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Abstract

InfiniBand is an em erging H PC interc onnec t b e-

ing dep loyed in very large s c ale c lu s ter s , with even

larger InfiniBand-b as ed c lu s ter s exp ec ted to b e de-

p loyed in th e near f u tu re. Th e M es s age Pas s ing In-

terfac e (M PI) is th e p rogram m ing m odel of c h oic e

for s c ientific ap p lic ations r u nning on th es e large-

s c ale c lu s ter s . Th u s , it is very c ritic al for th e

M PI im p lem entation u s ed to b e b as ed on a s c al-

ab le and h igh -p erform anc e des ign. We analyz e th e

p erform anc e and s c alab ility as p ec ts of M V A PIC H ,

a p op u lar op en-s ou r c e M PI im p lem entation on In-

finiBand, from an ap p lic ation s tandp oint. We an-

alyz e th e p erform anc e and m em ory req u irem ents

of th e M PI lib rary wh ile exec u ting s everal well-

k nown ap p lic ations and b enc h m ark s , s u c h as NA S ,

S u p er L U , NA M D , and H PL on a 6 4 -node Infini-

Band c lu s ter. O u r analys is reveals th at lates t de-

s ign of M V A PIC H req u ires an order of m agnitu de

les s internal M PI m em ory (average p er p roc es s )

and yet delivers th e b es t p os s ib le p erform anc e.

F u r th er, we ob s erve th at for th es e b enc h m ark s and

ap p lic ations evalu ated, th e internal m em ory re-

q u irem ent of M V A PIC H rem ains nearly c ons tant

at arou nd 5 -1 0 M B as th e nu m b er of p roc es s es

inc reas e, indic ating th at th e M V A PIC H des ign is

h igh ly s c alab le.

∗This research is su p p orted in p ar t b y D ep artm en t of E n -

erg y’s g ran t # D E -FC 0 2 - 0 1 E R 2 5 5 0 6 , N ation al S cien ce Fou n -

d ation ’s g ran ts # C N S - 0 4 0 3 3 4 2 an d # C N S - 0 5 0 9 4 5 2 ; g ran ts

f rom I n tel, M ellan ox , C isco, S u n M icrosystem s an d L in u x

N etworx ; E q u ip m en t d on ation s from I n tel, M ellan ox , A M D ,

I B M , A p p le, A p p ro, M icroway, PathS cale, S ilverstorm , S u n

M icrosystem s, A d van ced C lu sterin g an d D ell.

1 In tro d u ctio n

C lu s ter c om p u ting h as b ec om e q u ite p op u lar du r-

ing th e p as t dec ade. Th e interc onnec t u s ed in

th es e c lu s ter s is very c r u c ial for attaining th e h igh -

es t p os s ib le p erform anc e. InfiniBand [7 ] is an

em erging h igh -p erform anc e interc onnec t, offering

low latenc y (1 .5 -3 .0 m ic ros ec onds ) and h igh b and-

width ( m u ltip le G igab ytes /s ec ond). In addition to

h igh -p erform anc e, InfiniBand als o p rovides m any

advanc ed featu res s u c h as R em ote D irec t M em -

ory A c c es s ( R D M A ) , atom ic op erations , m u lti-

c as t, and Q oS . A s InfiniBand h as gained p op u lar-

ity, large-s c ale c lu s ter s , s u c h as th e 9 0 2 4 -p roc es s or

S andia Th u nderb ird [1 4 , 1 9 ] and NA S A /A m es

C olu m b ia [ 1 4 ], are u s ing it as th eir p r im ary in-

terc onnec t. C lu s ter s of s everal tens -of-th ou s ands

of nodes h ave now ap p eared as th e m os t p ower-

f u l m ac h ines in th e Top 5 0 0 lis t [ 2 4 ]. A c c ord-

ingly, it is exp ec ted th at th e s c ale of InfiniBand

c lu s ter s to b e dep loyed in th e near f u tu re will b e

even larger. M PI [1 3 ] is th e de-fac to s tandard in

writing p arallel s c ientific ap p lic ations . H enc e, a

s c alab le and h igh p erform anc e M PI des ign is very

c ritic al for end H PC ap p lic ations , wh ic h will r u n

on th es e m odern and next generation very large-

s c ale c lu s ter s .

M V A PIC H [ 1 5 ] is a p op u lar op en-s ou r c e h igh -

p erform anc e and s c alab le im p lem entation of M PI

over InfiniBand. It is u s ed b y over 3 9 0 orga-

niz ations s p read over 3 0 c ou ntries . It h as en-
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abled several c lu sters, in c lu din g th e S an dia Th u n -

derbird [1 9 ], to ac h ieve h igh ran k in gs in th e Top

50 0 list. M V APIC H is also in tegrated in to th e

O p en I B /G en 2 [1 7 ] stac k an d available with th e

n ewly in trodu c ed O p en Fabric s E n ter p r ise D istr i-

bu tion ( O FE D ) [ 1 6 ] stac k . I t im p lem en ts th e Ab-

strac t D evic e In terfac e of M PIC H [ 6 ] an d was de-

rived from M V I C H [ 9 ].

M V APIC H p rovides variou s design s to p erform

m essage p assin g [1 2, 22]. D ep en din g u p on th e

req u irem en t of th e en d M PI ap p lic ation an d

available In fi n iB an d h ardware, differen t design s

m ay be c h osen by th e u ser. I n addition , all th ese

design s are ru n tim e tu n able with variou s p aram e-

ters. M ost of th ese p aram eters are “ h in ts” to th e

M PI library of th e u ser’s in ten tion s. Th ese p a-

ram eters direc tly affec t th e p erform an c e, m em ory

u sage an d oth er c h arac teristic s of th e M PI library.

U sin g th ese p aram eters, th e M PI library alloc ates

in ter n al bu ffers th at are u sed for c om m u n ic ation .

I n addition , dep en din g on th e req u irem en ts of

th e ap p lic ation , m ore m em ory m ay be alloc ated

du rin g its ac tu al exec u tion . Th ese c om m u n ic ation

bu ffers rep resen t th e m ajority of th e m em ory

c on su m p tion of th e M PI library. Alloc atin g

m ore bu ffers m ay allow th e library to offer better

c om m u n ic ation p erform an c e. O n th e oth er h an d,

lac k of bu ffers m ay lead to ru n tim e alloc ation

an d m an agem en t of req u ired m em ory (wh ic h is

c ostly) an d h en c e degradation of en d ap p lic ation

p erform an c e. Th u s, th e followin g two q u estion s

are of great sign ifi c an c e to M PI library design ers,

c lu ster system ven dors, an d th e en d u sers:

1 . D oes aggressively redu c in g c om m u n ic ation

bu ffer m em ory lead to degradation of en d ap -

p lic ation p erform an c e?

2. H ow m u c h m em ory c an we exp ec t th e M PI

library to c on su m e du r in g exec u tion of a typ -

ic al ap p lic ation , wh ile still p rovidin g th e best

available p erform an c e?

To th e best of ou r k n owledge, th ere h as been

n o c on tem p orary stu dy th at c om p reh en sively an -

swers th ese q u estion s. I n th is p ap er, we p ro-

vide an swers to th e above two q u estion s by an a-

lyz in g th e in ter n al M PI op eration s du r in g exec u -

tion of well k n own M PI ap p lic ation s an d ben c h -

m ark s su c h as NAS Parallel B en c h m ar k s [2], S u -

p erL U [25], NAM D [ 1 8 ], an d H PL [ 4 ]. O u r an al-

ysis reveals th at for th e NAS B en c h m ar k s ( C lass

B ) , NAM D , an d H PL on 6 4 p roc esses, th e latest

design s of M V APIC H req u ire less th an 5M B of in -

tern al m em ory on average p er p roc ess an d yet de-

liver th e best available p erform an c e. For S u p er L U ,

th e m em ory u sage in c reases to 1 0 M B for th e eval-

u ated data sets, bu t still m ain tain s op tim al p erfor-

m an c e an d a 5 tim es redu c tion in m em ory u sage

over older M V APIC H design s.

Th e rest of th e p ap er is organ iz ed as follows:

in S ec tion 2 we p rovide th e req u ired bac k grou n d

k n owledge for th is p ap er. I n S ec tion 3 we p resen t

ou r en d ap p lic ation an alysis of p erform an c e as

well as th e m em ory req u irem en ts by th e M PI li-

brary for NAS Parallel B en c h m ar k s, S u p er L U ,

NAM D , an d H PL . We desc r ibe th e related work

in S ec tion 4 . Fin ally, we c on c lu de an d p oin t ou t

fu tu re work in S ec tion 5.

2 B a c k g r o u n d

I n th is sec tion we p rovide th e req u ired bac k grou n d

for th e work don e in th is p ap er. Th ere are two

m ajor top ic s th at are relevan t: a) th e I n fi n iB an d

n etwork with its assoc iated featu res, an d b) de-

sign of M PI ( M V APIC H in p ar tic u lar ) p rotoc ols

an d bu ffer m an agem en t.

2.1 In fi n iB a n d O v e r v ie w

Th e In fi n iB an d Arc h itec tu re [ 7 ] ( I B A) defi n es a

switc h ed n etwork fabric for in ter c on n ec tin g c om -

p u te an d I/O n odes. I n an I n fi n iB an d n etwork ,

h osts are c on n ec ted to th e fabric by H ost C h an n el

Adap ters ( H C As). A q u eu e based m odel is u sed in

I n fi n iB an d. A Q u eu e Pair ( Q P) c on sists of a sen d

q u eu e an d a rec eive q u eu e. C om m u n ic ation op er-

ation s are desc r ibed in th e Work Q u eu e R eq u ests

(WQ R ) , or desc r ip tors, an d su bm itted to th e work

q u eu e. I t is a req u irem en t th at all c om m u n ic ation

bu ffers be p osted in to rec eive work q u eu es before

an y m essage c an be p lac ed in to th em . I n addition ,

all c om m u n ic ation bu ffers n eed to be registered

(loc k ed in p h ysic al m em ory) before In fi n iB an d c an

eith er sen d from or rec eive data in to th at m em ory

loc ation . Th is restr ic tion is im p osed to en su re th at

m em ory is p resen t wh en H C A ac c esses th e m em -

ory. Fin ally, th e c om p letion of WQ R s is rep orted

th rou gh C om p letion Q u eu es (C Q ) .

I B A p rovides several typ es of tran sp ort ser-

vic es: R eliable C on n ec tion ( R C ) , U n reliable C on -

n ec tion ( U C ) , R eliable D atagram ( R D ) , an d U n re-

liable D atagram ( R D ) . R C an d U C are c on n ec tion -

orien ted an d req u ire on e Q P to be c on n ec ted to

exac tly on e oth er Q P. O n th e oth er h an d, R D an d

U D are c on n ec tion -less an d on e Q P c an be u sed

to c om m u n ic ate with m an y rem ote Q Ps. To th e

best of ou r k n owledge, th e R D tran sp ort h as n ot

yet been im p lem en ted by an y In fi n iB an d ven dor.



On top of thes e trans p ort s ervices , I B A p ro-

vid es s ervices to u p p er level s oftware; however,

all s oftware s ervices are not d efi ned for all trans -

p ort typ es . Fig u re 1 d ep icts the p articu lar s oft-

ware s ervices d efi ned for the variou s trans p orts , as

of I B A s p ecifi cation releas e 1.2 . As s hown in the

fi g u re, the s end /receive op erations are d efi ned for

all clas s es of trans p ort. For connection-oriented

trans p ort, a new typ e of s oftware s ervice called

S hared R eceive Q u eu e (S R Q ) has been introd u ced .

This allows m u ltip le Q Ps to be attached to one re-

ceive q u eu e even for connection oriented trans p ort.

Thu s , any rem ote p roces s that is connected by a

Q P can s end a m es s ag e that is received in bu ffers

s p ecifi ed in the S R Q .

Reliable
C o n n ec tio n

U n reliable
C o n n ec tio n

Reliable
D atag ram

U n reliable
D atag ram

S en d /Rec eiv e
S h ared  Rec eiv e

RD M A  W r ite
RD M A  Read

C o n n ec tio n  O r ien ted C o n n ec tio n les s

S o f tw are
S erv ic e

T ran s p o r t

Im p lem en ted

N o t im p lem en ted

Fig u re 1: I B A Trans p ort and S oftware S ervices

Ap art f rom the bas ic s end /receive op erations ,

I B A als o d efi nes R em ote D irect M em ory (R D M A)

op erations . U s ing this s ervice, ap p lications can

d irectly acces s m em ory locations of rem ote p ro-

ces s es . In ord er to u tiliz e R D M A, the req u es t-

ing p roces s is req u ired to know the virtu al ad d res s

and a m em ory acces s key of the rem ote p roces s .

R D M A op erations typ ically have lower end - to-end

latencies , s ince there is no receiver s id e s oftware

involvem ent in the critical d ata fl ow p ath. R D M A

is s u p p orted only on reliable trans p orts , the only

ex cep tion being R D M A Write is als o s u p p orted on

U C .

In ad d ition to thes e featu res , I B A p rovid es a hos t

of other ex citing featu res like hard ware m u lti-cas t,

Q oS , atom ic op erations . Thes e featu res are not d e-

s cribed here becau s e they are not related to the re-

s earch d irection d is cu s s ed in the p ap er. Ad d itional

d etails on thes e featu res can be obtained f rom I B A

s p ecifi cation [7 ].

2.2 M V A P IC H D e s ig n O v e r v ie w

M V APIC H [15 ] is a p op u lar im p lem entation of

M PI over Infi niB and . I t u s es s everal Infi ni-

B and s ervices like S end /R eceive, R D M A-Write,

R D M A-R ead , and S hared R eceive Q u eu es to p ro-

vid e hig h-p erform ance and s calability to end M PI

ap p lications . There are two m ajor p rotocols u s ed

by M V APIC H . The fi r s t is the Eage r P r o to c o l,

which is u s ed to trans fer s m all m es s ag es . The

s econd p rotocol u s ed is the R e n d e z v o u s P r o to c o l,

which is u s ed for larg e m es s ag es . In ord er to avoid

bu ffering larg e m es s ag es ins id e the M PI library,

the R end ez vou s p rotocol neg otiates the availabil-

ity of receive bu ffer by u s ing control m es s ag es .

After the neg otiation p has e, the m es s ag es are s ent

d irectly to receiver u s er m em ory with the u s e of

R D M A. Thes e control m es s ag es u s ed by the R en-

d ez vou s p rotocol are s m all in s iz e and are s ent

over the E ag er p rotocol. For m ore inform ation on

the d es ig n alternatives of the R end ez vou s p rotocol,

p leas e refer to [2 3 ]. Thu s , the E ag er p rotocol can

be u s ed for M PI ap p lication g enerated s m all m es -

s ag es as well as R end ez vou s control m es s ag es .

The E ag er p rotocol req u ires the p res ence of

“ p re-allocated ” com m u nication bu ffers on both

s end er and receiver s id es , in ord er to avoid any

ru ntim e cos ts and achieve low latency. The R en-

d ez vou s p rotocol d oes not req u ire any ad d itional

bu ffer s p ace other than the control m es s ag es s ent

over the E ag er p rotocol. H ence, only the E ag er

p rotocol cons u m es com m u nication m em ory in a

M PI p roces s . In this p ap er we focu s on the req u ire-

m ent and u s ag e of M PI internal bu ffers ; hence, we

will d es cribe the E ag er p rotocol in d etail.

M V APIC H p rovid es s everal im p lem entations

for the E ag er p rotocol bas ed on d ifferent d es ig ns

and u tiliz ing d ifferent Infi niB and featu res . In

ad d ition, thes e eag er p rotocols can be u s ed and

com bined to form hybrid p rotocols with d ynam ic

thres hold s . There are three bas ic p rotocols : a)
bas ed on p er-connection S end /R eceive m od el, b)
bas ed on R D M A-Write and c) bas ed on S hared

R eceive q u eu e. C om bining two p rotocols at a

tim e, there can be a total of s ix p rotocols , ou t of

which we d es cribe and evalu ate three in this p ap er.

We leave ou t three com binations : S end /R eceive +
S hared R eceive Q u eu e, s ince the u s e of s hared re-

s ou rces im p lies attaching a Q u eu e Pair to a s hared

q u eu e ins tead of its p er connection receive q u eu e;

R D M A-Write only p rotocol, s ince it is inherently

u ns calable d u e to the lack of fl ex ibility to m ove

com m u nication bu ffers acros s connections , and ;

S end /R eceive only p rotocol, s ince it is im p os s ible

to recall p os ted bu ffers to a p articu lar connection,

thu s lead ing to inferior s calability. The rem aining

three p rotocol com binations are d es cribed below:



(a) A d ap tive R D M A w ith

S en d /R ec eive C h an n el (w ith

6 p r o c es s es u s in g R D M A )

(b ) A d ap tive R D M A w ith

S R Q C h an n el (w ith 6 p r o -

c es s es u s in g R D M A )

(c ) S R Q C h an n el

Figure 2 : Various E ager P rotoc ol D es ign s in M VA P I C H

2.2.1 A d a p tiv e R D M A w ith S e n d /R e c e iv e

C h a n n e l

T h e R D M A feature of I n fi n iB an d offers very low

laten c y d ue to th e abs en c e of rec eiver s id e s oft-

ware in volvem en t, wh ic h is d es irable for s m all

m es s ages . T h e R D M A c h an n el [ 1 2 ] in M VA P I C H

p rovid es a d es ign by wh ic h th e R D M A feature

c an be fully exp loited to d eliver low laten c y. T h e

us e of R D M A req uires th at c om m un ic ation buffers

be m ad e available for eac h rem ote p roc es s th at

m ay s en d m es s ages . I n ord er to avoid a m em ory-

s c alability p roblem wh en th ere are th ous an d s of

rem ote p roc es s es , th is c h an n el h as an “ ad ap tive”

n ature (h en c e th e n am e A d ap tive R D M A ) . R D M A

c h an n els are n ot c reated un til af ter a th res h old of

m es s ages (run tim e tun able) h ave been exc h an ged

over th e S en d /R ec eive c h an n el. A t th e tim e of

c om m un ic ation in itializ ation , on ly a lim ited n um -

ber (typ ic ally on ly two or th ree) of buffers are al-

loc ated p er rem ote p roc es s . T h es e in itial buffers

are p os ted on th e In fi n iB an d S en d /R ec eive c h an -

n el. A c c ord in gly, all p roc es s es in itially c om m un i-

c ate us in g th e In fi n iB an d S en d /R ec eive c h an n el s e-

m an tic s . M VA P I C H m ain tain s an in tern al c oun ter

of th e n um ber of m es s ages exc h an ged by eac h p air

of p roc es s es , an d if th is c oun t in c reas es beyon d

s om e th res h old (run tim e tun able), buffers are al-

loc ated an d m ad e available to th e rem ote p roc es s

over R D M A .

For th e s ake of brevity, th is d es ign will be re-

ferred to as A R D M A -S R for th e res t of th e p a-

p er an d th e c on n ec tion between a p air of p roc es s

th at us es R D M A for E ager p rotoc ol will be c alled

a R D M A C on n ec tion . Figure 2 (a) illus trates th is

c h an n el with th e d otted lin es s h owin g th e lim ited

n um ber of buffers for th e S en d /R ec eive c h an n el.

T h e bold lin es in d ic ate th at s ix of th e m os t fre-

q uen tly c om m un ic atin g p roc es s es ac tually c om -

m un ic ate over R D M A . T h is c h an n el p rovid es rea-

s on ably good m em ory s c alability alon g with th e

low laten c y offered by R D M A .

2.2.2 A d a p tiv e R D M A w ith S R Q C h a n n e l

T h e S h ared R ec eive Q ueue (S R Q ) is a h ard ware

feature p rovid ed by In fi n iB an d th at allows up p er-

level s oftware to p os t rec eive buffers to on ly on e

rec eive q ueue. I n c om in g m es s ages from all rem ote

p roc es s es in th e M P I ap p lic ation c an th en c on s um e

buffers from th is q ueue in a fi rs t-c om e-fi rs t-s erve

(FC FS ) bas is . T h is feature allows very effi c ien t

s h arin g of rec eive buffers ac ros s m an y In fi n iB an d

c on n ec tion s . T h us , red uc in g th e m em ory req uire-

m en t by an ord er of m agn itud e for M P I ap p lic a-

tion s th at exec ute on very large p roc es s c oun ts (up

to ten s of th ous an d s ) .

O n e d rawbac k of th e S R Q is th at th e p roc es s es

s en d in g m es s ages d o n ot h ave an ac c urate p ic -

ture of th e rec eiver buffer availability. A s s uc h ,

if s en d ers keep in jec tin g p ac kets in to th e n etwork

th at d o n ot h ave an y d es tin ation buffer available,

th e p erform an c e of th e ap p lic ation is d egrad ed .

I n ord er to alleviate th is s ituation , we h ave d e-

s ign ed a n ovel, rec eiver-d riven fl ow-c on trol m ec h -

an is m [ 2 2 ]. T h e rec eivin g M P I p roc es s s ets a

“ low-waterm ark” for th e S R Q . W h en th e n um ber

of available buffers in th at q ueue d rop s below th is

th res h old , an in terrup t is gen erated by th e H C A ,

wh ic h is c augh t by th e M P I library. I f th ere are

m ore rec eiver buffers alloc ated alread y, th en th ey

are p os ted to th e H C A to keep th e S R Q full; h ow-

ever, if n o buffers are available, n ew on es are al-

loc ated an d p os ted to th e S R Q to fi ll it. Figure 3

d ep ic ts th e triggerin g of a low-waterm ark even t by

a s en d er an d th e s ubs eq uen t fi llin g of th e S R Q .



During c om m unic ation initializ ation, all p ro-

c es s es have full S R Q s and c om m unic ate us ing

thes e buffers . W hen a c ertain num ber of run-

tim e tunable buffers have been c ons um ed from the

S R Q , R DM A buffers are m ad e available for that

rem ote p roc es s . H enc e, s im ilar to the d es ign d e-

s c ribed in the p revious s ec tion, this d es ign als o

ac hieves s c alable m em ory us age along with low

latenc y of R DM A . A gain, for the s ak e of brevity,

the d es ign will be referred to as A R DM A -S R Q for

the res t of the p ap er. Figure 2 (b) illus trates this d e-

s ign. E ac h p roc es s p rovid es a s et of rec eive buffers

that are s hared for every rem ote c onnec tion (s hown

by the d otted line). A s before, the bold lines ind i-

c ate that s ix freq uently c om m unic ating p roc es s es

are us ing R DM A .

Sender R ec eiv er

.
 
.
 
.

SR Q  B u ffer
C o u nt D ro p s

L o w − W a term a rk
B elo w

A s y nc h ro no u s  E v ent &
B u ffer P o s ting

Figure 3 : S R Q L ow-W aterm ark M ec hanis m

2.2.3 S R Q C h a n n e l

This c hannel exc lus ively utiliz es the S R Q feature

of Infi niB and . I t em p loys the s am e rec eiver-d riven

fl ow-c ontrol m ec hanis m as d es c ribed in the p revi-

ous s ec tion. The only d ifferenc e in this c hannel

from the p revious one is that no R DM A buffers are

alloc ated , even for freq uently c om m unic ating p airs

of p roc es s es . E ven though R DM A c hannels c an

ac hieve lower-latenc y m es s age p as s ing, they c on-

s um e m ore m em ory. This c hannel, whic h is exc lu-

s ively bas ed on S R Q , m ay have s lightly inc reas ed

p oint-to-p oint latenc y (only by around 1µs ), but

c an p rovid e very s c alable m es s age p as s ing. Fig-

ure 2 ( c ) illus trates this c hannel. For the res t of

the p ap er, this d es ign will be s im p ly referred to as

S R Q .

3 E x p e r im e n ta l E v a lu a tio n

In this s ec tion, we p res ent our analys is of the p er-

form anc e and the m em ory utiliz ation of the M P I

library (s p ec ifi c ally M V A P I C H [15 ]) while exe-

c uting s everal well-k nown M P I ap p lic ations and

benc hm ark s . The E ager p rotoc ol d es igns evalu-

ated are the A d ap tive R DM A with S end /R ec eive

(c alled A R DM A -S R ), A d ap tive R DM A with S R Q

( c alled A R DM A -S R Q ), and the S R Q c hannel

( c alled S R Q ). The d es c rip tions of thes e c hannels

are in S ec tion 2 .2 .

M uc h of the d ata req uired for our analys is are

not obtainable through any other p ublic ly available

tools . This is m ainly bec aus e we aim to analyz e

inform ation that is s p ec ifi c and internal to M V A -

P I C H . In ad d ition to this , our analys is req uires the

s iz e and volum e inform ation of the m es s ages ac -

tually s ent by the M P I library. M os t M P I p rofi ling

tools c an p rovid e inform ation only about m es s ages

that were generated by the M P I ap p lic ation. A s

m entioned in S ec tion 2 .2 , large m es s age trans fer

m ay in fac t involve s everal s m all m es s age trans -

fers as req uired by the R end ez vous p rotoc ol. The

inform ation about thes e m es s ages is los t if we s im -

p ly us e M P I-level p rofi lers .

In ord er to obtain an ac c urate view of the var-

ious events oc c urring ins id e M V A P I C H , we d e-

s ign an extrem ely low overhead p rofi ling m ec h-

anis m internal to M V A P I C H . O ur p rofi ling im -

p lem entation rec ord s inform ation ins id e internal

d ata s truc tures of M V A P I C H d uring the ap p lic a-

tion exec ution. A ll the inform ation is then c ol-

lec ted at the root p roc es s by MPI Reduce d uring

MPI Finalize. S inc e the p rofi ler need only up -

d ate a few m em ory loc ations d uring the exec ution,

there is alm os t no p erc eivable im p ac t on the p erfor-

m anc e; e.g. the 0 -byte M P I m es s age latenc y is un-

affec ted , p roving our hyp othes is that our p rofi ling

introd uc es alm os t negligible overhead . O ur p rofi l-

ing m ec hanis m rec ord s im p ortant inform ation s uc h

as :

1. A lloc ation of c om m unic ation buffers

2 . M es s age s iz e and d ata volum e p rofi les

3 . N um ber of p roc es s es c om m unic ating over

R DM A E ager P rotoc ol

4 . N um ber of “ low-waterm ark ” events exp eri-

enc ed by the S R Q

In ad d ition to our internal p rofi ling of M V A -

P I C H , we us ed mpiP [ 8 ] , whic h is a lightweight,

s c alable M P I p rofi ling tool. This tool p rovid es us

with inform ation about whic h M P I c alls were is -

s ued by the ap p lic ation. C om bining this inform a-

tion (generated by mpiP) with our internal p rofi l-

ing of M V A P I C H , p rovid es an in-d ep th look into

s everal as p ec ts of the M V A P I C H d es igns for the

E ager p rotoc ol.

Table 1 s hows the res ults of our p rofi ling vari-

ous ap p lic ations on 6 4 p roc es s es . S up erL U p ro-

fi ling res ults are p res ented s ep arately in Table 2 .



The p erc en tag e M PI tim e is rep orted by mpiP an d

the res t of the p aram eters are g iven by the M V A-

PIC H in ter n al p rofi lin g . This table will be referred

to later as p art of ou r an alys is of the res u lts of eac h

in d ivid u al ben c hm ark.

3.1 E x p e r im e n ta l P la tfo r m

O u r exp erim en tal p latform is a 6 4 n od e d u al

O p teron 2 .4G H z (Proc es s or 2 5 0 ) c lu s ter. E ac h

n od e is eq u ip p ed with 8 G B of m ain m em ory an d

PC I-E xp res s in terfac e. The n od es have M T2 5 2 0 4

M ellan ox H C As with fi r m ware vers ion 1.0 .1 an d

the O p en I B /G en 2 [17 ] s oftware s tac k. The L in u x

kern el vers ion u s ed is 2 .6 .15 .

3.2 N A S B e n c h m a r k s

The NAS Parallel B en c hm arks [ 2 ] are a s et of p ro-

g ram s that are d es ig n ed to be typ ic al of s everal

M PI ap p lic ation s , an d thu s , help in evalu atin g the

p erform an c e of p arallel m ac hin es . For the p u r-

p os es of ou r evalu ation , we in c lu d e all the NAS

B en c hm arks exc ep t the E m barras s in g ly Parallel

( E P) ben c hm ark. We exc lu d ed this ben c hm ark

from ou r p ap er, s in c e it has very little M PI c om m u -

n ic ation an d as s u c h is of les s er s ig n ifi c an c e when

an alyz in g the op eration s in s id e the M PI library.

Fig u re 4 s hows the p erform an c e of the NAS

B en c hm arks ( C las s B ) u s in g all three d es ig n s of

the E ag er p rotoc ol. The n u m ber of p roc es s es is

varied from 16 to 6 4 for I S , FT, C G , L U , an d

M G . The S P an d B T ben c hm arks are ru n on 49

to 8 1 p roc es s es s in c e they req u ire the total n u m -

ber of p roc es s es to be a s q u are. E ac h g rap h has

two y-axes . The left y-axis s hows the c om m u n ic a-

tion m em ory u s ed by M V APIC H while exec u tin g

that p artic u lar ben c hm ark, whereas the rig ht y-axis

s hows the relative p erform an c e ac hieved by that

ben c hm ark exec u tion . All the p erform an c e ratios

have been n orm aliz ed with res p ec t to the bes t p os -

s ible ben c hm ark n u m ber obtain ed by the d efau lt

c on fi g u ration of M V APIC H vers ion 0 .9 .7 . A ratio

> 1 in d ic ates better p erform an c e than the d efau lt

c on fi g u ration of M V APIC H 0 .9 .7 , while a ratio <
1 in d ic ates wors e p erform an c e.

The res u lts in d ic ate that the S R Q c han n el is

able to p rovid e alm os t the s am e level of p erfor-

m an c e as the other two s c hem es : AR D M A-S R

an d AR D M A-S R Q . While the S R Q c han n el p ro-

vid es alm os t the s am e p erform an c e, it d oes s o with

m arked ly les s c om m u n ic ation m em ory. I n fac t, in

all the Fig u res 4(a) throu g h 4(g ) , the S R Q c han -

n el c on s u m es les s than 5 M B of c om m u n ic ation

bu ffers .

M em ory u tiliz ation n u m bers for ben c h-

m arks I S , FT, B T, an d S P are s hown in Fig -

u res 4(a), 4(b), 4(f) , an d 4(g ) , res p ec tively.

Thes e s how an ord er of m ag n itu d e im p rovem en t

(arou n d 10 tim es for 6 4 an d 8 1 p roc es s exec u -

tion s ) in m em ory u s ag e when AR D M A-S R is

c om p ared with AR D M A-S R Q or S R Q . H owever,

Table 1 s hows that the averag e n u m ber of R D M A

c on n ec tion s ( S ec tion 2 .2 .1) is in fac t n ot that

hig h. To an s wer this ap p aren t c on trad ic tion , we

exam in e the m es s ag e an d volu m e p rofi le g rap hs in

Fig u res 5 (a) an d 5 ( c ) . B y lookin g at thes e g rap hs ,

we c an m ake ou t that thes e ben c hm arks d o the

m ajor p art of their c om m u n ic ation s u s in g very

larg e m es s ag es . As exp lain ed in S ec tion 2 .2 , every

larg e m es s ag e tran s fer is as s oc iated with s everal

s m aller m es s ag es . Thes e s m aller m es s ag es are

n ever s en t over R D M A, rather exc lu s ively u s e the

S en d /R ec eive c han n el. I n ord er to tran s fer thes e

s m all m es s ag es , an in c reas in g n u m ber of c om m u -

n ic ation bu ffers are alloc ated for the S en d /R ec eive

c han n el. O n c e the n u m ber of m es s ag es over the

S en d /R ec eive c han n el exc eed s a c ertain am ou n t, a

m u c h larg er c om m u n ic ation bu ffer s et ( 6 4 in n u m -

ber) is req u ired to be alloc ated per rem ote p roc es s

for the S en d /R ec eive c han n el. This c on s u m es the

m os t m em ory an d exp os es an in heren t s c alability

is s u e even while u s in g an ad ap tive p rotoc ol. The

other NAS B en c hm arks L U , M G , an d C G s how

an im p rovem en t in m em ory u s ag e as well as s een

in Fig u res 4(d ) , 4(e), an d 4(c ) . The S R Q c han n el

c on s u m es arou n d half the m em ory req u ired by

AR D M A-S R . The d ifferen c e in m em ory u s ag e

between AR D M A-S R Q an d S R Q c an be exp lain ed

by the n u m ber of p roc es s es u s in g R D M A. For

exam p le, in the L U ben c hm ark (for 6 4 p roc es s es ) ,

there are on an averag e 3.92 R D M A c on n ec tion s .

Ac c ord in g to d efau lt M V APIC H 0 .9 .7 p aram eters ,

eac h R D M A c on n ec tion u tiliz es arou n d 5 0 0 K B of

m em ory, s o an alytic ally, the d ifferen c e in m em ory

u s ag e between AR D M A-S R Q an d S R Q s hou ld

be (5 0 0 ∗ 3.92)/10 24 M B = 1.9 M B . From

Fig u re 4(d ) , we c an obs erve that the m em ory

u s ag e d ifferen c e is in d eed arou n d 2M B for 6 4

p roc es s es .

We d id , however, n otic e s om e variation s in the

p erform an c e res u lts of the NAS ben c hm arks . The

c au s e of thes e fl u c tu ation s m ay be d u e to NU M A

is s u es s u c h as p roc es s m ig ration or d u e to the m an -

n er in whic h p roc es s es are m ap p ed on to the p hys i-

c al p roc es s ors . Thes e fl u c tu ation s are obs erved for

all the three E ag er p rotoc ol d es ig n s , an d as s u c h

are n ot an artifac t of the M V APIC H d es ig n s . I n all

ou r ben c hm ark exec u tion s , we u s ed the s am e p ro-

c es s to p roc es s or m ap p in g for all E ag er p rotoc ols .

Fu r ther, n o fl u c tu ation in the m em ory u s ag e was



Ta b le 1 : P r o fi lin g R es u lts o n 6 4 p r o c es s es o f NAS (C la s s B ) , NAM D ( a p o a 1 ) a n d H P L

I S M G C G F T L U B T S P NAM D H P L

Avg . R D M A C o n n ec tio n s 6.14 9.0 3.09 0.98 3.92 3.89 1.17 53.15 6.26

Avg . L o w - W a ter m a r k even ts 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.0

U n ex p ec ted M es s a g es ( % ) 2.7 10.2 13.5 11.9 38.1 0.3 0.7 48.2 13.6

To ta l M es s a g es 1.9e5 3.1e5 2.7e6 3.6e5 5.8e6 1.6e6 4.7e6 3.7e6 7.8e5

M P I Tim e (% ) 47.25 9.16 33.87 37.85 14.23 10.17 11.88 23.54 24.68
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F ig u re 4 : P er f o r m a n c e o f NAS B en c h m a r k s
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(b ) P e r c e n tag e U n e x p e c te d m e s s ag e s b e lo w a

c e r tain m e s s ag e s iz e

 0

 2 0

 4 0

 6 0

 8 0

 1 00

 1 2 0

1 M2 5 6 K6 4 K1 6 k4 K1 K 2 5 6 6 4

%
 D

a
ta

 V
o
lu

m
e
 B

e
lo

w

M e s s a g e  S iz e  (B y te s )

L U
IS

M G
C G
F T
S P
B T

(c ) P e r c e n tag e o f D ata Vo lu m e b e lo w a c e r-

tain m e s s ag e s iz e

Figure 5 : Network -L evel M es s age an d Volum e P rofi le of NA S B en c h m ark s

obs erved .

3.3 S u p e r L U

S up erL U is a gen eral p urp os e library for th e s o-

lution of large s y s tem s of lin ear eq uation s on

h igh p erform an c e m ac h in es [ 2 5 ]. S up erL U is of-

fered in th ree d ifferen t vers ion s : s eq uen tial, m ulti-

th read ed (for s h ared m em ory m ac h in es ) , an d an

M P I vers ion to be us ed on d is tributed m em ory

m ac h in es . We us ed th e M P I vers ion , c alled S u-

p erL U D I S T [1 0 ] th at c on tain s a s et of s ubroutin es

to s olve a s p ars e lin ear s y s tem A ∗ X = B. C ur-

ren tly , th e p rogram S up erL U D I S T p aralleliz es th e

L U fac toriz ation an d trian gular s olution routin es ,

wh ic h are th e m os t tim e c on s um in g.

Th e c om m un ic ation c h arac teris tic s of S up erL U

h ave been s tud ied p revious ly by S h alf, et al [ 2 0 ].

I t h as a variety of M P I c alls wh ic h are p red om -

in an tly MPI Isend, MPI Irecv, MPI Wait,

MPI Bcast, an d MPI Alltoall. Th ere are

various d ata s ets available for S up erL U D I S T. I n

our ex p erim en ts , we h ave us ed garon2.rua an d

rim.rua from [ 3 ].

A s s een in Figure 7(a), 94.99% of m es s ages are

les s th an 2 K B for th e garon2 d ata s et an d 94.3 3 %

for th e rim d ata s et. Wh ile m os t m es s ages are of

s m all s iz e, Figure 7(c ) s h ows a few large m es s ages

th at c om p ris e m os t of th e d ata volum e.

Figures 6 (a) an d 6 (b) s h ow th e p erform an c e an d

m em ory us age obs erved from our in tern al library

p rofi lin g. A s in th e c as e of th e NA S B en c h m ark s ,

th e res ults in d ic ate th e ability of th e S R Q c h an n el

to p rovid e n ear-id en tic al p erform an c e with s ign ifi -

c an tly lower alloc ation of c om m un ic ation buffers .

I n th e c as e of th e garon2 d ata s et, us age rem ain s

rough ly c on s tan t between th e ran ge of 7 to 9M B .

I n teres tin gly , with both d ata s ets th e m em ory us -

age for th e S R Q d es ign p er p roc es s is h igh er for

1 6 p roc es s es th an 3 2 or 6 4. From Table 2 , we ob-

s erve th at us in g 1 6 p roc es s es , th e average n um ber

of “ low-waterm ark ” even ts (wh en S R Q buffers are

low) is ap p rox im ately 1 .5 , wh ile 3 2 an d 6 4 p ro-

c es s es h ave s ign ifi c an tly lower values .

Th is res ult s ugges ts a c om m un ic ation p attern

with s ign ifi c an t burs ts of un ex p ec ted m es s ages an d

ad d ition ally th at th es e burs ts oc c ur les s freq uen tly

with a larger n um ber of p roc es s es . Th es e s ign ifi -

c an t traffi c burs ts wak e a th read to p os t ad d ition al

buffers to th e s h ared rec eived q ueue, in c reas in g th e

overall m em ory us age.

Th e ben efi ts of th e S R Q E ager p rotoc ol d e-

s ign are m os t p rom in en t at a p roc es s group s iz e

of 6 4. We obs erve from Figures 6 (a) an d 6 (b)

th at th e c om m un ic ation buffer m em ory us age for

garon2 is n early an ord er of m agn itud e les s th an

th e A R D M A d es ign , y et m ain tain s th e s am e level

of p erform an c e. Th e S R Q res ults for th e rim d ata

s et y ield s im ilar res ults , with a 9 an d 4 tim es im -

p rovem en t over th e A R D M A -S R an d A R D M A -

S R Q d es ign s , res p ec tively , with n ear-id en tic al p er-

form an c e. M os t im p ortan tly , our evaluation s h ows

a n ear-c on s tan t m em ory us age p er p roc es s , regard -

les s of th e p roc es s group s iz e.

3.4 N A M D

NA M D is a fully featured , p rod uc tion m olec ular

d y n am ic s p rogram for h igh p erform an c e s im ula-

tion of large biom olec ular s y s tem s [ 1 8 ]. NA M D is

bas ed on C h arm + + p arallel objec ts , wh ic h is a m a-

c h in e in d ep en d en t p arallel p rogram m in g s y s tem .

O f th e various d ata s ets available with NA M D , we

us e th e on e c alled apoa1, wh ic h m od els a blood -

s tream lip op rotein p artic le.



Ta b le 2 : P r o fi lin g R es u lts f o r S u p er L U

ga r o n 2 r im

P r o c es s es 1 6 3 2 6 4 1 6 3 2 6 4

Avg. R D M A C o n n ec tio n s 12.44 25.75 40.25 7.25 12.06 14.25

Avg. L o w - W a ter m a r k even ts 1.56 0.06 0.12 1.56 0.66 0.64

U n ex p ec ted M es s a ges ( % ) 33.5 22.0 31.6 29.4 24.2 30.0

To ta l M es s a ges 2.9e5 4.8e5 7.5e5 3.8e5 7.4e5 1.1e6

 0

 1 0

 2 0

 3 0

 4 0

 5 0

 6 0

 7 0

1 6 3 2 6 4
 0

 0.5

 1

 1 .5

 2

M
e
m

o
ry

 U
s
a
g
e
 (

M
B

)

P
e
rf

o
rm

a
n
c
e

N u m b e r o f P ro c e s s e s

A R D M A -S R
A R D M A -S R Q

S R Q

A R D M A -S R  P e rfo rm a n c e
A R D M A -S R Q  P e rfo rm a n c e

S R Q  P e rfo rm a n c e

(a) garo n 2

 0

 5

 1 0

 1 5

 2 0

 2 5

 3 0

 3 5

 4 0

 4 5

 5 0

1 6 3 2 6 4
 0

 0.5

 1

 1 .5

 2

M
e
m

o
ry

 U
s
a
g
e
 (

M
B

)

P
e
rf

o
rm

a
n
c
e

N u m b e r o f P ro c e s s e s

A R D M A -S R
A R D M A -S R Q

S R Q

A R D M A -S R  P e rfo rm a n c e
A R D M A -S R Q  P e rfo rm a n c e

S R Q  P e rfo rm a n c e

(b ) r im

F igu re 6 : M em o r y U s a ge a n d P er f o r m a n c e o f S u p er L U
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(a) P e r c e n tage m e s s age s b e lo w a c e r tain m e s -
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(b ) P e r c e n tage U n e x p e c te d m e s s age s b e lo w a
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F igu re 7 : N etw o r k - L evel M es s a ge a n d Vo lu m e P r o fi le o f S u p er L U D a ta s ets



The c om m u n ic ation c harac teristic s, as re-

p orted by mpiP, show the c alls are p r im ar-

ily to MPI Isend, MPI Send, MPI Recv, an d

MPI Barrier. O u r p rofi le of the m essag es sen t

by the M P I library show 5 0 % are u n d er 12 8 bytes

an d the rem ain in g 5 0 % are between 12 8 an d 3 2 K

bytes.

I n Fig u re 9 we observe the sam e tren d s in p er-

form an c e an d m em ory u sag e as in p reviou s ap p li-

c ation s. For a p roc ess g rou p siz e of 16 the S R Q d e-

sig n u ses on averag e 6.1M B of m em ory an d d rop s

to 5.5M B an d 5.2M B for the 3 2 an d 6 4 p roc ess

g rou p s. A s in S u p er L U , we see the ability of the

S R Q E ag er p rotoc ol d esig n to c on su m e less m em -

ory with larg er p roc ess g rou p s d u e to a m ore bal-

an c ed ap p lic ation c om m u n ic ation p attern between

all n od es. H owever, even with p attern s with short

bu rsts of u n ex p ec ted traffi c , su c h as the 16 p roc ess

ru n , we observe a 5 0 % im p rovem en t in m em ory

u sag e over both of the A R D M A d esig n s.
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Fig u re 9: P erform an c e of NA M D (ap oa1)

I n c on trast, the c om m u n ic ation bu ffer u sag e in

the A R D M A -S R d esig n sc ales lin early with the

n u m ber of p roc esses. Table 1 shows on e of the

reason s for this sc ale. The n u m ber of R D M A

c on n ec tion s also sc ales lin early with the n u m ber

of p roc esses d u e to a balan c ed c om m u n ic ation

p attern . This p attern tr ig g ers the c reation of an

R D M A c han n el after c om m u n ic atin g a set n u m -

ber of m essag es, as d isc u ssed in S ec tion 2 .2 .1. For

6 4 p roc esses, ou r evalu ation shows an averag e of

5 3 .15 R D M A c on n ec tion s. The A R D M A -S R Q

d esig n also shows a sig n ifi c an t in c rease over the

S R Q d esig n in m em ory u sag e d u e to R D M A c han -

n els. The d ifferen c e in m em ory u sag e between the

S R Q an d A R D M A -S R Q d esig n s is 2 8 M B , whic h

m atc hes ou r p reviou s m od el of the R D M A c han -

n el overhead : ( R D M A C on n ec tion s × 5 0 0 K B )

= 53.15 C on n ec tion s ×50 0 K B = 26.6M B .

3.5 H ig h Pe r fo r m a n c e L in p a c k
(H PL )

H ig h P erform an c e L in p ac k ( H P L ) is ben c hm ark

based on solvin g system s of lin ear eq u ation s [ 4 ].

I t is u sed as the p r im ary m easu re for ran k in g a bi-

an n u al Top 5 0 0 list [ 2 4 ] of the world ’s fastest su -

p erc om p u ters.

The c om m u n ic ation p attern , as rec ord ed by

mpiP, shows the c alls are p r im ar ily to MPI Recv,

MPI Send, an d MPI Irecv. Fig u re 10 shows

the p erform an c e an d c om m u n ic ation bu ffer m em -

ory u sag e observed for 16 , 3 2 , an d 6 4 p roc ess ru n s

of H P L . We on c e ag ain see a relatively c on stan t

rate of p erform an c e for all of the E ag er d esig n

sc hem es. The S R Q c han n el, however, is able to

u se a c on stan t c om m u n ic ation bu ffer siz e of less

than 5 M B for all evalu ated p roc ess siz es. Fig -

u re 11 shows the resu lts of ou r p rofi lin g of the

m essag es sen t by the M P I library. We observe that

while 5 0 % of the m essag es are u n d er 12 8 bytes,

m ost of these are c on trol m essag es for the larg er

ap p lic ation -level m essag es.
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Fig u re 10 : P erform an c e of H P L

R eferr in g to Table 1 we c an see that for 6 4 p ro-

c esses, on averag e, on ly 6.26 R D M A c on n ec tion s

are established . This resu lt ex p lain s the ap p rox -

im ately 3.5M B d ifferen c e between the A R D M A -

S R Q an d S R Q d esig n s; ou r m od el relatin g to

R D M A c han n el m em ory req u irem en ts from other

sec tion s hold s here as well. There is also a

m ark ed in c rease in the m em ory u sag e between

the A R D M A -S R Q an d A R D M A -S R d esig n s of

n early 3 5 M B for 6 4 p roc esses. A lthou g h Fig u re 11

shows that m an y m essag es sen t are of m ed iu m

siz e, there are also a sig n ifi c an t n u m ber of larg er

m essag es. A s d isc u ssed earlier, even larg e m es-

sag es req u ire sm aller c on trol m essag es to be sen t

over the S en d /R ec eive c han n el. When m an y of

these sm aller m essag es are tran sferred , an in c reas-

in g n u m ber of c om m u n ic ation bu ffers m u st be al-
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(b ) P e r c e n tag e U n e x p e c te d m e s s ag e s b e lo w a

c e r tain m e s s ag e s iz e
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Figure 8 : Netwo rk - L evel M es s age an d Vo lum e P ro fi le o f NAM D D atas ets

lo c ated o n a p er c o n n ec tio n bas is in th e AR D M A-

S R d es ign , rais in g th e m em o ry us age o f th e M P I

library.
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Figure 11: M es s age S iz e D is tributio n f o r H P L

3.6 S c a la b ility A n a ly s is

I n th is s ec tio n , we c o m bin e s o m e o f th e res ults o b-

tain ed by th e evaluatio n o f th e vario us ap p lic atio n s

an d ben c h m ark s in o rd er to o bs erve th e s c alability

o f th e S R Q c h an n el.

We o bs erve fro m Tables 1 an d 2 , th at

o n ly NAM D an d S L U ap p lic atio n s h ave L o w-

Waterm ark even ts . Th es e even ts are c aus ed wh en

th e S R Q c h an n el is run n in g lo w o n available re-

c eive buffers . After eac h L o w-Waterm ark even t

o c c urs , p revio us ly un us ed rec eive buffers c an be

m ad e available to th e n etwo rk , o r m o re rec eive

buffers m ay be allo c ated if req uired . Th is is ex -

p ec ted , s in c e bo th S L U an d NAM D h ave a p re-

d o m in an tly s m all m es s ages wh ic h en d up utiliz in g

c o m m un ic atio n buffers . Figure 12 s h o ws th e n um -

ber o f L o w-Waterm ark even ts f o r bo th th es e ap p li-

c atio n s as th e n um ber o f p ro c es s es in c reas es .
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Figure 12 : Avg. L o w-Waterm ark E ven ts

Th e res ults in d ic ate an in teres tin g tren d – th at

th e average n um ber o f in terrup ts ac tually d ec reas es

as th e s ys tem s iz e in c reas es . Th is im p lies , th at

given th es e ap p lic atio n c h arac teris tic s , as th e s ys -

tem s iz e in c reas es , it is ex p ec ted th at n o m o re d y-

n am ic ally allo c ated c o m m un ic atio n m em o ry is re-

q uired . Th is tren d als o ex p lain s wh y ad d itio n o f

m o re buffers , as in th e c as e o f AR D M A-S R an d

AR D M A-S R Q d o es n o t lead to an y “ ex tra” im -

p ro vem en t in ap p lic atio n p erf o rm an c e. Th is is be-

c aus e th e am o un t o f c o m m un ic atio n m em o ry al-

lo c ated at s tartup , is alm o s t s uffi c ien t f o r th e en -

tire ap p lic atio n run an d th e S R Q c h an n el is able

to effec tively utiliz e th em . Th us , th e S R Q c h an n el

is ex p ec ted to ac h ieve a h igh d egree o f m em o ry-

s c alability wh ile p ro vid in g ex c ellen t p erf o rm an c e

o n even larger s ys tem s iz es .

4 R e la te d Wo r k

I n tern al m em o ry us age by th e M P I library is an

im p o rtan t m etric th at is c ruc ial to h igh ly s c alable



MPI d es ign . S everal res earc h ers h ave c on d u c ted

s tu d ies in th is area, as d es c r ibed in th is s ec tion .

L iu , et al p erform ed c om p aris on of MPI im p le-

m en tation s over In fi n iB an d , Myrin et an d Q u ad r ic s

in [ 1 1 ] . In th is s tu d y th ey fou n d th at th e total m em -

ory u tiliz ation of th e earlies t MPI over In fi n iB an d

(MV A PICH ) was in c reas in g lin early with th e n u m -

ber of p roc es s es , d u e to th e ex c lu s ive u s e of In -

fi n iB an d reliable c on n ec tion s . O n th e oth er h an d ,

MPI im p lem en tation s over Myrin et an d Q u ad r ic s

h ad n ear c on s tan t m em ory u tiliz ation regard les s of

n u m ber of p roc es s in th e MPI ap p lic ation . Th e

m em ory u tiliz ation ex p erim en t was a s im p le bar-

r ier op eration , as op p os ed to th e m an y ap p lic a-

tion s u s ed to evalu ate MPI in tern al m em ory u s -

age in th is p ap er. Follow u p res earc h by Yu , et

al in [26 ] in trod u c ed “ ad ap tive” c on n ec tion s trate-

gies to MV A PICH , wh ic h allows s im ilar n ear c on -

s tan t m em ory u tiliz ation for th e typ e of ben c h -

m ark s u s ed in [ 1 1 ] . In all th e th es e res earc h work s ,

th ere was n ’t an y d is tin c tion of th e m em ory u s ed by

c om m u n ic ation bu ffers or ju s t m em ory req u ired by

layers u n d er n eath th e MPI layer ( d r ivers , libraries ,

etc .) . In th is p ap er, we evalu ate th e u s age of c om -

m u n ic ation bu ffers , wh ic h are th e d om in an t p art of

th e m em ory u s age ex h au s tively with m an y well-

k n own MPI ap p lic ation s .

O th er MPI im p lem en tation s over In fi n iB an d ,

s u c h as O p en MPI [5 ] , als o h ave S h ared R ec eive

Q u eu e bas ed d es ign for s c alable u s age of c om m u -

n ic ation bu ffers [21 ] . H owever, th e d es ign p ro-

p os ed s h owed s evere d egrad ation of ap p lic ation

p erform an c e (u p to 1 2 tim es with th e IS Clas s C

ben c h m ar k f rom th e NA S s u ite on 1 28 n od es , as

s een in Table 2 of [21 ] ) an d d id n ot in c lu d e MPI

library-level p rofi lin g.

R es earc h ers h ave c on tin u ed th eir efforts to u n -

d ers tan d c om m u n ic ation c h arac teris tic s of ap p lic a-

tion s . Com m u n ic ation p attern s of S u p er L U h ave

been s tu d ied p reviou s ly by S h alf , et al [20 ] . Mes -

s age p rofi les of NA MD an d oth er m olec u lar d y-

n am ic s p rogram s were s tu d ied by A lam , et al [ 1 ] .

In th is p ap er, we ex ten d earlier p rofi lin g efforts

by in c lu d in g in tern al MPI p rofi lin g in form ation to

p rovid e a c learer p ic tu re of th e m es s age c h arac ter-

is tic s .

Th e MV A PICH S R Q c h an n el d es ign was d e-

s c r ibed in [22]. To th e bes t of ou r k n owled ge,

th is is th e fi r s t c on tem p orary s tu d y th at c om p re-

h en s ively ex am in es th e effec t of MPI library m em -

ory u s age on p erform an c e an d th e ex p ec ted m em -

ory req u irem en ts of th e MPI library with variou s

ad ap tive s c h em es .

5 C o n c lu s io n s a n d F u tu r e

Wo r k

A s In fi n iB an d gain s p op u lar ity an d is in c lu d ed

in in c reas in gly larger c lu s ter s , h avin g a s c alable

MPI library is im p erative. Th rou gh ou r evalu a-

tion of th e NA S Parallel B en c h m ar k s , S u p er L U ,

NA MD , an d H PL , we h ave ex p lored th e im p ac t of

red u c tion of c om m u n ic ation m em ory on th e p er-

form an c e. We h ave s h own th at all of th e s c h em es

in MV A PICH are able to attain n ear-id en tic al p er-

form an c e on a variety of ap p lic ation s . O u r evalu a-

tion s h owed th at th e lates t S R Q d es ign of MV A -

PICH is able to u s e a c on s tan t am ou n t of in ter-

n al m em ory p er p roc es s with op tim al p erform an c e,

regard les s of th e n u m ber of p roc es s es , an ord er

of m agn itu d e les s er th an oth er E ager p rotoc ol d e-

s ign s of MV A PICH . In ou r ex p erim en ts , on ly 5 -

1 0 MB of c om m u n ic ation m em ory was req u ired by

th e S R Q d es ign to attain th e bes t rec ord ed p erfor-

m an c e level ac h ievable with MV A PICH .

In th e f u tu re we p lan to c on tin u e evalu atin g th e

m em ory u s age an d p erform an c e of th es e variou s

d es ign s on larger c lu s ter s . In p artic u lar, we wan t

to s tu d y ap p lic ation c h arac teris tic s m ore c los ely.

We als o p lan to in ves tigate d ec reas in g m em ory u s -

age fu r th er by alloc atin g an even lower in itial n u m -

ber of c om m u n ic ation bu ffers . Fu rth er, we are en -

gaged in on goin g work to p rop os e n ewer fl ow c on -

trol p rotoc ols wh en u s in g S h ared R ec eive Q u eu es .
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