Evaluating the Hyperbolic Model
on a Variety of Architectures

lon Stoica

Florin Sultan
David Keyes!

Department of Computer Science
Old Dominion University
Norfolk, Virginia, 23529-0162

stoica,sultan keyes}@Qcs.odu.edu
7 7 y

Abstract

We illustrate the application of the hyperbolic model, which enerali es stan
dard two parameter dedicated lin models for communication costs in messa e
passin en ironments, to four rather di erent distributed memory architectures

thernet W, W, ,and ntel ara on We st e aluate
the parameters of the model from simple communication patterns  hen o er
all communication time estimates, which compare fa orably with e perimental
measurements, are deduced for the messa e tra c¢ in a scienti ¢ application
code  or transformational computin on dedicated systems, for which mes
sa e tra c is describable in terms of a nite number of re ular patterns, the
model o ers a ood compromise between the competin ob ecti es of e ibility,
tractability, and reliability of prediction




ntroduction

ost communication models are based on an empirically inferred linear dependence of
the time needed to send a messa e between two communicatin parties on the si e of the
messa e or e ample, arious hardware and software o erheads in a parallel en ironment
that are modeled by a  ed component, independent of the messa e si e, and by a ariable

component, proportional to the messa e si e, are identi ed in , , , , owe er, such
models with constant coe cients cannot accommodate contention in a eneral fashion
chemes for partially a oidin contention in routin architectures e , a hypercube in

and for obtainin probabilistic uarantees for propa ation times are proposed, but the
problem of uantifyin the e ect of coe istin messa eso er the samelin on the end to end
communication performance re uires more attention
he hyperbolic model , is a ariation on the two parameter models ts main
oal is to address in a uniform way the modularity increasin ly present in modern parallel
computin en ironments, where a messa e path between two communicatin parties crosses
multiple processin modules ha in clearly de ned interfaces and distinct functionality f
the twin parameters of e ery module on a messa e path are nown either by measurement
or functional speci cation , the hyperbolic model allows them to be combined by a set of
simple rules into a sin le pair of end to end parameters n contrast to models that attempt
to lobally characteri e communication costs independently of data paths, the modular
hyperbolic representation is data dri en t canta ead anta eof nowled e of connecti ity
and component parameters alon the communication paths to adapt the parameters to
speci ¢ patterns of communication

he Hyperbolic o unication Model

his simply described tas is rendered di cult in practice by the multilayeredness of
a communication networ , by the possibility of contention between the messa es, and by
messa e pac eti ation messa e can be latency bound or bandwidth bound, dependin
upon its si e and pac et ranularity, and the layer of the networ that is critical can
shift as messa e si e aries, since each layer may ha e di erent latency and bandwidth
characteristics n systems with messa e contention for networ paths, the latency
and bandwidth seen by a i en messa e can be functions of the other messa es present
his paper describes a means of deri in ust such an e ecti e o erall pair of latency and



bandwidth parameters by al ebraic combination rules of component wise parameters We
summari e the combination rules and show how they apply to a ariety of communication
networ s and messa e e chan e patterns

he sets , , and determine the state of the communication system, which is
represented as a directed raph called a has two types
of nodes terminal nodes and internal nodes  he terminal nodes represent the end processes
that initiate the sendin  source node and recei in destination node ofthe data  etween
any pair of terminal nodes the data is passed in streams of bytes of arious si e, called

n internal node or is an abstract module that

embeds all the functions performed by the communication protocols in one or more layers
of software and hardware, in order to deli er data from source to destination
manipulates data in units of limited si e, called onse uently, passin a messa e
toa may result in splittin it into pac ets We say that two or more s are
if they share a common resource and therefore only one of them can process data at a i en
moment, and otherwise or e ample, two srunnin on di erent processors
are independent, while if they run on the same processor they are dependent

he most important parameter characteri in a is the time re uired to process a
messa e of si e , called the We consider that the pac et processin time
has two components a that is independent of the pac et si e e , the
o erhead associated with memory mana ement, interrupt processin and conte t switchin |,
the propa ation delay and an that is proportional to the pac et
si e e , data mo ement between di erent protocol layers, buildin and erifyin of the

or chec sum, pac et transmission on the communication networ

et us consider a characteri ed by the followin parameters the ma imum pac et
si e bytes ,the ed ser ice time per pac et and the incremental ser ice time per byte

hen the total ser ice time for a messa e ofsi e 1is i en by the followin e uation

where is the number of pac ets of ma imum si e bein processed We appro imate
the total ser ice time with the followin monotonically increasin continuous function
de ned on the inter al see 1 ure

where his is the e uation of a hyperbola in the plane, with a hori ontal
tan ent at and an asymptote of slope , hence the name of the model he impro e
ment of o eralinear latency reciprocal transfer rate model, ,
is not so much in the t of a continuous cur e to the sawtooth form of a pac eti ed trans
mission, but in the analytical simplicity with which the parameters for a may be
deri ed in terms of its elemental s, as shown by the four combination rules in subsections

throu h sin to estimate the total ser ice time re uired by to process
a messa e of a i en si e, we deri e rules for reducin s interconnected in arious
structures to a sin le e ui alent , with ser ice time 11 alu
atin the reduced at e treme limits of messa e si e and number of processors permits
e traction of the salient parameters for the indi idual s



1 ure

detailed discussion moti atin the form of and the combination rules is a ailable
in

otice that this de nition does not imply that a messa e is processed
by one and only after that by the ne t n fact, if the messa e is lar er than the
ma imum pac et si e and the s are independent, as soon as 1 deli ers a pac et,
can start to process it



ssumin that the pac ets are processed such that the total ser ice time of the messa e
is minimi ed, we ha e the followin reduction rule

min 4 — min 1
1

We can summari e the modelin of serial and parallel interconnection on independent
and dependent s as follows n the small messa e limit that o erns the parameter,

s in serial combine additi ely and s in parallel combine by ta in the minimum n
the lar e messa e limit that o erns the parameter, s in serial that are dependent
combine li e resistors in series, and s in parallel that are independent combine li e
resistors in parallel  he other two subcases obey a ma imum serial, independent or a
minimum parallel, dependent law in deri in the o erall

We now analy e the eneral case in which a simultaneously recei es for processin
messa es 1, , ofsies 1, , We assume that processes messa es
usin an arbitrary policy, ie , it rst processes ,ne t , and last , where 1,
is a permutation of , ince we cannot tell e actly when a particular messa e is
processed, we consider the time re uired to process bein bounded by the time re uired
to process all messa es,ie, e ui alent to the case in which is the last messa e bein
processed
1
1
11 1

he reduction rules are based on the assumption that the communication raph is identical
for both small pac et si e and erylar e messa es Ithou h this is true for many cases,
for comple communication patterns this assumption is no lon er alid see the e ample
of a tree based broadcast in We therefore ha e the followin  eneral reduction rule,
which interpolates hyperbolically between limitin cases



0 unication ara eters

n principle, one can determine parameters and by considerin the hardware char
acteristics of the computation nodes and the communication networ e , the processor
speed, the memory access time, the internal bus speed, etc and the communication pro
tocol implementation details e , the number of times a data bu er is copied while passed
throu h arious protocol layers, the al orithm used to compute the chec sum, etc |
thou h this approach appears to allow accurate e aluation of parameters, it is hard to
apply in practice because of se eral factors

arious layers of the communication architecture are embedded in the eneral purpose
operatin systems runnin on the processin nodes  his ma es them compete for
system resources with other processes in the multitas in en ironment +t also means
that arious factorsli e interrupt processin , conte tswitchin , memory mana ement,
etc , combined with hardware features li e the presence of a cache memory system,
would ha e to be considered when tryin to model the communication

ystems may be hetero eneous made up of machines from di erent endors, with
di erent characteristics and runnin di erent operatin systems

oftware pac a es, such as the support for communication between end processes at
the application le el , each ha in their own characteristics and introducin their own
o erhead, would ha e to be represented in a detailed model

or four distributed memory computin systems, thernet W  etwor of Wor sta
tions , W, the , and the ntel ara on, we illustrate the combination
rules, and in ert them to deri e the salient parameters for indi idual s from con enient

end to end measurements of limitin cases

et us consider a networ of identical wor stations lin ed by a communication networ
or simplicity, assume that the o erheads for sendin and recei in messa es
are e ual hus, all wor stations are modeled by the same irrespecti e of
whether a messa e is bein sent or recei ed We consider two communication patterns
or the rst pattern, we measure the round trip time between two wor stations et
be the round trip time measured for a messa e of si e hen, by symmetry,
the transmission time of a messa e from one wor station to another, which is not directly
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measurable on a sin le cloc , is ince, as shown in i ure , the correspondin

communication raph can easily be reduced usin ule toane ui alent communication
bloc ,we ha e

lim ——— ma

he second pattern consists of e ery wor station sendin recel in a messa e to from
all the other wor stations ore precisely, i en  wor stations, each wor station sends

messa es of the same si e to each other wor station, after which it waits to recei e all
the messa es addressed to it i ure depicts the communication pattern, as well as the
transformations for the communication raph in ol in sendin one messa e from node
to node irst, the ori inal raph is reduced by usin  ule to an intermediate raph



consistin of three modules two modules which represent the end nodes, and

one representin the communication networ ince all the messa es ha e the
same si e, and since a wor station sends messa es and recei es another messa es,
by wule we obtain , imilarly, it is easy to see that the
total number of messa es in ected into the communication networ 1ie ,into bloc
is , and therefore we obtain , e t, by usin  ule

we reduce the intermediate communication bloc to one e ui alent with the followin
parameters

ma

where the parameters of the resultin are e pressed as a function of the number of
nodes

ince in a distributed networ of wor stations we do not ha e a lobal cloc , we cannot
directly measure the time ta en to send a messa e from wor station to wor station
nstead, we synchroni e all the wor stations to be in transmission at the same time, and we
a era e the times measured on wor station from the moment the rst messa e is sent,
until the last one is recei ed he decision to consider these times is moti ated by the fact
that in an ideal system all the wor stations will be in sendin and will nish recei in at
the same time  oreo er, notice that this is in accordance with our assumptions made in
deri in  ule ,ie, when a processes concurrent messa es we assume conser ati ely
that the messa e we are studyin 1is the one that is processed et be the
a era etime measured between the moment an wor station initiates the sendin of the rst
messa e, and the moment it recei es the last messa e ince, by wule |, ,

and lim , from s we obtain the followin relations
lim —  lim
lim
lim —  lim

hus, if we ha e enou h wor stations, by sendin enou h lar e messa es, we should be

able to compute the communication networ parameters from s and nfortu
nately, in practice we cannot use unlimited resources to compute these parameters e actly
We remar , howe er, that it is easier to compute  accurately than or computin

we use ery lar e messa es, and since the time to do the synchroni ation is much smaller
than the time re uired to send recei e such messa es, we can ne lect the synchroni ation
time e en for a small number of wor stations n fact, in our thernet settin , we can
accurately compute usin only wor stations his is not true when computin , since
the time to send a small messa e is comparable to the time to do the synchroni ation in
fact, the synchroni ation is, itself, implemented by usin  ery small messa es  herefore,
to accurately compute , we need a much lar er number of nodes n practice, as a rule
of thumb, we consider that we ha e enou h wor stations to compute the alue of  when




addin a new wor station chan es the alue of by less than n our e periments we
use ei ht wor stations for computin
rom , we can easily determine , and ma , in addition to  and
ote that if  is smaller than , then  is not directly a ailable from these e periments
owe er, this is not a problem in practice, since this means that when lar e messa es are

sent, the communication networ is the bottlenec , and therefore is shadowed
by
or a roup of un station s at runnin  un , usin as
implemented in r onnes as the communication layer, the parameters are
sec
sec byte
sec
sec byte
We note that is only about slower than the theoretical pea performance of th
ernet, irtually the same performance reali ation reported in in a di erent wor station
en ironment We e pect the parameter of the present wor stations to be isible only

when there is low contention, since it is within a factor of two of

o determine the correspondin parameters for we use a similar e perimental settin
ei ht un station s runnin un , and usin on as the commu
nication layer  f the many di erences between thernet and technolo y, the most
apparent to the user is s b sec pea bandwidth ersus b sec for thernet

y usin the same two communication patterns, we can compute , , and
in the same manner as abo e  owe er, it is much harder to compute  accurately he
reason is that the access time to the networ in the case is much shorter than for
thernet, since there are no collisions to delay the pac et transmission  n fact, it can be
shown that the ma imum access time to the networ , ,is i en by the propa ation delay
of a alon the entire networ ince in our case, the len th of the networ is under
meters, the  should be less than sec, which is two orders of ma nitude less than
the alue of herefore, we will simply ne lect With this, the parameters for

are

sec
sec byte
sec

sec byte

he throu hput for is one order of ma nitude lar er than for thernet, as e pected
owe er, we point out that these results were possible only after patchin the




release of the software  peci cally, we had to increase the si e of the frame
bu er, which is con wured throu h , from to fter this chan e, the
throu hput increased by a factor of almost

he communication architecture is based on a hi h performance low latency, hi h
bandwidth switchin networ called the i h erformance witch  he topolo y consists
of non switchin nodes mainly processors for our purpose connected throu h a multista e
networ of switchin elements  ach element is a bidirectional switch with  input
and output ports

ach node of an system belon s to a frame is a two sta e in
terconnect that pro ides any permutation of  bidirectional lin s to from  processors

ultiple frames can be further interconnected, allowin full connecti ity throu hout the
resultin networ property of this networ is that for each pair of nodes there are at
least four possible paths but not all of the same len th , unless the nodes are attached to
the same switchin element  nother obser ation is that the basic switchin elements are
potential bottlenec points due to multiple in of pac ets from multiple sources on their
limited resources  hus, contention may occur for two messa e paths tra ersin the same
lin  input port to output port in a switch, with the side e ects of increased delay and
reduced throu hput due to bu erin in the switch

o determine the componentwise hyperbolic model parameters for the system , we
initially attempted to use the same communication patterns as for and thernet

nfortunately, we are not able to run the e periments for the second communication pat
tern, in which e ery node is supposed to send messa es to all the others, for lar e messa es
We suspect bu er o er ow within the communication switch is the cause  his is not a
practical problem from the point of iew of e aluatin parameters, howe er we simply
replace the second communication pattern with a new one in which each node sends recei es
a messa e to from e actly one other node ore precisely, consider nodes numbered
from to , and let each node from the rst half send a messa e to the correspondin
node from the second half,

e t,let us consider a pair of nodes that communicate with each other, such as nodes
and hen, we can determine the ser ice time re uired to deli er a messa e of
si e fromnode tomnode by reducin the initial communication raph toane ui alent

, as shown in i ure t is easy to chec that the communication parameters of the
resultin as a function of the number of nodes are

ince and lim , by usin the we can write
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y the nature of its interconnection topolo y, bisection bandwidth in an system
increases with the number of nodes  his is di erent from and thernet, where the

communication bandwidth is independent of the number of nodes  n fact, for thernet,
the bandwidth mi ht sli htly decrease as we add more nodes due to the increasin number
of collisions hus, the parameters for are dependent on the interconnection
topolo y
n the remainder of this subsection we consider two basic con urations, one with

nodes located on the same frame , and the other with  nodes e ually di ided amon two
frames  ince each frame pro ides any permutation of  bidirectional lin s, in the rst
case we can assume that each pair of nodes communicates throu h its own communication

channel ince there are se en such pairs, can be simply written as , where denotes
the in erse of an indi idual channel bandwidth  y performin measurements for messa es
as lar e as , we obtain ma ma sec byte Iso,
by measurin the round trip time for ery short messa es we obtain

n the second case, we consider processors located on one frame that communi
cate with processors located on another frame ince, as shown in , there are only

ei ht communication channels a ailable between two ad acent frames, the o erall band
width will increase when the number of pairs that communicate between frames e
ceeds ei ht hus, the o erall alue of  in this case should be , for any number




of pairs reater or e ual to ei ht inally, since there are pairs of processors, we

ha e ma ma ccordin  to our measurements we ob
tain sec byte  ow notice that since from the pre ious e periment

sec byte, cannot be lar er than , and therefore we ha e sec byte

ince this alue is ery close to the one obtained for , we will assume that ,

and that is less or e ual to
he alues abo e are ery close to those found in arious technical papers describin the

architecture and the performances of communication system, and of the pac a e
runnin on n fact, the correspondin parameters uoted in are
sec
sec byte
sec
sec byte

which are consistent with those we measure ia the hyperbolic model,ie sec byte,
and sec

he ntel ara on communication architecture is based on a rectan ular mesh inter
connection networ ach computin node is attached to an associated communication
processor throu h a pri ate bidirectional communication lin ery communication pro

cessor is connected with other four ad acent communication processors o er bidirectional
networ channels timplements wormhole routin functions by forwardin pac ets recei ed
on incomin lin s from its nei hbors and from its attached computin node
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o determine the ara on parameters we use the same communication patterns as for
the n our e periments, all the processin nodes in ol ed in the communication are
placed alon the same row of the communication mesh n this way we are able to ma imi e
contention since all the messa es are sent alon the communication lin s correspondin to
that row, accordin to the routin policy of the ara on i ure shows the ori inal
communication raph as well as the deri ation of the e ui alent in ol in the end nodes

and he communication bloc s model the communication processors that
perform routin functions ince messa es pass throu h the correspondin s of nodes
and , the resultin communication parameters for the e ui alent are

ma

y denotin the time re uired to send a messa e of si € between two end nodes as

, we obtain from that
lim
lim
lim
y usin similar obser ations asin the case we determine the followin parameters
sec

sec byte
sec byte

ain, we cannot isolate  because it is not possible to achie e a bottlenec for ery small
messa es

est Application

model parallel scienti ¢ application ori inally written for the ntel ypercube by or

ton and rewritten to ta e ad anta e of the multiplatform implementation of the
standard is instrumented and used as a test pro ram for the hyperbolic model multi
rid code for transient ow in a ca ity with an oscillatin lid was chosen amon

con eniently a ailable codes for its simplicity and for its scalin properties in communica
tion re uirements We describe the application ust su ciently to e pose the leadin order
communication comple ity and to appreciate its eneral conte t o erify the accuracy of
our model, we select for raphical comparison estimates of the communication times and
correspondin measurements he estimates deri e from the archetypal communication
operations as described in , with parameters e aluated for each platform as in section




he model application is transient simulation of incompressible a ier to es ow in a
two dimensional s uare ca ity lled with wuid, dri en by a sinusoidally oscillatin ri id
lid  he numerical method is based on a standard uniform rid spatial discreti ation and
implicit time discreti ation for a elocity pressure formulation of a ier to es with a hy
brid space parallel time parallel multi rid sol er sol er uses a succession of

rids presentin di erent re nements of the same problem, in order to iterati ely damp the
component of the error at each wa enumber on the rid for which its particular dampin
factor is most rapid, rather than dampin all error components on the same rid pace
parallelism is achie ed throu h domain partitionin , with one processor per subdomain
we permit both stripwise and bo wise decomposition in order to obtain more e ibility in
the number of subdomains while still preser in the uniformity of each subdomain  ime
parallelism is achie ed by assi nin identically spatially decomposed time planes to dis oint
sets of processors  he moti ation for time parallelism is the de radation of e ciency in
space parallelism that is due both to de radin perimeter to area or surface to olume ra
tios of con entional implicit methods, and to de radin con er ence rate as lobal couplin
is sacri ced in the smoother, which is the error reducin operation at the heart of

, performed on a partition of a rid at a 1 en re nement le el  he e ecti eness of
time parallelism is physically counter intuiti e because of causality  onetheless, it is more
e ecti e than space parallelism in many practical physical and numerical parameter ran es,
when time accurate resolution of a transient ow is re uired
n the limit of pure time parallelism, processors wor concurrently on di erent
time planes of the transient solution n the limit of pure space parallelism, only one
time plane is computed at a time  ulti rid is used in the spatial direction only there is
no time coarsenin ime coarsenin is worthy of attention in other conte ts see, e ,
, but is irrele ant to our immediate purpose for this application, namely to introduce a
communication comple ity that scales to the same asymptotic order in problem si e as the
computation comple ity
he communication patterns and the amount of tra ¢ ary with the allocation of a ail
able processors between space and time, as well as with the re nement of the spatial rid,
with the result that a wide ran e of messa e si es, messa e numbers and messa e patterns
are obser ed, dependin on three factors the number of physical time steps simultaneously
sol ed for, the number of domain partitions, and the number of spatial coarsenin le els
he most important obser ation about the computation and communication comple ity,
howe er, is that their asymptotic si es are of e ual order  onsider the purely time parallel

limit of planes of ridpoints ransferrin  the full plane of data between time

le els is an operation, which is the same as the arithmetic comple ity of the

stencil operations of residual e aluation and smoothin in the ne rid sweep of the
al orithm

n this section we present the deri ations of the communication parameters for the tra c
consistin of inter plane rid transfers which, as shown before, is dominant in o erall com
munication comple ity n a homo eneous set of processors this dominant pattern should



e hibit contention since all transfers will start at almost the same time
i ure shows the communication raphs correspondin to this communication pattern

for thernet , ,and ntel ara on, as well as the reduction to an e ui alent
n the case of the we assume that e ery pair of nodes communicates throu h a
dedicated lin represented by t is, in fact, possible to arran e that consecuti e

nodes be allocated on the same frame, which drastically reduces the inter frame commu
nication load  n the other hand, recall that for the processin nodes that reside on the
same frame, the communication bottlenec is not a problem, since the communication
system ensures  communication lin s per frame

able shows the e pressions of the communication parameters for the intermediate

communication raph, as well as for the nal hese parameters are computed for the
bi directional case where neither nodes nor are associated with the rst or last planes
ie, or the rst and last planes, communication is uni directional

only, the parameters can be computed in the same manner
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We ha e ported the multi rid application to all four platforms e aluated in ection ther

net W, W, ,and ntel ara on ince it is a ailable on all platforms,



able

we use as the communication library o predict the o erall communication times,
we use the hyperbolic model to estimate the times for the basic communication pattern,
by reducin the correspondin communication raphs see i ure to an e ui alent ,
whose parameters were computed based on the alues determined in ection
or thernet and we run the e periments on up to station s or
the and ara on, in choosin the ma imum numbers of nodes, our oal is to minimi e
as much as possible the interference of other users herefore, on the we run the
e periments by usin up to the ma imum number of processors on a frame ie, , while
for ara on we run the e periments on up to  nodes, since this is the ma imum number
of nodes we can allocate alon a mesh column y allocatin all the nodes on one side of
the mesh we eliminate any potential interference
i ure shows the predicted ersus the measured alues for the total communication
times correspondin to one iteration in the al orithm We note that for W,
,and ntel ara on the predicted data are within of the measurements, with the
e ception of the e periment runnin on se en processors on We belie e that this was
primarily due to communication interference from other wor stations on the same subnet
We reser ed only the indi idual wor stations we could not reser e the entire subnet
pon runnin multiple tests, we e pect, statistically, to draw the processor point down
to the rest of the cur e
n the other hand, for thernet the di erence between the predicted data and the mea
surements the asynchronous cur e is much lar er and tends to increase with the number
of processors  he main reason is that the hyperbolic model assumes that all processors
send data at the same time, which yields theoretically an upper bound on the commu
nication time While the multi rid application is inherently synchronous, in practice the
probabilistic protocol employed by thernet destroys the synchronicity  his is because
at the be innin of each iteration all wor stations attempt to send messa es almost at the
same time, and therefore the probability of collision is hi h When a wor station detects
such a collision, it bac s 0o and waits for a random amount of time , before retryin
to send the messa e n time, this results in wor stations sendin out messa es at sli htly
sta ered inter als  onse uently, the de ree of o erlap between messa es sent by di er
ent processors is much lower than is assumed in the model, which results in the obser ed
communication time discrepancy or alidation purposes, we can chan e the al orithm to
force synchroni ation at intermediate points durin an iteration s shownin i ure , the
measured o erall communication time in this case the synchronous cur e is ery close
to the predicted alue
he ey contrast between the Ws and the ti htly coupled machines, as predicted
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1 ure

by the model and as borne out in the e periments, is in the asymptotic beha ior of the
communication time with respect to the number of processors or the Ws it is linear,
since the communication networ is a shared resource of limited capacity addin more
nodes decreases the share of communication bandwidth allocated to each processor, and
the communication time conse uently increases  n the other hand, for the and the
ara on, the communication times remain practically constant as the number of nodes
increases  his is e pected from the scalability of the communication subsystems employed
by these platforms
he di erence in the time to complete the communication in oin from two to three
processors for the and the ara onis due to the fact that for more than two processors
there is at least one processor the one in the middle which both sends and recei es data
n the other hand, in the two processor case each processor either sends or recei es but
not both , which reduces by nearly half the o erall messa e processin time at the end
nodes



onclusions

he two parameter hyperbolic model , for parallel communication comple ity on
eneral dedicated networ s has been applied, usin a uniform set of rules, to di erent
communication architectures, includin clusters of wor stations and dedicated parallel ma
chines  nder di erent messa e topolo ies on each platform the rules reduce to di erent
analytical e pressions of o erall communication parameters ample e perimental proce
dures for deri in parameters of elemental communication bloc s are demonstrated  he
model has pro ed to be e ible and reasonably accurate in predictin the communication
times on a ariety of distributed memory systems in the conte t of a real world application
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