On the Use and P erformance of Explicit Comm unication Primitiv es

in Cac he-coheren t Multipro cessor Systems

Xiaohan Qin and Jean-Loup Baer

Departmen t of Computer Science and Engineering, Bo x 352360

Univ ers it y of W ashington, Seattle, W a 98195-2350

fbaer,xqing@cs .w ashington.e du

July 16, 1996

Abstract

Recen t dev elopmen ts in shared-memory m ultipro cessor systems adv o cate using o�-the-shelf

hardw are to pro vide basic comm unication mec hanisms and using soft w are to implemen t cac he

coherence p olicies. The exp osure of comm unication mec hanisms to soft w are op ens man y opp or-

tunities for enhancing application p erformance.

In this pap er w e prop ose a set of comm unication primitiv es that are absen t from pure

cac he coheren t sc hemes. The comm unication primitiv es, implemen ted on a comm unication

co-pro cessor, in tro duce a a v or of message passing and p ermit proto col optimization, without

sacri�cing the simplicit y of the shared memory systems.

T o assess the o v erhead of the soft w are implemen tation of the primitiv es and proto cols, w e

compare, via sim ulation, the execution of three programs from the SPLASH-2 suite on four

en vironmen ts: a PRAM mo del, a hardw are cac he coherence sc heme, a soft w are sc heme imple-

men ting only the basic cac he coherence proto col, and an optimized soft w are solution supp orting

the additional comm unication primitiv es and running with applications annotated with those

primitiv es. With the parameters w e c hose for the comm unication pro cessor, the o v erall memory

system o v erhead of the basic soft w are sc heme is at least 50% higher than that of the hardw are

implemen tation. With the adequate insertion of the comm unication primitiv es, the optimized

soft w are solution has a p erformance comparable to that of the hardw are sc heme.

These results sho w that the trend to w ards soft w are-con trolled cac he coherence is justi�ed

since there is no loss in p erformance and the soft w are solution is more exible and scalable.

Keyw ords: comm unication primitiv es, soft w are-co n troll ed cac he coherence, p erformance ev alua-

tion, shared-memory m ultipro cessors

1 In tro ducti on

The p erformance of parallel pro cessing systems is highly dep enden t on the comm unication to com-

putation ratio. Some of the comm unication costs are in trinsic to the algo rithm, for example barrier

sync hronization or pro ducer-consumer relationships. Other comm unicatio n costs are directly link ed

to tec hnology

, e.g., memory latency or in terconnect bandwidth. In addition, there are some com-

p onen ts of the comm unication costs that dep end on the p olicies c hosen for data exc hange b et w een

pro cesses, and on the mec hanisms used to implemen t these p olicies.

Our fo cus is on cac he-c oheren t shared-memory m ultipro cessor systems (CC-NUMA) and on the

comm unicatio n costs incurred in suc h systems. The v ast ma jorit y of shared-memory m ultipro ces-

sors use a cac he coherence p olicy implemen ted in hardw are. Most optimizatio ns geared at reducing

comm unicatio n costs, suc h as impro v emen ts in the proto cols, w eak memory mo dels, and stream

bu�er prefetc hing among others, require non-trivial hardw are mo di�cations. The exibilit y and

the scalabilit y of b oth the hardw are cac he coherence p olicies and of their optimizatio ns are op en

to question.

All cac he coherence p olicies rely on a basic comm unication primitiv e, namely

, a high p erformance

message passing substrate optimized for small messages. These messages are either con trol messages

e.g., in v alidate , or messages to transmit a small amoun t of data, a cac he line. The optimizati ons

that w e listed ab o v e either reduce the n um b er of messages (impro v emen ts in proto cols) or sc hedule

their o ccurrences so that they can o v e rlap with computation (w eak memory mo dels, prefetc hing).

Nonetheless, the rigidit y of the hardw are implemen tations prev en ts the p olicies and optimizati ons

to b e adapted to the needs of a giv en application. A separation of the coherence p olicy and of

the comm unication primitiv es to supp ort it requires a set of comm unication and memory-system

mec hanisms that can b e used at run-time to implemen t application-sp eci�c coherence p olicies. The

usage of suc h primitiv es can b e directed b y the user or the compiler [7 ], or can b e detecte d b y some

monitoring device. The implemen tatio n of these primitiv es requires some programmable net w ork

in terface [22 ].

In this pap er, w e prop ose a set of comm unication primitiv es that will allo w the user to tak e adv an-

tage of features common in message-passing systems. More precisely , w e will pro vide the user with

primitiv es suc h as transfer of m ultiple cac he lines, m ulticast of cac he lines, prefetc h, and p ost-store

in either cac he or memory that remo v e some of the dra wbac ks of the cac he coherence mec hanisms.

In addition some primitiv es can tailo r the cac he coherence p olicy to the application. The di�erence

with message-passing systems is that w e retain the shared-memory global addressing paradigm

and the underlying cac he coherency supp ort. Implemen tation of these primitiv es a�ects only the

p erformance of the system, not the correctness of the computations. The soft w are implemen tatio n

of these comm unicatio n primitiv es will result in an additional o v erhead. The goal of this pap er is

to quan tify this o v erhead and to sho w that the resulting p erformance is comp etitiv e with that of

a straigh tforw ard, but rigid, hardw are implemen tatio n. A t equal p erformance, w e will ha v e gained

exibilit y , ease of scalabilit y , and enhanced opp ortunities for further optimizat ions.

The remainder of the pap er is organized as follo ws: In Section 2, w e in tro duce the comm unicatio n

primitiv es that w e prop ose and their seman tics. In Section 3, w e discuss the arc hitectural mo del

of the net w ork in terface and highligh t a p ossible soft w are implemen tati on of the comm unicatio n

primitiv es and cac he coherence proto cols. Section 4 describ es the exp erimen tal metho dology: selection of b enc hmarks, baseline arc hitec ture, and sim ulatio n en vironmen t. In Section 5, w e sho w ho w

the b enc hmarks w ere mo di�ed with the in tro duction of the comm unication primitiv es and presen t

results of sim ulation of the prop osed sc heme and the baseline. Finally , w e summarize the related

w ork in Section 6, and conclude the pap er in Section 7.

2 Comm unication Primitiv es

In this section, w e presen t the comm unication primitiv es that can b e used b y the programmer or

compiler in order to enhance the p erformance of CC-NUMA systems. Under usual cac he coherence

p olicies, fetc hing of data is p erformed on demand only

, i.e., when a cac he miss o ccurs. Similarly ,

storing of data in memory is done only when a replacemen t is needed (most of the lo w er lev el cac hes

in the memory hierarc h y follo w a write-bac k p olicy). The primitiv es that w e prop ose extend, under

programmer or compiler con trol, these basic data mo v emen t op erations. Eac h primitiv e is a non-

blo c king op eration and m ultiple requests can b e outstanding.

Primitiv es Seman tics

g et(addr

; siz e) fetc h the data in to the requesting pro cessor cac he

g etex(addr

; siz e ) fetc h the data with o wnership

put(pid; addr

; siz e) place the data in the cac he of the pro cessor pid

putex(pid; addr

; siz e) transfer the data with o wnership to pro cessor pid

mul ticast(pids; addr

; siz e ) disseminate the data to a set of pro cessors

putmem(addr

; siz e) return data to memory

w r itemem(mode; add r

; siz e) set the write p olicy for the data

T able 1: Comm unication primitiv es. addr is the starting address of a blo c k of data. siz e is its size

in b ytes. pid is a pro cessor n um b er. pids is a mask indicating a list of pro cessors. mode is either

write-bac k (wb) or write-through (wt)

The primitiv es and their seman tics are sho wn in T able 1. The �rst t w o, g et(add r

; siz e) and

g etex(add r

; siz e), allo w the programmer to fetc h, or rather prefetc h, a set of consecutiv e cac he

lines and to request that these lines b e either in shar ed or excl usiv e state. Gran ting o wnership to

the receiving pro cessor can signi�can tly reduce write latency in subsequen t accesse s to that data.

Note that the g et op erations are not equiv alen t to page migration or DMA transfers since the data

is transferred in the cac he of the requester and cac he coherency is main tained.

While the g et primitiv es are consumer orien ted, the next t w o primitiv es, put(pid; addr

; siz e ) and

putex(pid; addr

; siz e ), are pro ducer orien ted. These op erations, akin to an async hronous send in

message-passing, can b e used when the pro ducer kno ws the iden tit y of the consumer. By using a

put op eration, the pro ducer pro cess can store a set of cac he lines, in a giv en state, in the cac he

of the pro cessor running the consumer pro cess. When there is more than one consumer and their

iden tities are kno wn, the mul ticast(pids; addr

; siz e) primitiv e can b e used. When the pro ducer

kno ws that it will not use the data an y longer but do es not kno w what pro cess will consume it,

the data can b e stored in memory with the putmem(addr

; siz e) primitiv e. This ma y sa v e half of the request-reply bandwidth in the net w ork when the data will b e used next. A similar e�ect can

b e ac hiev ed on a w ord p er w ord basis b y c hanging the default write-bac k p olicy to a write-through

one. The w r itemem primitiv es can restrict this p olicy to a range of addresses, or if the addr and

siz e are b oth n ull, it can b e applied to all write misses. By selecti ng the mo de, the user has the

c hoice of alternating b et w een the t w o write p olicies.

When used appropriately

, these primitiv es will b ene�t the application since they allo w:

1. Ov erlap of comm unicatio n with computation; this o v erlap can b e extensiv e since the op era-

tions dictated b y the comm unicatio n primitiv es are non-blo c king and m ultiple requests can

b e outstanding.

2. Bulk data transfers; the net w ork can b e b etter utilized b y pip elining transmissions.

3. T ailoring the cac he coherence proto cols; for example, sup er uous data transfers, presen t in

write-up date proto cols, can b e a v oided, or early requests for o wnership, in write-in v alidate

proto cols, can reduce the n um b er of con trol messages in migratory-lik e patterns.

Ho w ev er, there are dangers in using these primitiv es un wisely

. These dangers are the same as

those that exist when using prefetc hing or p ost-storing to o aggressiv ely , namely cac he p ollution,

increase in coherence tra�c, and saturation of the net w ork. It is up to the programmer/compiler

to mak e sure that the use of the primitiv es will b e b ene�cial. Similarly

, it is up to the system

implemen tatio n to determine whether data transfers should actually happ en or not. F or example,

if the system detects that the pro cessor issuing a get already has the data in its lo cal cac he, it can

simply ac kno wledge the request without sending the data. The system ma y also further require

that the pro cessor issuing put, putex, or multic ast ha v e the o wnership of the data, otherwise no

data will b e transferred up on suc h requests.

In summary

, the comm unication primitiv es giv e to the user some adv an tageo us features of asyn-

c hronous message-passing while k eeping the simplicit y and correctness qualities of the cac he coher-

en t global address space paradigm.

3 Arc hitectu ral Mo del

Figure 1 sho ws the general arc hitecture of a Flash-lik e [22 ] CC-NUMA where eac h no de consists

of a compute pro cessor, its cac he hierarc h y and asso ciate d con trolle rs, a comm unication pro cessor,

and memory

. The memory is used to store not only priv ate and shared v ariables but also the

coherence directory for the memory blo c ks that it con tai ns and the data structures of the comm u-

nication pro cessor that do not �t in the latter’s cac he. In this section w e expand on the design of

the comm unicatio n pro cessor and on the implemen tatio n of the comm unication primitiv es of the

previous section.

Memory

Cache

Comp

Processor

Processor

Comm

Memory

Cache

Comp

Processor

Processor

Comm

. . ._{Memory}

Cache

Comp

Processor

Processor

Comm

Interconnection Network

Figure 1: The hitectural del

3.1 unication cessor

Figure 2 depicts the del of the unication cessor and its terfaces with the compute cessor, the memory

, and the ork. The function of the unication cessor is to

handle ork and memory related transactions. The unicatio n cessor tegrat es a pro-

cessor/cac he terface (PI), a ork terface (NI), and a programmable colcessor with

instruction and data hes. In trast with the GIC cessor in the Flash system [22 ], h

uses are to hedule and h messages to the colcessor, in our deloth tasks

are erformed in are. The motiv atio n for this hoice is that a are tation adds

y . The es and the formats of the messages y hange as the system es; are

heduling and message hing w the system to adjust to h hanges more easily .

unication een the unication cessor and the compute cessor is through the

PI terface. Similarly

, the unication cessor unicates with the ork through the

NI terface . There are o queues in h of PI and NI. The input queue of PI es he

miss requests, user-initiated unication requests, and writes to memory

, either write-through

or ts. The output queue of PI is used to ard miss data to the compute cessor’s

he, and to issue he v alidati on/purge requests. The input and output queues of NI e

the same es of messages tended for or coming from other des in the CC-NUMA system.

Additional bu�ers, to e data in transit, are included in the unication cessor.

Since message cessing is one of the most time critical functions of the unicatio n cessor,

the cessor hitec ture is optimized to handle it t ly

. When a message es, it terrupts

the colcessor. The terrupt handler hes the message to an appropriate message

handler based on the message e (see w). The message handler either executes the message

directly or es the message from PI or NI to the are message queues, just as in e

Messages [31 ].

er, on a e tio nal cessor, an e message handler still results in o

high an erhead for a unicatio n cessor taining he coherency at the y of

a he line. In order to e erformance message passing, e ose to use a

hitect ure that orts rapid terrupt handling and texth. The cessor needs to

e only o are text s, one of h is dedicated to the message terrupt handler

h hes the messages to the onding message handlers. In an optimized design, the

5

E M O R Y

Interconnection

Network

. .

.

M

Network Interface

. .

Comp Processor

& Cache

Protocol

Processor &

Cache

Processor/Cache Interface

unication cessor

erheadof terrupt handling and texth can e minimized to just a few instructions

[1 ].

in our hitec tural del, e let the references ypass the unication pro-

to oi d unnecessary cessing that e�ect, the compute is directly

connected to the memory our t del,oth and shared read misses k

compute erate under a tially t del and therefore shared

write misses will also k the compute will use a write bu�er for write

misses.

Handlers

As tioned e, message cessing in the unication cessor ust erformed ef- the messages whose incompletion ks the progress of a compute cessore en highest messages onding to the unication es

y the user will e en w y and their onding message handlers will e

terruptible y messages of high .

y messages are executed as on as the unicatio n cessor is not cessing

high y message handler can either cess the message to completion

all actions can e in the de

(e.g. , or when receiving data that as requested) cess partially the message if other des of the system are needed

(e.g., he miss on a

that latte r case, the message handler will create a thread to ened

the t wle t.

ymessages areed fromthePIandNIterfaces andstoredinmessage queues

most often the unication cessor’s the unication cessor idle, it olls the are) message queues to see if there is y endingthere

themessageishandled but itcan e terrupted forthecessingof highymessages,

hence the need for a fast texth.

One of the issues in ting the message handlers for the unication es is

to �lter out asteful data plausible tatio n ould e to �lter the user’s call

at the on h the call is eing example, if the data is already t in

the cal he in the case of a eteration, then the eration ould e h

the tage �ltering out useless erations at the earliest ossible stage. e if

the eration is useful it will incur double e rhead since there is a need to consult again the

status at the home de in order to determine the appropriate action to is

necessary ecause (1) the calhe status king cannot tee completely the legali y of eration and (2) he state y e hanged from the time the cal king is erformed

to the time the arded request is cessed y the home de.

hose the e, namely to ys ard the user generated calls to the home If

actio n is to e en, then the only price e y is a aste of unication cessor time and

of ork the other hand, e do not disturb the progress of the compute with calthe actio n is useful, then it will e completed the case of transfers

than a single he line, the directory information is consulted line y line to determine

the requested data transfer is since unicatio n es are only ts, there is no need to retry a data transfer if it had to eorted

(e.g. , if he

is eingcessed y another message is in trastwith he miss requests

that need to erformed to completion.

Exp Metho dology

and ts

our e selected three ernel applicatio ns,

FFT, LU factorizat ion, and RADIX

sort from the SPLASH-2 hmark suite

[32 ,

33 applications e eended with a

system in mind, us they already e some unicatio n optimizat ions edded

in also exhibit coarse grain regular unicatio n patterns that can e exploited y

the osed unicatio n2summarizessome tstatistics outthe

size, er ofinstructions, ofreadandwritereferencesto shared

data.

Theexecution time

1

ofanapplicatio nrunningonaparallel systemcan edividedtofourcom- ts:

time eledocessor inthe�guresinSection5)

1

In our ts,e exclude the initializa tiontime from the execution time b ecause the y initializatio n

is p erformed is not ys realistic.

Program size instr(M) Shared read(M) Shared write(M)

FFT 64k ts 33.3 2 6.00 5.73

LU 256x2 56 matrix,16x16 k 64.2 0 23.11 11.19

RADIX 0.5Mtege rs,1024radix 29.5 5 5.64 3.46

Applications: sizes, of instructions executed (in millions), er of

read references (in millions), er of shared write references (in millions).

hronization due to the trinsic erties of the algorithm, e.g., ducer-consumer

relatio serial sections of the program, load balance eledlgorithm )

time due to the memory latency (Memory latency)

hronization time due to the e�ects of the memory latency (o -Memory)

four ts are not example, a h een the partitioning of

and partitioning of data can easily cause e unicatio n ewise,

t memory system exacerbates load our goal is to test the e�ciency

of the unication es with ect to a are tatio n, e will isolate the

of h t and compare the erformance of the applications, via ulation,

in four tal ts.

hine with a erfect memory system (PRAM del).

are-based he-co t (full directory [5 ]) system.

system that uses a unication de with the unicatio n pro-

cessor ting the coherence col are tation).

system as in case 3, with, in addition, the unicatio n cessor eing able to

handle the user-based unicati on es (optimized are tation).

di�erence een case 1, where only the �rst o ts are en to t, and case

ys w h of the parallel e�ciency is lost due to memory latency and he coherence

as h as ossible y the est are tatio di�erence een cases

and 3 ws the additional e rhead t y a are tatio 4 eals the tialerformance gains obtained y orting unicatio n optimizatio n hemes

on top of a exible are infrastructure.

systems e ulated had 16 cessors and, except for the PRAM case, e considered 5

binations of he size and ciatilarge (256 KB) ed and

y ciae hes, and small (32 KB) ycia ti e hes.

he line size as set at 32 ytes.

arameters

uset[30 ]asourulation olsinceourterestisprimarily in the erformance ects

thememoryisa areage ulates cessingexecutio nen-

tsandgeneratesmemoryreferencets h eamemorysystemIn

tomemoryreferences,tvidesanterfacetotriggeryuser eci�ed t. e

use of this terfacefor ecifying the unication es in the When

h es in the execution,t will generate ecial es of ts that e

ulation k-end.

assume erfect elining in the compute assumption a�ects only the o c essor

time,h remains tially the same for the four ts,and us not bias

memory system ulator dels the erations of the unicationcessor

includes theterrupt erheadofmessagereceptionwith the te xth, if

andving themessage fromthe PIandNIinputqueueseitherto eexecuted directly

or to e stored in are) queues, the time to and write messages to the PI and NI

queues, and the manipulation of the directory data 3 ws a list of jor

hitect parameters eci�ed to the ulator.

aramete rs alue

and text h 8 cycles cessor terface ound) 2 cycles ound) 4 cycles

o rk latency (one y) 24 cycles

o rk terface (in & out) 12 cycles

Retrieving data from memory (�rst ord) 15 cycles

Retrieving data from compute

(�rst ord) 12 cycles

Size of bu�ers (PI, NI) in�nite ofending requests 10

parameters of the unication cessor and ciate d alues.

Tillustrate theerhead oftheare tati on, e win4 the timingdi�erences theare and aretati onsofashared readdataisassumed

to einae state (i.e., onehopiscan eseen, inidealconditions (no

ti on) the are tatio n is 54% this is the wn e�ect that e

use in our ulations, it is in fact quite o rable to the are tation ecause

e not tried to optimize the unication cessor as h as e t to

it a exible, programmable with t hnologi cal trends, ork

memorylatenciesand bandwidths willnotprogressasfastas eed; theare

tatio n willsu�erless fromthiswideningexampledoubling onlytheork

latency ould reduce the 54% factor e to the are tatio n latency

su�er less from expansion of the system;

there will e no need to hange the full directory

to a partial one since all the directory ok-ups are handled in are.

are are

Actio n Resource latency latency

detectio n cessor 6 6 cessing ound) PI 2 2

Receivi ng andardingrequest cessor 17 4

hardlogic

o rk latency (includingNI) ork &NI 36 36

Home dehandling cessor 55 24

hardlogic

andmemory

o rklatency (includingNI) ork&NI 36 36 cessingdata cessor 26 8

PI ound) PI 4 2

otal s 182 118

T intiming eenareandare tationsofashared ariable

directoryforthe kis inahomede tfrom the de requestingthe

data.

Results

thissection, e�rst ebrie y h applicationwithanemphasisontheunicatio n i.e., massaging of the data then t the results of the

of the fourhitec tures edinSection 4 and assess the eness of the are

tatio usingtheunicatio n es.

FFT

application

SPLASH-2 FFT algo rithm is optimized for distributed or hical memory systems [2 The

data of FFT consists of a p

� p

matrix of complex data structures

the input matrix A, its ose andanother matrix of same dimensionfor the ots

the eginning, one cessor erformsinitiali zat ion for the tire inputmatrix and

the ots of ost-initializat ion algorit hm consists of six B A

T

; (2) and

(3) Computeand date (4)A B

T

(5) Compute and date A; (6) B A

T

are

hronizing barriers, after phases 3, 5 and is assigned to compute a set of

e the three ose phases, h cessor is onsible for reading a k

of the source matrix and writing it to the onding ws of the destination a

phase, h erates on the set of ws set up in the prior ose phase.

a are alidati col, unicatio nccurs in the ose or

in phase 4, when a reads a subb k of it will generate read misses since

data for that source matrix as generated on a k y k basis y other cessors

pram hw-inf-ori hw-256k-2way-ori hw-256k-dm-ori hw-32K-2way-ori hw-32k-dm-ori sw-inf-ori sw-256k-2way-ori sw-256k-dm-ori sw-32K-2way-ori sw-32k-dm-ori sw-inf-opt sw-256k-2way-opt sw-256k-dm-opt sw-32K-2way-opt sw-32k-dm-opt

0

2000000

4000000

6000000

8000000

10000000

Execution Time (in cycles)

Processor busy

Memory latency

Synchro-Memory

times forFFT.

cessorbusyisthecompute cessorexecution time.

latency is thet oftime the compute cessoraits ecauseof memorylatency and

coherence isthe hronization time, includingload balance,

to the e�ect of memory .

phases 2 and a cessorwritesthe data inA, it willneed to generate alidatio n

since the �rst ose phase left the ondinghe lines in e d state.

W use the unicatio n es to terlea ecomputation with unicatio ecif-

in phases 2 and 3 ewise in phase 5), e insert put erations as on as a cessorducer) has �nished computing a w of B to disseminate the data to the other

(consumer) addition, t after the puts e insert getex calls to place in the correct state the

he lines onding to the ws of A that the cessor will e rwrite in phases 4 (and 6).

when the cessor

�nishes computing phase it has (or at least has requested) in its he

needed data in the desired state to erform the the data has een put there

another or it has een hed via a etexis one condition, er, for

e unicatio n latency hiding heme to e the he ust e

large enough to hold the orking set of the computation phase and the orking set of the ose

the he is o small to hold the o orking sets, he ollution will ccurecause the

or the eterations will e eenerformedo that e�ect , in the cases of small

hes, the hing is heduled just efore the matrices are accessed in the ose phases.

results

Figure 3 ys the ulation results of FFT running on the four del hitectures and the

binations of he size/asso ciat yed in Section w, from left to t, the del (of course without he) , the are full-directory tati on, the are

tatio and the optimized are tatio n, h with the e he con�gurations

tioned e, the use of unication es as t on the

size of the hes.

sw-inf-ori sw-256k-2way-ori sw-256k-dm-ori sw-32K-2way-ori sw-32k-dm-ori sw-inf-opt sw-256k-2way-opt sw-256k-dm-opt sw-32K-2way-opt sw-32k-dm-opt

0

5000000

10000000

15000000

20000000

Network Traffic (in bytes)

Request

Data

Control

tra�c for FFT.\Request"\Data" , and trol"arethe orktra�cfor

hemissrequestsor unicatio nes, of data, sending

messages (e.g., alidatio and t)ork tra�c of the

are tatio n is omitted since it is to that of the are tation.

oking at the PRAM results, e see that the load balance is close to a compareen the PRAM and are tation ws that unicatio n, h ccurs

only duringthe ose phases, is time inthe aretatio n is

more than double that of the PRAM when e include a realistic memory latency and a fast but

coherence as already noticed in other studies [11 ], in�nite hes can e

orse than large �nite hes ecause while there is less data tra�c there can e more coherence

or tio n for data in a single latter phenomenon is the case here during

4 of the original program (phases 2 and 3 of the optimized program) since A is initialize d y

one cessor.

the are and are tati ons ws the price that is paid y adding

are) . Section 4, e e one example he read miss) where the latency in

the are tatio n as 54% higher than that of the are tatio This

is close to the 70-8 0% and 70-96 % ratios of the Memory latency and oniza tion-Memory of the execution tly higher ratio in the execution times can e explained

the facts that messages that can ecessed cally e e ly longer in the are

tatio than in the are one and that there exists ti on in the unicatio n

insertion of unication es ys o� the optimized d is

faster than the original are tation and, unless con ict misses ccur tly hes), is en faster than the are 5, e break

the executio n times phase y phase of the o are hemes for the in�nite he case.

Phase Application

Busy Memory hronization

1 Original 53925 79210 0 0

Optimized 61119 38603 6 0

2,3 Original 1004 49 0 3691 1400 73

Optimized 1010 79 0 27185 7 112801 8

4 Original 53910 1570 01 0 0

Optimized 53908 8482 0

5 Original 91596 7 2382 7363 66

Optimized 92230 3 15069 0 51664

6 Original 53958 1271 60 0 1227 72

Optimized 53955 2670 16036

otal Original 2082 30 5 3641 56 8 102637 6

Optimized 2102 13 6 82153 9 122285 0

Tofexecution timesofFFTfororiginal andoptimized are tatio n

(in�nite he).

Notice that the memory latency in the optimized case is only 23% of the original and this

erwhelms, in absolute ers, the 22% loss in hronization duction of

unication es has a negligible e�ect on the computation time (o c essor Busy).

the optimized tati on is 40% faster than the original tation.

the original tati on, all the memory latency e rhead is incurred in the ose phases

1

2

4, and erhead is almost wice as h as the cessor’s busy the phases, no computation es place and ersely duringthe computation phases there

is no memory tra�c (recall that e e an in�nite he).

the optimizati on, unication is erformed while computation is in progress, except during

phase phase 1, the reduction of memory latency stems from the y of transfer of eral

he lines with a single eliminates the need for sending and cessing ultiple small

us reducing ork tra�c 4 h ws an appreciable decrease in the of bulk transmission de also enables the home de to eline the data

hiding the unication latency en phases 2 and 3

3

, and phase 5, the

large t of computation should e t to erla p with the tire memory latency of

4 and 6

. residual memory latencies in those phases are caused y the fact

that the er of ending unication erations is limited to 10, h is less than what is

required, namely (number

� put and for a complete erlap with the

2

The �rst transp ose phase (phase 1) incurs shorter memory latency b ecause when a pro cessor �rst writes the

transp osed data to its wnhe no other pro cessor has hed the data writes pro ceed almost as fast as in the other o transp ose phases.

3

large hronization time at the end of phase 3 of the optimized aretation is caused y

initializi the input matrix A on a single pro comparable corresp onding hronization time is found at

the end of phase 5 of the original tation.

computations.

in�nite he case illustrates the erformance gain tial of an e unicatio n

computation e rlapping the he size is limited, the use of e u-

nication es raises the danger of olluting the the FFT case, the ollution will e

caused y con icts een the t orking set (e.g., a set of e of B phases

2 and 3), and future orking set (e.g. , a set of e of B onding ws

of A in phase the case of the large 256 KB he, e see that the ollution e�ect is indeed

since the memory latency time (in the optimized case) is wice as h as that of the

he for y set ciativi y and 3 times as h for so, though,

the erformance is comparable to that of the are heme where there are almost no con ict etter for the y case, tly orse for the the o small

hes, data is hed to the hes just efore its results w that the e

unicatio es also reduce the memory erhead tly without causing h of

the he ollution the results are comparable with those of the are heme.

4 ws the ork tra�c efore and after the optimizati ork tra�c of the

tati on is omitted since it is to that of the are tatio n.

As tioned earlier, the optimized ersion will result in er ollution on the

other hand will result in an increase not only in requests but also in data to e transferred since

data displaced y prematurely hed data ust e hed is particularly visible

the 256 KB ed the t of trol messages tly decreases of the getex requests that place the data in the t state.

Summary

In the case of FFT, the use of unicatio n es to h data and to put he lines

the correct state in yields execution times for the are optimizat ion comparable, in

fact en tly er, to those of the are tatio n.

actorization

application

The SPLASH-2 parallel tation of the LU factoriz ati on of a dense matrix has een op-

timized to exploit data calit y [33 the serial sections of the application duce

fair t of load input matrix is divided to submatrices, or ks, h

are assigned to cessors in a 2D scatter osition essence, ery cessor is for factorizing the same er of ks and this er diminishes almost uniformly

for all cessors during the algorit hm iterates e r the ks along

the the

-th iteration, the cessor onsible for the k A

k k factorize s is

y a serial part of the the erimeter ks A

ik and A

k j are computed

A

k k

, a phase that requires unicatio can erformed in parallel but the ces-

sors wning the ks all need to access data in the cessor wning A

k k the

remaining terior ij are dated y the cessors onsible for phase also

unicatio n een the datingcessors and the cessors to h the een assigned.

pram hw-inf-ori hw-256k-2way-ori hw-256k-dm-ori hw-32K-2way-ori hw-32k-dm-ori sw-inf-ori sw-256k-2way-ori sw-256k-dm-ori sw-32K-2way-ori sw-32k-dm-ori sw-inf-opt sw-256k-2way-opt sw-256k-dm-opt sw-32K-2way-opt sw-32k-dm-opt

0

5000000

10000000

15000000

20000000

Execution Time (in cycles)

Processor busy

Synchro-Algorithm

Memory latency

Synchro-Memory

timesfor LU.

cessor busy is thecompute executionhro-

Algorithm is the hronization time due to load balance trinsic to the algo Memory

is the t of time the compute aits ecause of memory latency and he

coherence is the hronization time, including load balance,due to

the e�ect of memory .

unicatio n required in the �rst and second phases of h iteratio n vides some or-

for using the unication e di�ed the algorit hm in three ys.

when a ducer) is factorizi ng a diagonal k A

k k

, it sends

(ast a w of

data as on as the w is computed to the (consumer) cessors in harge of the erimeterks

A

ik and A

k j after a

�nishes dating one w of a erimeterk,

sends

(astthe data to the (consumer) cessors that use the k for cessing the , an terior k is ely accessed y the cessor in harge of

its computation, e let the h the data with wnership

(getex) eforedating the the cases of the in�nite and large hes, hing is heduled once for all at the �rst

instance of phase the small hes, hing is issued in h iteratio n.

ulation results

5 ys the execution times for the e PRAM ulation ws

e�ects of the serial are idle one third of the time, on e rage syn-

hronizatio n is exacerbate d on a realistic system y the additional memory e rhead ecause busy cessors e longer to complete the assigned tasks, us eeping idle cessors aiting longer.

the other hand, the memory erhead ts for only 10% to 15% of the total executio n time

the are tation and 15% to 30% in the original are tati This lessom for optimizati on but reducing the memory erhead is still desirable ecause it

reduce the hronization erhead as ell.

In LU,the

256KBhesarelargeenough toacco datethe wholeorkingsetofLU forthe

problemsizeethe hes are yci ati e , the optimized solution is

sw-inf-ori sw-256k-2way-ori sw-256k-dm-ori sw-32K-2way-ori sw-32k-dm-ori sw-inf-opt sw-256k-2way-opt sw-256k-dm-opt sw-32K-2way-opt sw-32k-dm-opt

0

10000000

20000000

30000000

Network Traffic (in bytes)

Request

Data

Control

o tra�cforLU.\Request" \Data" , andtrol"aretheorktra�cfor

arding he miss requests or unicatio n es, of data, sending

messages (e.g., alidatio and t)ork tra�c of the

are tatio n is omitted since it is to that of the are tation.

t as the are tatio n for oth large and small the he is the large er of con icts es its toll and the e�ect is magni�ed in the are

tatio ns ecause of the increased latencie con icts that ccurred within the ork-

set of phase 3, when h cessor factorizes terior ks using erimeter ks, cannot o ided y the optimized are tatio e see less t t, ecially in the case of the 32K edhe.

ork tra�c es not h een the three tations The

optimizati do not duce ere he ollution.

Summary

LU, there is less y to erform optimizatio e the use of and

is while, mostly if the hes are not that case, the erformance

of the optimized are is as d as that of the are tatio n h, itself, is within

20% to 45% of the PRAM er ound.

Sort

The application

RADIX sort is part of the NAS parallel hmark [3 sorts

-bit tegers y examining r bits

(�

) of the eys er iteratio the parallel tatio n, h cessor is assigned an

fraction of the iteratio n consists of three phase 1, h cessor scans

through its assigned eys and computes the cal histogram and y of h radix In

p

Broadcast the global densities!

3101234567537p7

patternsforcomputingthe global densities andpre�xsumsofthe cessorinitially has cal histograms and cal densitiesin its indicatethedatatransferneededfor oth global densitiesandpre�xes arefor thepre�xsums el inh deis the cessorthat computes or�nalphase2, pre�x sumsofthe calhistograms andtheglobaldensities(sumsof cal densitiesof cessors) are results are used to compute the new osition of h ey in outputphase3, theeys are utedbasedonthenew osition computedintheThe data structuresare o ys that are usedalternately for theinputandsorted a binary tree of ys to store the pre�x sums of the cal histograms and the (partial) the global ccurs in ery phase at h iteratio n but with phase 1, h cessor reads a ortion of the eys, sorted and written in phase 3 of iteratio the reading is tial, the order of the eys cannot e til phase 3 phase

2,theunicationpatterns for computingthe globalthepre�xsumsare illustrated inFigure 7 usingt phase 3, h determines the new orderof the eys assigned to it andthe pattern is alse ccurtly inthisphasesince oringeys t eassignedto t

The unicatio n es can e used in h phase in t phase 1, the is to h data as on as phase 3 insert get erations for efore computing the cal histograms and y phase 2, e insert put erations in the ducer) cessors to send the data to the (consumer) according to the regular pattern of unicatio n w wn in Figure get nor es can e used in phase 3 ecause the data cations are not wn til t of false-sharing can er e o ided y ving cessors writing (write-through) instead of obtaining the wnership of a line and hing it writemem(wt ) call is inserted at the eginning of phase 3 and a onding writemem(wb) the ulation 8 ws the erformance results of RADIX can e seen when comparing the and are tatio n execution times, the memory latency e�ects are the most

pram

hw-inf-ori hw-256k-2way-ori

hw-256k-dm-ori hw-32K-2way-ori

hw-32k-dm-ori

sw-inf-ori sw-256k-2way-ori

sw-256k-dm-ori sw-32K-2way-ori

sw-32k-dm-ori

sw-inf-opt sw-256k-2way-opt

sw-256k-dm-opt sw-32K-2way-opt

sw-32k-dm-opt

0

10000000

20000000

30000000

Execution Time (in cycles)

Processor busy

Memory latency

Synchro-Memory

sw-inf-ori sw-256k-2way-ori sw-256k-dm-ori sw-32K-2way-ori sw-32k-dm-ori sw-inf-opt sw-256k-2way-opt sw-256k-dm-opt sw-32K-2way-opt sw-32k-dm-opt

0

20000000

40000000

60000000

80000000

Network Traffic (in bytes)

Request

Data

Control