the p ermanent v

Figure SimPseudo-co

algorithms use four typ es of v that are read-only and used by all pro that are read by all pro cessors, but written by only one pro that are read by one pro cessor, but writtenby all pro thatare readand writtenbyallpro Theop erations usingthesev ariablesdi�erdep ending onthearchitecturewesim aSharedMemorysharedmemorysimulationoptionassumesthattheaccesstime toallmemory lo is identical.The treatmentof eachof the ab ove v ariables Read-onlyv ariablesarereadbyallpro cessors andmayb eloadedintocache v ariables make up the bulk of the algorithm’s v ariables

(almost v ariables simulated simply by making them av ailable to all simulated pro Read-bwrite-by-one v ariables remain in shared v ariables are alwaav even if a pro cessor has read the v ariable with the intention of changing the v This is p ossible b ecause of the nature of asynchronous algorithms; the v ariable v alue do have to b e currenv ariables make up ab out two p ercent of the v ariables. are the v ariables temp orarily stored until all pro cessors have executed consistency checkRead-by-one, write-by-all v ariables implementa test-and- set op eration

[14]. a sp pro cessorwantstouseav ariable, itlo cks thedesired memory lo cationandprevents pro from using pro cessor unlo cks the memory lo cation once the v up is complete.e assume that these v ariables are rarely accessed, so there is littleno delay due to a lo cked v v ariables make up 0.1% of the algorithm’s v Changes to these v ariables are also temp orarily stored during a pro cessing e have one single v ariable which is read and written by all pro v ariable rep the numb er of active pro cessors and is used to signify the end of the problem v ariable is also implemented using a test-and-set typ e nondivisible op v is simply av ailable to all the pro cessors all the time, but the v alue is only used logical op erations

(lo oping conditions) at the end of a a Distributed

Memory hitecture and distributed memory simulator option assumes the access times to lo cal memory identical.conventions of some of the v ariables, however, are di�erent due to the of the memory architecture:

v ariables are stored on each pro those v ariables needed by eacpro are stored.

simulator, however,simply has one copy of all these v Read-bwrite-by-one v ariables are stored on each pro Eacpro cessor with the same v ariable v alues, but these are changed once the pro cessing commences.pro cessor changes one of these v ariables, it sends a message with the changes to all pro cessors which use that v of messages is sp eci�ed by the user in eacsimulation. our di�erent p ossibilities are considered in this w v alue-based simulationsendsa message every timea v alueisremoveda An arc-basedsimulation sendsamessage if at least onev alue is removed after enarchasb eencheckev ariable-basedsimulation sendsamessageifatleastonev alueisremoved afterthe arc originatingfrom asingle v ariable have b een checpro cessor-basedsimulation sends amessageafter all constraint v ariablesassigneda pro cessor haveb eencheckeEach message takes one time slice to reach its destination, and each pro cessor takes one sliceto receive thee simulate these v ariables by having three copies of each v copy represents information lo cal to each pro cessor, called

\lo cal represents the v which aresent in messagesfromonepro cessortoanother,called

\communication

The third copy represents v ariable changes which have b een ed from another pro sor, called \global simulate distributed memory and pro cessor to pro commas follopro cessor will use its own \lo cal memory" to read v alues and make up use \global memory" to read v ariables which are changed by other pro a pro cessor determines that it must send a v ariable change, it puts the v alue the \communication simulator will move the change from \communication memory" to global after one time slice has simulator will also take one time slice to this v

Eacpro cessor has one read-by-one, write-by-all v a pro cessor \receives" a up dates that v therefore, p erforms its own test-and-set op handled the same way as done for read-by-all, write-by-one v ariables describ ed ab ovThe single read/write-by-all v ariable is \maintained" by one pro cessor, or by the host pro simulate this as a v ariable on a separate pro cessor, and all pro cessors send instruct the pro cessor to increment or t the v ariable’s v actual multipro cessor, this v ariable will accurately indicate when all pro cessors are but lo cating this v ariable on one pro cessor p oses a p otential b ottleneck.This proves to b the biggest shortcoming of our simulator, but app ears to o complex to simulate When weimplementthison an actual machine,wemayuse a \hierarchical"scSevpro cessors use one parent pro cessor to store this v alue, and that one pro cessor then rep toits parentpro cessor, andsowill notreduce thenumb er ofmessages,butspread the message activity across all involved pro ulator hybrid memory option is similar to the shared memory option, except that the v are stored in a pro cessor’s priv ate , and all other v ariables are stored global shared to priv ate memory is faster than access to shared however, since each pro cessor accesses priv ate and shared memory in the same prop for priv ate memory), our hybrid and shared memory options will display identical

simOur parallel algorithm relies on a static distribution of work [1can either assign constrainv ariable to each pro cessor or any numb er of constraint v ariables to each pro one constraint v ariable p er pro cessor, this distribution is fast and , but we havalso observed that the distribution of work is not entirelyequitable.If we assign sevconstrainv ariables to each pro cessor, we distribute the v ariables by ensuring the numb er arcs p er pro cessor is approximately e created several di�erent constraint networks to run using b oth the sequential and constraint networks are randomly typical constraint netwmahave any numb er of solution arc consistency is a pre-pro cessing for constraint satisfaction search algorithms, we �nd all p ossible solution assignments to netwthis pap er we have created networks with only one solution set to ensure measurements are comparing similar pro simulationis implementedby programming the sequentialalgorithm and the algorithmintheC language on anIBM-compatible80386 p ersonal use memory constructsdescrib edab ovcessorimplementedtheACalgorithminContheSequentSymmetry shared memorymtipro cessor(alsocalled atightly-coupled

MIMDSymmetry

S81hastwenty

six 32-bit pro cessors, 64-Kbytes of cache memory p er pro cessor, and 32-Mbytes of The read-only v ariables are read from a �le prior to execution, are duplicated and in each pro cessor’s priv ate , and are cacconstraint relations are nevup dated, and hence, this data can b e copied into a pro cessor’s cache with no other v ariables are stored in shared memory and can b e up dated by all pro that we did not need to use the test-and-set op eration for the read-by-one, write-bv ariables b ecause of the asynchronous nature of our trials [15] found lo cking these v ariables caused large, unnecessary delays for data The only lo cked v ariable was one read/write-by-all counter v erformance thep erformance p oint of view,we limitour measurementsto threealgorithmicrameters: sp utilization,and redundancy of work p By the common de�nition of sp eedup [1speedup=S (p)time(sequential al or ithm

time(par all elal or ithmcan interpret

\time" as the numb er of consistency checks for the sequential and time slice cycles for the parallel the parallel algorithm, we found of the pro cessors is never idle, so the numb er of cycles is equal to the maximumnumb consistency checks p erformed by any of the pro example, the sp eedup the constraint network shown in Figure 5 is 58/15 = can b e viewed as p ercentage of sp eedup realized of p ossible sp eedup. is simply sp eedupdivided bthe numb er ofpro cessorsused for the parallel

Utilization ofthe parallel algorithmis de�ned as[16util ation = (ptotal # time sl ices w her e w or k w as per or

# time sl ice cl � pr ocessor example, the utilization of the constraint network shown in Figure 5 is 55/60 = e de�ne the redundancy [1] of work p erformed r edundancy = R(p)

#consistency s (par al l el al or ithm

#consistency s (uentialal or ithmThe redundancy is a measure of how many more consistency checks are p erformed the parallel algorithm than the sequential parameter shows the extra wor sup er uous computation overhead

[17], p erformed by the parallel example,

the redundancy of the constraint network shown in Figure 5 is observed to b e 55/58 = Although the redundancy of this small sample network is b elow

1.0, we �nd that the is typicallyab ove

1.15 for shared memory simulation and ab ove

1.30 for distributed simresults of our measurements suggest that our parallel algorithm shows great and the simulator rep orts results very close to the trials of the Sequent networks where the AC-1 and AC algorithms removes all but one v alue from each v (which represents the one and only solution to our constraint

Eacp oint in �gures represent the average v alue of ten trial netw�gures show the data constrainnetworkswithaconsistencychecksuccessrateof15%inanetworkofconnectivitySimulation of these networks on a shared memory architectureindicate sp eedup b etw60and94%ofp ossiblesp eedup(FigureSp ishigher in the trialswith anumb ers of pro cessors b ecause pro cessors do not sit idlefor any length of evidentbyexaminingpro cessor Utiliof pro cessors of a shared architectureis b etween87 and work p erformed by the parallelalgorithm is much more than that p erformed by the sequentialredundancyisb etw1.05 and actualmeasurements of sp eedupdeviate slightly from simulation sp is b etween 59 and 88% of p ossible sp eedup, with the actual measurements b etw1and 7%b elowsimulatedp ossible sp eedupv

Utiliand redundancy v alues alsoSimulationof these networkson a ten pro cessor distributedmemoryarchitecturesp b etween42and73%ofp

Sp ofParallelAlgorithmas aPercentageofPossibleSp eedupfora Memory

Architecture-Simulated and

Sp of ParallelAlgorithmas a PercentageofPossibleSp eedup fora MemoryArchitecture- 10 Pro

ComputerScience

Division,ArgonneNationalLabforuseoftheir

Sequent

HwangandF.A.

Briggs,ComputerAeandlel essing,

McGraHill,

Kung,

\Synchronized and Asynchronous

Parallel

Algorithms for Multipro in

Algorithmsandctions and ent esults,

J.F.

raub,

Academic

Press,

1976, pp. 153-2 ujimoto and W.B.

Campb ell,

\E�cient

Instruction

Level

Simulation of ers," ansactions of the ciety for Computer Simulation, ol.5, No.2, pp.109-12 April

Kheir, ed.,

Systems deling andComputer Simulation,Marcel

Dekker,

Love, Jr. and M.F.

Aburdene,

\Simulation of a Distributed

Algorithm using

CAM,"

Simulation, ol. 55, No. 2, pp. 86-95,

August

ApplicationsInternationalCorp oration, ANSPEC: An ctor d ment for PDP ation, Mackworth, \Constraint Satisfaction," In dia of Arti�cial lig en eShapiro - editor, , pp. 205-2 11, A.K. Mackworth and E.C. reuder, \The Complexityof Some Polynomial NetwConsistency Algorithms for Constraint Satisfaction Problems," Arti�cial lig en e25, pp. 65-74, Mackworth, \Consistency in Networks of Relations," Arti�cial l igen e, No. pp. 99-11 8, Samal and T. Henderson, \Parallel Consistent Lab eling Algorithms," Journal of lel gr amming, ol. 16, No. 5, pp. 341-3 64 , Octob er J. Gu and R. Sosic, \A Parallel, Optimal Arc Consistency Algorithm," of the International e on lel essing, St. Charles, IL, pp. 599-60 Conrad, D.R. Bahler, and J.A. Bowen, \Static Parallel Arc Consistency in straint Satisfaction," to app ear in the dings of the 1991 Int’l Symp. on Meth. l ige nt Systems, Charlotte, NC, Octob er Intel Scienti�cComputers Corp ora tion, iPSC/2-iPSC/860 User’s Guide, Beave

Ibb ettand .opham, Ae of High e Computers IIerlag, Conrad and . Agrawal, \Performance of an Asynchronous Parallel on aGenericMultipro cessorSimulator,"toapp ear inthedingsof the e on Simulation and deling, Pittsburgh,A,MayAgrawal,dComputerAeutorial ext),IEEEComputerSo etyPress,386pages,Burkhartand R. Millen,\Performance-Measuremento ols ina Multipro cessorvironment,"IEEE ansactions on Computers,ol.38,No.5,pp.725-73 7, May