                                                                                                   Realistic Communication Model for Parallel Computing on Cluster

Anthony T .C. T am   and    Cho- Li Wang

System Research Group

Department o f Co mp uter Science and Infor matio n Systems

University of Hong Kong

{ atctam, clwang} @csis. hku.hk

                         Abstract

                         In this paper, we present a model for parallel co mputation on co mmodity cluster environment.  Our cluster

                         model is targeted as a tool for both perfor mance analysis and algorithm develop ment.  We abstract the

                         communication event b y means of local and remote data movements, and express all parameters b y their

                         associated cost functions instead of constants.  Unlike previous models, we expose the contention problems

                         explicitly and capture them in our parameters, thus enhance the ability to handle with contentio n issues.

                                                  We validate our model on a small co mmodity cluster b y co mparing the prediction accuracy of our model

                         with the Postal model for the popular log N  broadcast algorithm.  We sho w that o ur model provides the answer

                         to so me perfor mance issues that are missing in existing models, such as LogP ,  Postal , etc., and provides good

                         prediction accuracy.  For the design aspect, we also examine the gather collective operation, in which

                         contentio n delay do minates its overall execution time.  We have proposed a solution under our model for this

                         problem that captures the congestio n behavior with the ability to control the degree of contention and avoid the

                         loss.  Our results sho w that b y scheduling the send processes according to the upper and lower bounds, the

                         congestion behavior could be under our control and achieve optimal results.

1  INTRODUCTION

Using cluster s as the alternate means of superco mputing is the current trend in high-performance co mp uting.  Its selling

point is their cost-effectiveness as co mpared to traditional parallel machines.  Besides, their perfor mances are going

along with the advances in commodity hard ware, e.g. microprocessors and high-speed net works.  Such a feature is an

attractive point for parallel comp uting, but also be a problem in parallel algorithm design.  Cluster co mp uting is facing

the same dilemma as traditional parallel co mputing ˘ to design high-level, architectural independent algorithms that

execute efficiently on a wide range o f current and future cluster platfor ms.  Ho wever, the rapid advances in hard ware

technolo gy could hinder the portability and efficiency issues.  Change of so me hard ware components may affect the

performance ratio of the original design, which in turn may affect the efficiency o f the programs.  A simple example is

the migratio n of the networ k co mponent fro m Fast Ethernet to Gigabit Ether net or even higher standards, the quantum

leap in network perfor mance could revoke many exist designs, as the net wor k perfor mance is catching up with the local

data mo vement capability.  T he solution to the above challenge relies on the existence of a co mputation model that

supports both perfor mance analysis and algorithm design.

                         In this paper, we introduce a simple model for parallel computing on the cluster platfor m.  T he aim o f our model is

for performance analysis to gether with the ability to be an algorithm design tool, i.e. feasible for co mplexity analysis.

Our model provides a rich set of perfor mance parameters, which capture the crucial performance characteristics of the

cluster, and the methodology to derive those parameters. Due to the d ynamic nature of the cluster technology, change of

cluster co mponents may seriously affect the application run-time behavior.  T herefore, we need to select appropriate

parameter s to analyze on the tar get architecture-application pairs.  In our model, co mmunication events are abstracted as

so me means of local and remote data mo vements, and each mo vement should have an associated cost and may be related

to the length of the data items. Unlike previous models, we expo se the contention problems explicitly and capture them in

our parameters, thus enhance the ability to handle with contentio n issues.

                         Our wor ks are organized as follo ws.  In section 2, we briefly r un through so me of the existing models.  T heir

strengths and weaknesses provide us with the correct direction in setting up our model.  Section 3 describes the

architectural background and assumptions of our model, together with a layo ut of all model parameters.  In sectio n 4, we

validate our model on a small co mmodity cluster b y co mparing the prediction accuracy o f our model with the LogP

model for the popular log N  broadcast algorithm.  We sho w that our model provides the answer to so me perfor mance

issues that are missing in those existing models, and provides good prediction accuracy.  In section 5, we examine the

gather collective operation, in which the contentio n situatio n do minates its perfor mance.  We propose a solution under

our model for this problem that captures the congestion behavior together wi th the ability to control and utilize this

pheno menon.  Our results show that b y scheduling the send processes according to the upper and lo wer bounds, the

congestion behavior could under our control and achieve the optimal results.  Finally, section 6 summar izes our wor k and

concludes.

2  P AR ALLEL MODELS

In general, models have tended to wards undesirable extremes.  On one extreme, they are of highly theoretical qualities

but be unrealistic or difficult to map onto real machines.  At the other extreme, models may be too machine-oriented or

complex which inhibit portability.  T he proposal of the bridging model  [11]  could not settle the issue easily, as the

classificatio n of being a bridging model is itself a debatable topic.  Bear in mind that the definition o f the model is

^simply an abstract view of a system or a part of a system, obtained by removing details in order to allow one to discover

and work with the basic principles~ [4] .  However, the co mplexity of designing and analyzing parallel systems req uires

that models be used at various levels of abstractio n that are highly related to the application characteristics.  Such that

models should be developed for the relevant characteristics of the application together with the characteristics of the

architecture.  Hence, with such a diver ge do main o f applications designated for parallel comp uting, e. g. regular and

irregular problems, a simp le, rigid model could not ser ve for our needs.

                         T he idea of setting up a model is for parallel algorithm designer to develop efficient algorithms for realizable, cost-

effective architectures.  If everyo ne have a co mmo n architecture insight, we can have a co mmo n ground for the

develop ment.  Ar guably or not, the architectural trend of parallel co mp uters is co nver ging to ward the follo wing scenario

˘ Most modern large-scale machines are constructed fro m general-purpose nodes with a complete local memor y

hierarchy augmented b y a communication assist, inter facing to a scalable network [3] [8] .  Existing models, including

both abstract architecture models (e.g. Lo gP [3] , BSP [11] ) and communication models (e.g. Postal [1] ), which tar geting

at the above architectural abstraction, have the follo wing similarities:

�  Introduced the importance o f co mmunication costs in parallel algorithm design.

�  Assume reliable network, such that they treat sending a message as a send-and-forget  [1]  event.

�  Assume fully connected network and the exact str ucture of the underlying co mmunication network is ignored.

�  Co mmunication is based on point-to -point semantics, with the latency between any pair of processors roughly the

                         same time for all cases.

�  Performance characteristics of the co mmunication networks are abstracted by a small set of parameters.

                         Under BSP Model, parallel algorithm is a sequence of parallel supersteps.  Each super step consists of a seq uence o f

local comp utations plus any message exchange, follo wed b y a global synchronizatio n.  For the Lo gP Model, it tends to

be more net wor k-oriented and simple.  It uses four parameters to capture the cost associated with the communication

events without limits to any programming style.  An interesting feature of LogP model is the idea of finite capacity of the

network, such that no more than certain amount o f messages can be in transit fro m any processor or to any processor at

any time.  Any attempts to exceed the limit will stall the processor.  Ho wever, the model does not provide any clear idea

on ho w to quantify, avoid and take advantage of this infor mation in algorithm design.  T he Postal Model is similar to

LogP model with the exception of more abstractly express the net wor k. T he system is characterized b y two parameters

only, and this effectively reduces the dimensio n of analysis.  T herefore, it facilitates co mmunication analysis rather than

for performance studies.

                         T hese models provide an abstract ground for develop ment , ho wever, they have the so me drawbacks.  First, in the

realistic environment, sending a message is not as simple as send-and -forget event.   Altho ugh including this assumption

simplifies the analysis, but this could affect the overall prediction accuracy in perfor mance analysis.  Second, they

assume simultaneo usly send and receive operations in unit time step.  T his assumption has significant impact o n the

performance of so me co mmunication operations, as in reality , inter ference exists between send and receive events.

T hird, their parameters neglect factors related to message size, co mmunicatio n load, and contentio n issue, which

influence the co mmunication latency in a large degree in real environment.  Forth, too restricted set of perfor mance

parameter s reduces their ability to make accurate prediction of real performance, and also restricts the elucidative po wer

of the models.  Fifth, restricted to certain programming style, such as the need to have global sync hro nization between

supersteps, may affect their overall usage.  Lastly, their cost models are better for asymptotic analysis than for prediction,

when porting the resulting algorithm to a particular platfor m, significant efforts have to be made for tuning the algorithm

for performance.

                         Most of the above drawbacks co me fro m the tradeoff between simplicity and accuracy.  T o be more realistic, we can

include more parameters to the model. Parameters are not alwa ys important for all situations; the used of those

parameter s are subjected to the target level o f abstraction that we are going to wor k on.  For instance, using a simple

latency  parameter may be good enough to capture the cost of the point-to -point co mmunication, b ut is too simple for

explaining the many-to -one or many-to -many issues.  T herefore, under so me circumstances, a few perfor mance

parameter s are proved to be adequate for modeling the parallel system.  And on other situations, there are other issues

that need to be studied or included for making the correct judgement.  As a result, it is sensible to think that models

should provide some mechanisms to improve theirs expressiveness when needed.

3  OUR PERFORMANCE MODEL

We believe that the use o f the model in algorithm analysis sho uld be done straightforwardly and easily, whenever the

users are provided with so me systematic means of analysis.  E mphasis has been made on the derivation of those

parameter s b y software approach, which is the key to the whole analytical process.  Based on these measurable

parameter s, high level primitives can be built or analyzed, and these primitives can also be used as so me high-level

performance parameters in analyzing co mplicated applications.  Our approach is similar to the LogP model, which

exposes crucial perfor mance parameter s; ho wever, we opt to provide a richer set.  Further more, instead of using constant

values, we capture these parameters as so me cost functions, in which, both the message length, traffic load, and

contentio n factors are included if appropriate.  Simple methods are included in our discussio n for deriving those

functio ns.   We believe that with a lar ger set of measurable lo w-level parameters, more useful infor mation can be

obtained for efficiently tuning of the parallel applications.

3.1.  Architectural Viewpoint of Cluster

In our model, a cluster is defined as a collection of autono mous machines that are interconnected b y two separate

networks, one is the traditional reliable local area networ k (LAN), and the other is the high-perfor mance system area

network (SAN).  Parallel applications running on the cluster make use of both networks, the SAN is used merely as the

communication network for the parallel applications, while the LAN is used as the control/backup network, e. g. job

sub mission, cluster management, etc.  For non-parallel applications such as sequential and distributed tasks, they will

make use o f the LAN system if co mmunicatio ns between machines are needed.  T hus our co mmunication model is

targeting to the perfor mance characteristics of the SAN network under parallel applications.

                         T o reduce the intractability, we have to limit the analytical space with the follo wing assumptions.  All the processors

have the same local characteristics, such as co mp utation po wer, memor y hierarchy, operation system supports, and

communication hard ware ˘ homo geneous clusters.  In general, parallel programs are programmed in SPMD mode, and

follo w the co mp ute-interact mode of coarse-grained synchronization.  As for the co mmunication (SAN) system, it

involves a simple router s witch, interconnecting all nodes, and assumes co mplete graph topology; hence, the network

diameter between cluster nodes is not relevant to the perfor mance studies.  For the switch architecture, we assume it is a

packet-switched, synchronous, pipeline network, with cut-through feature.  T he logical unit for co mmunicatio n is a

packet, which is bound b y the range [1 .. MTU

1
]. T o send long messages, the system transfers them as sequences of

packets.  T he switch element has constant delay in routing the packets fro m any input ports and output them in the

absence of conflicts , but the overall perfor mance is affected b y the traffic load.  Conflicts take place if more than one

packet need to access the same output line, and are resolved by always for warding the first arrival packet, and the rest are

buffered and routed later on by the switch.  T he amo unt o f buffer memor y inside the s witch is assumed to be finite, thus,

the net wor k can sustain certain level of congestion rather than just as
é
L/g
ù
 packets in the case o f the LogP model. At first

instance, this global router concept [9]  seems to be a stringent assumptio n as this limits the scalability aspect of the

cluster systems.  Ho wever, current network technology allo ws us to scale the switching system to support hundred of

machines interconnected b y a single router switch with more or less similar point-to-point latency [5] .

3.2.  Cost Model

For our cost model, we are focusing on the costs ind uced by mo ving data around, both locally and remotely.  We

consider data communication via the network as an extension to the concept of memor y hierarchy, such as a mo vement

fro m the remote memor y region to the local memor y regio n.  So there are two types of data mo vements involved in the

parallel comp utation.

Remote Data Transfer

We abstract the data movement via the global networ k b y three phases, fro m sender address space to receiver address

space.  First, data on the sender side traverse through a send phase , which is initiated by the host processor.  T hen the

network  deliver s the messages to the other end during the transfer  phase  of the co mmunicatio n.  At remote end, receive

phase  consumes the data and ter minates the transfer event.  We encapsulate this event b y the follo wing parameters.

¨

                         p  ˘ this refers to the number of processors participate in the current event.

¨

                         Send Phase - O

                                                                                                               s

T his is a synchronous event as it is initiated b y the sender.  Fro m the high level perspective, we can view it as the time

used b y the user process to interact with the logical networ k inter face, prepare the message, queue it to the send queue,

and signal the networ k hard ware.  T he overall cost of this phase reflects the processing speed of the host CPU, the

efficiency of the memor y subsystem, and virtual interface protocol in use.  We model this phase b y a simple linear

functio n, m

                                                                            m

                                                       O

s

                                                                  s

                                                                                                                    s
t

                                                                                                          k +

                                                                                               =
                                                                                      )

                                                                      ( , where
k

s

 is the startup cost of this event and is depended on the host processing po wer, m  is

the message length bounded by the range [1 .. MTU ], and
t

s

  is the data transfer rate that depends on the efficiency o f the

1
      MTU  stands for the Maximum T ransfer Unit of the co mmunication system.

memor y subsystem.  Subject to the co mmunication protocol, e.g. no memor y cop y is involved , this linear function can be

reduced to a simple constant, i.e.

s
m

s

O
k

=

)

(

.  We quantify this event b y directly  measure the time engaged b y the CPU

in handling this activity.

¨

                         Send Gap -

                                                                                           g

                                                                                                   s

Owing to the difference in data mo vement speeds between the Send and T ransfer phases, two  consecutive packets cannot

be served by the net wor k hardware within certain time interval.  T his inter-packet gap  has two meanings.  First, it reflects

the mo ving capability of the networ k with respect to the host processing speed.  T hus, the difference between O

s

 and
g

s

indicates the amo unt of CPU cycles available for the processor to do other useful co mputation.  Second, it represents the

maximum per-processor inter -arrival rate of the packets to the router. T his parameter is delineated as, mgmg

s 1

1

)

(
t

+

=
,

where

                                         g

                                                 1

                                                      stand s for the startup cost necessar y to initiate the transfer and
t

1

 reflects the available per processor

communication band width.  Due to the limited buffer s in the send queue, if a sender generates messages faster than the

network can dispatch, ne w message can only be accepted if the network has just finished ser vicing one.  B y quantifying

this servicing time with respect to the message size, the required cost function can be obtained.

¨

                         Transfer Phase ˘ L

T his parameter represents the time used b y the net wor k in delivering data fro m the source memor y to the destination

memor y.  For example, fro m the send queue of local machine to the receive queue of the remo te machine.  It is a

network-dependent parameter, and it encapsulates the transmission speeds of different network co mponents, the diameter

between the co mmunicating entities, the networ k topology and the network protocol in use.  As we model the network as

a complete graph with single global routing switch, both diameter and topology factors can be eliminated.  In a realistic

enviro nment, its perfor mance is subjected to the traffic loading at any particular instant.  For example, when routing a

packet through the s witch, if the outgoing port is engaged, temporar y buffering is needed.  T his delay affects the overall

network perfor mance perceived b y the user s.  We model this phase b y the follo wing bilinear function under congestion-

free  condition, mpm
p
l

                                                                                                                        p

                                                                                                     m

                                                                                       L

l

)

,

(

)

(

)

                                                                                                                ,

                                                                                                (
t

+

=
, where l(p)  is a function represents the cumulative startup cost of this

transfer and

                                                                      t

                                                                             l

                                                                               ( m,p)  is the observed net wor k throughput o f the peer-to -peer communication.  Both  l  and
t

l

 are a function

of p .  Routing a packet involves utilization of so me central resources (e.g. buffer control unit, arbitration unit), therefore,

contentio n for resources may occur if more than one routing request happen co ncurrently.  T he extent of this co ntention

is subjected to the switch internal architecture, and different routers may have different relations on p .  Due to the limited

aggregate band width, the router cannot support many co mmunicating pairs at a time and contention arises.  So the

perceived local band width depends on the available aggregate band width together with the volume o f the

communication, thus,
t

l

 is a function of both p  and m .  T o measure it b y software means, we have to calculate it

indirectly.  Based on the fact that a pingpong  pair involves 2*( O

s

+L+O

r

+U

r

) ti me units, if we kno w all other parameter s,

L(m,1 )  can be calculated.  B y artificially generate multiple concurrent pairs of pingpong nodes, the corresponding

bilinear function could be obtained b y using linear regression.

¨

                         Receive Gap ˘

                                                                                                              g

                                                                                                                     r

T his parameter stands for the minimum  gap between two co nsecutive receptions experienced b y the receiving host.  In

other words, it is the maximum inter -arrival rate of the packet deliver y b y the network.  T his parameter has two uses.

First, this gap reflects the CPU cycles available to handle arrived packets, so protocol design or other co mputation can

utilize this infor matio n.  Second, this gap relates to the minimum service time o f the router in delivering packets, as we

cannot receive more than one packet in that interval.  So inclusion of this parameter is crucial for perfor mance analysis.

Same as the

                                                                      g

                                                                              s

                                                                                  parameter, it is captured b y this function, mgmg

r
2

2

)

(
t

+

=
.  For simplicity, we can generally assume
t

1

=

            t

                   2

                        , as both are related to the transfer capability o f the network router.  T o quantify this parameter, we can conver ge

multiple streams of data to a single receiver, and measure the minimu m time perceived b y the receiver in detecting the

arrival of data packets.

¨

                         Network Buffer ˘ B

L

Limited resources are the major cause of congestion, which in turn, affect the delay experienced b y the applicatio ns.  In

reality, congestio n is a fact that we need to face with instead of neglecting it. T his parameter reflects the available buffers

in the global router.  By capture the finite capacity of the networ k buffers, algorithm designer can calculate the net wor k

endurance, and avoid contention loss with appropriate communication schedule.  T o quantify this parameter, we perfor m

a set of tests which floods the router under different duratio n, and record the percentage of packet arrival at the

destinatio n.  T hen, by mapping the data with Equation 4 (appeared in section 5), we can estimate the buffer capacity of

the router switch.

¨

                         Asynchronous Receive Phase ˘ O

r

T his parameter captures the software over head in handling inco ming messages.  T his phase is handled by kernel thread

and does not involve the receiving process, so it is considered to be an asynchro nous event.  Likely, the perfor mance is

affected by the processing speed of the processor, the algorithm used, the signaling mechanism, and the I/O band width.

Table 2  Measured parameters on the DP cluster

.

In our model, we express it as a linear equatio n, m
m

O

r
r
r
t
k +

=
)

( .  In which
k

r

 r epresents the minimal cost of this

asynchro nous event, such as interrupt cost, buffer management, and protocol overhead; while
t

r

 reflects the memor y

mo vement between different memor y regions if needed.  As it is an asynchronous event, which trigger s b y a remote

partner, we have difficulty in direct measuring its cost.  Observed that d uring the reception, system resources are

consumed, therefore, other workloads wo uld be affected.  Under experimental control, we measure the execution time o f

a control comp utation, and then we measure another runs o f this co mputation segment with message reception happens in

the background.  We can then estimate the increase in execution time d ue to this message reception.  T hence, we have

indirectly measured the induced so ftware overhead.

¨

                         User Receive Phase ˘ U

r

Due to the asynchro nous nature of the co mmunicatio n, the receiving process needs to find so me means to check for data

arrival, e.g. polling, block & wake-up b y signal, or hybrid approaches; and consumes the data, e.g. cop y to other memor y

segment. T his parameter reflects the cost spent b y the receiving process after arrival o f messages.  In mo st of the

performance evaluation reports, due to the artificial nature of the benchmar k programs, this p hase is o f insignificantly

lo w cost.  Ho wever, in real parallel comp utation, this p hase can introduce lar ge delay to the co mmunication event if not

coordinated properly.  For example, in a non-dedicated cluster environment, polling is a user -level event that is affected

by the regular CPU scheduling policy.  If the receiving process cannot be scheduled frequently to poll for its data, the

overall perfor mance may degrade a lot.

Local Data Transfer

¨

                         Memory Copy overheads ˘ M

ctc

, M

ctm

, & M

mtm

Memor y cop y issue has been extensively studied in the past, and is being classified as high over head event.  T o avoid this

overhead, most of the high-perfor mance co mmunication systems have remo ved it fro m their protocol stacks.  Ho wever,

in reality, memor y cop y operations cannot be avoided completely.  T o quantify these costs, we provide three memor y

copy parameters - M

ctc

, M

ctm

, and  M

mtm

 to represent the costs induced b y data mo vement between different memor y

hierarchies, such as the cache-to -cache, cache-to -me mor y, and memor y-to -me mor y data movement.

4.  VERIFICATION OF THE MODEL

4.1.  Experimental Platform

Our experimental platfor m is a

cluster consists of 16 standard lo w-

end PCs running unmodified

version o f the Linux 2.0.36

operating system.  Each node

contains a 200MHz IDT  Win-Chip

processor with 256KB external L2

cache and 32MB of main memor y.

Our interconnecting net wor k is the

commodity Fast Ethernet

components driven b y o ur o wn DP

communication system [7] .  Each

node includes a DEC21140-based

Fast Ether net card and is

connected b y a 24-ports Intel 510T

stackable Fast Ether net switch.

T he model parameters for our

cluster system are sho wn in T able

1. T hese for mulae capture the

major performance characteristics

of our experimental platfor m on both hard ware and software aspects.  All parameters are derived by means of regressio n

analysis o n the data collected fro m o ur benchmark tests described in previo us section.

4.2.  Broadcast Operation

Broadcast operation is a one-to -many co mmunication event, which is a co mmon event happens in parallel and distrib uted

applications.  If the underlying hard ware does not support broadcast operation, it has to be implemented b y the point-to-

point primitive. Efficient broadcast algorithms o n various architectural models have been developed, such as in

[1] [6] [10] , and they are claimed to be (sub )optimal under their parallel models.  But in reality, whe n they are

implemented in real platfor ms, so me perfor mance may be lost.  T here are two reasons.  First, the proposed algorithms

may be mathematically achievable, but difficult to be implemented correctly and efficiently in real world. Second, so me

P a r a me te r s C o st Fo r m ula e  ( m s)

m

£
 40 m  >  40

O
s

0 .0 2 9 1 *  m  +  6 .30 8 0 .0 2 5 3 *  m  +  6 .37

T
s

0 .0 4 9  *  m  +  11.7 32 0 .0 7 7 6 *  m  +  1 0.8 8

g
s

6 .7 3 0 .0 7 9 6 *  m  +  3 .02 7

g
r

6 .7 3 0 .0 7 8 8 *  m  +  4 .98 6

O
r

0 .0 4 2 6 *  m  +  1 2.2 4 5 0 .0 4 2 9 *  m  +  1 2.1 7 6

U
r

9 .9 3

L
m

m
g
m
p

max
p

s

*

)

(

*

90

*

,

1

*

08264

.

0

684

.

16

*

556

.

1
÷

÷

ø
ö

ç
ç

è
æ

+

+

m c
ctc

0 .0 1 5  *  m  +  0.19 4

m c
ctm

0 .0 1 4 9 *  m  +  2 .07

m c
m tm

0 .0 3 1 4 *  m  +  1 .75 6

B
L

1 93 5
(un it s)

B W
a g g

8 00  M bi t/ s

Table 1 .  Cost formulae of the measured para meters

Figure 1  Broadcast tree constructed on the LogP model for p =16, L =3,

g

s

=1, O

s

=0

                                                        characteristics of the real systems are being simp lified, which result in unexpectedly increased in overheads and

                                                        latencies.  T hese minor perturbations may only be sur facing in real situations, but not appear in their simp lified world.

                                                        Nevertheless, those optimal algorithms are seldo m being used in traditional parallel programming packages such as

                                                        MPICH, LAM, CHIMP,

                                                        etc.  Most of these

                                                        communication libraries

                                                        are using simple

                                                        algorithms such as linear

                                                        algorithm or log N

                                                        algorithm.  T o improve the

                                                        qualities o f these

                                                        communication libraries,

                                                        either users have to

                                                        implement these optimal

                                                        algorithms b y their o wn, or

                                                        they perfor m tuning on

                                                        those simple algorithms for

                                                        the best of their wor king

                                                        platfor ms.

                                                                                 One of the attractive

                                                        points of including more

                                                        parameter s in the model is

                                                        that we no w have a more

                                                        po werful meter  to analysis algorithms on the target architecture, especially on perfor mance analysis.  We have

                                                        implemented a broadcast operation on our experimental platfor m, which is the basic log N algorithm.  T he major reason

                                                        to examine this algorithm is its simplicity and popularity.  T o broadcast a long message  (larger than the MT U), we

                                                        simply repeat  the log N  algorithm k  times, each carr y a portion of the message.  Based on the LogP mo del, we have

                                                        constructed the co mmunication tree and is sho wn in figure 1, and the corresponding Co st  for mula is:

)

(

)

(

)

(

)

(

)

(

2

2

2

2
s
s
s

1
s
k
g

L
kg

P
log

L

P
log
g

P
log

1
k

P

B
g

P
log

1
k

P

B

-

+

×

=

×

+

×

×

-

=

+

×

×

-

= (1)

                                                                                 Fro m the above cost for mula, the r unning time o f this algorith m gro ws linearly with k , which is not optimal.  As we

                                                        can clearly disco ver a lot of empty time-slots fro m the co mmunicatio n schedule, and this explains the non-optimality of

                                                        this algorithm.  T hus, the theoretical optimal solution to this multiple broadcast is to fill up those emp ty time-slots as

                                                        much as possible to minimize the o verall cost.  One of these optimal algorithms is reported in [6] .  Even though the log N

                                                        algorithm is not optimal, we should expect to have precise perfor mance prediction retur ned by LogP mo del.  T o verify

                                                        this, we have collected the timing results of this algorithm on our experimental platfor m for different number of nodes

                                                        and message lengths.  T he results are sho wn in figure 2 with both measured and predicted times are displayed.

                                                                                 T he results sho wed that for small size messages, the LogP model could closely predict the perfor mance.  Ho wever,

                                                        when the message length increases together with the increase in the number of participating nodes, the prediction error

                                                        raises remar kably.  Fro m the cost for mula, it cannot explain what is the cause o f the deviation, as it only has limited

                                                        number of model parameters.  T o explain those deviations, let´s take a look at the co mmunication schedule of this

                                                        broadcast algorithm that  based on our cluster model (figure 3).

0 A A A A B B B B C C C C

1

2 A B C

3

4 A A B B C C

5

6 A B C

7

8 A A A B B B C C C

9

1 0 A B C

1 1

1 2 A A B B C C

1 3

1 4 A B C

1 5

0         1         2          3          4          5        6          7         8         9         10        11        12       13        14        15       16        17        18       19        20

time

P rocesso rs

gg

LL

4 nodes

                                                                                            0

                                                                               50000

                                                                           100000

                                                                           150000

                                                                           200000

                                                                           250000

                                                                                                    0 200000 400000 600000 800000 1000000 1200000

Message length (bytes)

Broadcast time (us)

Meas ured

LogP prediction

Our prediction

8 nodes

0

50000

100000

150000

200000

250000

300000

350000

0 200000 400000 600000 800000 1000000 1200000

Message length (bytes)

Meas ured

LogP prediction

Our prediction

16 nodes

0

50000

100000

150000

200000

250000

300000

350000

400000

450000

500000

0 200000 400000 600000 800000 1000000 1200000

Message length (bytes)

Meas ured

LogP prediction

Our prediction

                                                                  Figure 2   M easured and estimated execution time of the broadcast operation on our cluster. This figure

                                                                                                                    co mpares the prediction accuracy between our cluster model with the LogP mo del.

0           1           2           3           4           5           6           7           8           9          10          11        12         13         14         15         16

Time

P roces s ors

O s

O s

11

O s

O s

22

O r

O r U rU r

LL
gg

0

A A A A B B B B C C

1

2

3

4

A A B B

5

6

7

8

A A A B B B C

9

10

11

12

A A B B C

13

14

15

                                                                                 Fro m our model, we

                                                        identify the bottleneck

                                                        region of this broadcast

                                                        pattern is at the P/2th

                                                        processor, but not at the

                                                        broadcast root processor.

                                                        Of the previous

                                                        broadcast communicat -

                                                        ion sched ule (figure 1 ),

                                                        we find no inter ference

                                                        exists in successive

                                                        broadcast, such that for

                                                        those internal nodes, the

                                                        reception of the i th

                                                        message does not overlap

                                                        with the transmission of

                                                        the i- 1 th message to its

                                                        subtree.  But in reality, as

                                                        sho wn in figure 3  at

                                                        p rocessor 8 ˘ the P /2th processor of this broadcast event, the transmission of the ith message is always overlapping with

                                                        the reception of the j th message for any j>i .  T his observation co mes fro m the fact that the assumption o f simultaneous

                                                        send and receive operations have been violated.  From the low-level perspective, both transmissio n and reception involve

                                                        data mo vements between system memor y and the network.  Within the data movement path, lots o f resources are shared,

                                                        hence, contentio n arises if a node is actively sending and receiving messages.  When the number of successive broadcast

                                                        ( k ) is small, this inter ference may be of negligible value, so the nor malized Lo gP/postal model could predict the behavior

                                                        accurately.  When k  beco mes larger and the user process cannot handle those arrived messages immediately, as a result,

                                                        the delay beco mes larger and this is being reflected b y the large predicted error depicted in figure 2.

                                                                                 With the above observatio n, the new Cost for mula o f this broadcast pattern that based on our cluster model beco mes,

[ ]

[ ]

[ ]

Ur

Or
g

2

P
log

1
k

Ur

Or

L

Os

P
log

2

P
log

Ur

Or

L

Os

Ur

Or
g

2

P
log

1
k

Ur

Or

L

Os

2

P
B

Ur

Or
g

2

P
log

1
k

Ur

Or

L

Os

                                                                                                                P

                                                                                              B

                                                                                                      k

+

+

×

×

-

+

+

+

+

×

=

×

+

+

+

+

+

+

×

×

-

+

+

+

+

=

+

+

+

×

×

-

+

+

+

+

=

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

(

                                                                                                                        )

                                                                                                          (

2

1

2

2

1

2

1

2

1

1

(2)

                                                        When co mparing both cost formulae, our cost model uncover s the over head induced b y the message reception of each

                                                        successive broadcast.  And we sho w that this hidden o verhead is proportional to the number of broadcast ( k ).  T his

                                                        explains why the prediction accuracy o f the previo us cost formula deteriorates when k  becomes large.  In figure 2, we

                                                        have applied the corresponding model parameters to our cost for mula, and sho ws that our prediction accuracy improves

                                                        significantly.

                                                        5.  AP PLIC ATION OF THE MODEL

                                                        5.1.  Gather Operation ˘ Algorithm Design/Performance Tuning

                                                        Gather  operation is a many-to-one  relation.  All processes (including the gather root process) send data items located in

                                                        their send buffers to the destination buffer located in the root node.  Unlike its counterparts, such as sca tter  and reduce

                                                        operations, it has not been receiving much attention in the past.  T his may be because o f amo ngst all popular collective

                                                        communications , gather operation has the simplest  co mmunication structure.  Essentially, distinct messages o f all

                                                        participating nodes are worthless to other except the collecting root.  No matter ho w we organize the co mmunicatio n

                                                        path, the exact amo unt o f data still have to go through to the receiver.  T hus, the basic bottleneck o f this co mmunication

                                                        event wo uld be the contention at the receiver end.  As o ur cluster model consists parameters which reflect

                                                        contentio n/congestion situation, we are particular interested in utilizing those infor matio n in designing algorithms.

                                                                                 The Gather Problem

                                                                                 T he Gather  problem is defined as finding a schedule o f co mmunicatio n in the shortest possible time among p

                                                                                 processors (indexed as P

0

 to P

p-1

), such that initially, each processor P

j

, where j > 0 , has a collection o f i  data

                                                                                 items, all destined for processor P

0,
with the operation ends with P

0

 contains p

,
 i  data items in the receive buffer.

                                                                                 T he communicatio n pattern of the gather operation looks as if it is just the reverse of the scatter operation.  Ho wever,

                                                        in reality, we wo uldn’t implement it this way.  As mentio ned in [2] , the major difference is the status of those processors

                                                        during the co mmunicatio n.  In the case o f the scatter operation, root is active and others are passive, while in gather

                                                        operation, they are active and the root is passive.  Hence, the co mmunicatio n schedule of the scatter operation can be

Figure 3 The co mmunication schedule of the broadcast operation on our clus ter

model with O

s

=0.4, L =1.3, O

r

=0.6 and U

r

=0.7.

coordinated by a centralized means - the scatter root, and the schedule would be more str uctured.  On the contrar y, the

communication patter n of the gather operation is usually unstructured, as coordination between processors is usually not

imposed.

                         At the start o f the event, there are p´ = p-1  active senders.  T he data streams flo w fro m different input ports of the

global router and co mpete for the same outgoing port.  As only o ne frame can be served at a time,  the rest have to be

buffered in the shared memory o f the router.  T his single stream of outbound flo w is the first bottleneck candidate of the

whole event.  Frame b y frame, packets are pumping out through the outgoing port to the receiving NIC, which in turn

delivers the arrived packets to their corresponding destination b uffers.  For the gather operation, this is not necessar y the

end of the event.  Since data are co ming fro m different sources, they are most likely being delivered to different segments

of memor y.  T he receiving process upon reception of any messages has to move/copy  them to their final destinatio n ˘ a

contiguous segment o f memory.  With this scenario, the data reception and movement become another candidate of the

bottleneck analysis.

                         No w we observe that there exists a critical bottleneck in the receiver end, and this is the slowest part of the whole

communication event.  An apprehensive idea on improving the perfor mance is b y minimizing the cost induced b y this

critical bottleneck stage.  As we cannot compress  the data as if in the case of the reduce  operation, data must be delivered

to the receiver end packet-b y-packet till the end.  T hus, we argue that the optimality o f the gather operation must be one

with the follo wing senses: the gather root receives no redundant packets and the data flo w through the bottleneck stage

continuously.

Definition 1 Of the gather operation, the communication cost is co nsidered to be minimal if and only if it satisf ies the

                                                                                               follo wing Restrictio ns:

Restrictio n 1 T he senders only send out their data items at mo st once and the receiver receives no duplicated items.

Restrictio n 2 T he bottleneck stage of the whole co mmunication event should be full, or, in other words, no bubble

                                                                                               exists in this pipeline stage.

Lemma 1   T here is an optimal algorithm to achieve minimal co mmunicatio n cost for the gather operation that co mplies

with the above Restrictions.

Proof: Let AlgG  be an optimal algorithm for the gather problem, and it takes T

G

(P)  u nits time to finish.  If Restriction

one is violated, the gather root may receive a particular item more than once, so it has to discard those extra copies.

T hus, extra workload ind uces unnecessar y over head (e.g. data reception and movement).  By remo ving these extra

copies, such as, the senders only send out their data items at mo st once, the ne w algorithm co mp lies with this Restriction

though runs no longer than T

G

(P ) , therefore is optimal.  On the other hand, if Restriction 2 is violated, there exist so me

gaps within the bottleneck pipeline stage.  If we modify AlgG  by ensuring that no bubble appears in the bottleneck stage,

the latency induced in the bottleneck stage is reduced.  T hus, the ne w algorithm co mp lies with Restrictio n 2 and runs no

slo wer than T

                                                                            G

                                                                                  (P)  and therefore is optimal.
o

                         T o satisfy Restrictio n 2, the optimal algorithm should guarantee that there are enough processors sending o ut packets

to the destination node simultaneously.  T his is because of with the many-to-one relationship , packets start to cumulate at

the staging b uffer just before the bottleneck stage.  T hus, with sufficient packets available in the buffer together with the

ongoing influx of packets, we can guarantee that the bottleneck stage remains full till the end of the co mmunication.  T o

do this, we can simply have all the participating processors sending o ut their data items simultaneously and without

delay.  T his is the traditional approach and is being used b y mo st of the available parallel programming packages such as

MPICH, LAM, CHIMP, PVM3, etc.

5.2.  Bottleneck Stage Pheno menon

Ho wever, too many processors sending out their packets simultaneously co nsume enor mo us amo unt of system reso urces,

which is limited in the realistic environment, e.g. buffers in the s witch and buffer s in the receive queue are scare

resource.  Without appropriate coordination, packets will be lost due to the congestion/overflo w co ndition.  Packet loss

wo uld trigger higher level reliable protocol to recover the loss, and hence, ind uces delays and extra overheads.  T hese

delays and over heads may result in violatio n of both Restrictio n 1 and 2, and drift the whole cour se away fro m the

optimal.  In view o f the above observatio n, an upper bound and a lo wer bound number of the senders are needed to

ensure the algorithm satisfies both Restrictions.  T he lo wer bound provides infor mation o n the minimum number of

simultaneous senders in order to maintain a stead y stream o f packets to fill up the bottleneck pipeline stage, while the

upper bound indicates the maximum number of simultaneous senders are allo wed before the resource limit is reached.

Based on the parameters provided by our cluster model, we can derive the required upper and lo wer bounds for this

many-to-o ne collective operation as follo ws.

                         Assuming that the co mmunicatio n net wor k is error-free and no software flo w control, the only chance o f having data

loss is b y dropping of data message due to saturation o f the network reso urces.  We can simplify the bottleneck stage

abstractly as a staging buffer associated with input and output pipes.  Intuitively, the staging buffer starts queuing up data
items when the departure rate  is slo wer than the  arrival rate .  So the ratio between the departure rate and arrival rate

becomes an indication of co ngestion.   Or in other senses, an indicator of fullness in the departure pipe.  Due to the

limited size of the b uffer, this bottleneck stage cannot sustain lo ng-ter m congestio n, and eventually beco mes full.  T his

results in unco nditional disposal o f arrival items if no more space is left behind.  We can encapsulate the above scenario

by a simple probability function.

                         Let the staging buffer be of size B  units, and the arrival and departure rates be A  and D  units per second respectively.

When buffer is not full, all inco ming items wo uld be buffered and for ward later on (assume A > D ).  At a particular

instance, t =

                                                                        b
                                                                                , we have the fullness condition of the staging b uffer, then

D

A

B

D

B

A

-

=

Þ

×

+

=

× b
b
b

(3)

Before t =

                                                                 b
                                                                         , incoming items will not be dropped by the system, the probability of transfer is equal to one.  After the

saturatio n, t >

                                                                                      b
                                                                                              , newly arrived items can only be accepted and transferred in a probability of

A

D

.  Hence, we would

expect the transfer ratio of the bottleneck stage in long r un becomes

k

B

A

D

k

D

A

B

A

A

D

D

A

B

A

k

+

Þ

-

×

+

×
÷

ø
ö

ç

è
æ

-

×

-

(4)

where k  is the total number of inco ming data items thro ugh the bottleneck stage.  In summar y, if

1

k

B

A

D

³

+

 then the

transfer ratio is one, else the transfer ratio is

k

B

A

D

+

.

Lower Bound  -- Ga

                                                                                                                   l

When the number of simultaneo us senders is less than this lower bound value, the critical bottleneck stage could not fill

up with data.  T his situatio n means that the departure rate is faster than the arrival rate.   T herefore, the

A

D

ratio correlates

to the lo wer bound value for our bubble-free bottleneck stage.  More precisely, let´s analyze the bottleneck stage at the

switching hard ware, this lo wer bound value can be derived as

ú

ú
ù

ê

ê
é

Þ

£

Þ

£

×

Þ

£

×

Þ

£

Þ

r
s

r
s

r
s

s
r

l
g
g

p

g
g

1

g
p
g

1

g

1

p
g

1

1

A

D

                                                                                                                Ga

’

’
’

(5)

With

                                                                                      ú

                                                                                      ú

                                                                                      ù

                                                                 ê

                                                                 ê

                                                                 é

                                                       £

                                                                               r

                                                                                s

                                                l
                                                                        g

                                                                        g

                                 Ga

                                                                                             , we can guarantee that

1

A

D

<

 and data items wo uld start to queue up at the staging buffer which in turn,

provides a full stream o f data to fill up the bottleneck pipe.

Upper bound -- Ga

                                                                                                                u

As we have sho wn that on lo ng run, to avoid data loss due to saturation, we have to keep the transfer ratio to be as close

as one.  Hence we cannot have unlimited number of simultaneous senders as this would eventually flood the bottleneck

stage and cause over flo w.  So the optimal value can be determined at the situation where the transfer ratio equals to one.

With the bottleneck stage appears at the switching hard ware, this upper bound value can be derived as

ú

û
ú

ê

ë
ê

+

Þ

³

+

Þ

³

×

+

×

Þ

³

+

Þ

i

B

g
g

p

i

B

g
g

1

i
p

B

g
p
g

1

k

B

A

D

                                                                                                                Ga

r
s

r
s

r

’
s

u

’

’

(6)

T his upper bound value, in fact, gives us perfor mance hints to fully utilize the network resources.  If we have an infinite

buffer, the upper bound value beco mes unbound, all inco ming traffics can be safely buffered and delivered to their

destinatio ns.  Or, if we kno w that the total amo unt o f data items to be collected ( k ) is smaller than the available buffer

( B ), the upper bound value would then bound b y p

´
 only.

5.3.  Our gather Algorithm

Any value w  lies between the lo wer and upper bounds could be a candidate to satisfy o ur optimality definitio n of the

gather operation.  T o  search for the best value of w , we have the follo wing for mula,

{ }

[ ]

l
u
l

Ga
x
p

Ga
x

Ga
x

                                                                                                                 w

³

Ù

£

£

=
)

,

’

REMAINDER(

:

MAX . (7)

T his returned value guarantees that at any particular instant, the sender windo w w  is at least greater than or equal to the

lo wer bound value Ga

l

, such that the bottleneck stage is bubble-free with no packet loss during the co mmunicatio n event.

Our algorithm is just a simple extension o f the traditional gather operation enforces with processors coordination, and it

works b y restricting the number of active senders equal to w  at a particular instant.  When start, if a cluster node is within

the active sender windo w, they are free to send all their data items to the gather root.  Or else, they have to wait for the

                                                        startup signal before they are allo wed to transmit their data.  T o send the startup signal, we have two candidates, the

                                                        gather root and those active senders.  We opt to use those active senders for two reasons.  First, it is hard to detect when

                                                        an active sender has finished its job at the gather root, as too late to activate a waiting sender may cause unnecessar y

                                                        bubbles  formatio n in the bottleneck pipe.  Second, this relieves the workload of the gather root, as it is already

                                                        overloaded by the influx of data packets.  Figure 4 contains the pseudocode that summaries o ur gather algorithm.

                                                        5.4.  Execution Ti me Analysis

                                                        If this algorithm co nfor ms to our optimality Restrictio n, we sho uld expect the lo wer bound of the execution time be

                                                        confined to Di1p
i
p

T

×

×

-

³
)

(

)

,

( , the time engaged in transmitting all data items through the critical bottleneck stage.

                                                        Hence, the overall execution time o f our algorithm satisfies,

2

1

)

1

(

)

,

( CDi
p

C
i
p

T

+

×

×

-

+

³
(8)

                                                        where C

                                                                                                       1

                                                                                                            is defined as the arrival time o f the first data item to the critical bottleneck stage, and C

2

 is the ser vice time of

                                                        the last data item fro m the exit o f the critical bottleneck stage to the final destinatio n buffer.

                                                        5.5.  Experimental Results

                                                        T o verify the analytical and prediction accuracy o f our cluster model, we implemented the above gather algorithm on our

                                                        experimental platfor m.  We have measured the running time of the operation ranging fro m p=4,8,16  and message length

                                                        fro m 1K to 1M bytes.  T he results are sho wn in figure 5 where both measured and predicted times are plotted.  T his

                                                        figure sho ws that the prediction closely match the measurement with the average prediction error of 8%.  T he maximu m

                                                        error is 35% which is located at p=4 , and message length of 1KB.  T his is mostly caused b y violation o f Restriction 2, as

                                                        the number of participating nodes and the message length is no t large enough.

                                                                                 Figure 6 sho ws the co mparison o f the measured run-times of two gather algorithms.  T he coordinated  algorithm is

                                                        the one that we have proposed and the simple  algorithm is the traditional uncoordinated algorithm which used b y most o f

                                                        those available parallel packages.  It is clearly sho wn that without proper communication scheduling, limited resources

                                                        are overloaded which results in suffering of unnecessar y delays. T his situation is getting worse when we increase the

                                                        number of participating nodes or increase the message length.

                                                                               0 . 0 0 E + 0 0

                                                                               2 . 0 0 E + 0 5

                                                                               4 . 0 0 E + 0 5

                                                                               6 . 0 0 E + 0 5

                                                                               8 . 0 0 E + 0 5

                                                                               1 . 0 0 E + 0 6

                                                                               1 . 2 0 E + 0 6

                                                                               1 . 4 0 E + 0 6

                                                                               1 . 6 0 E + 0 6

                                                                               1 . 8 0 E + 0 6

                                                                               2 . 0 0 E + 0 6

                                                                                                                        0 2 5 0 0 0 0 5 0 0 0 0 0 7 5 0 0 0 0 1 0 0 0 0 0 0 1 2 5 0 0 0 0

M e s s a g e  l e n g t h  ( b y t e s )

E x e c u t i o n  t im e  ( u s )

4 n o d e s

p r e d - 4

8 n o d e s

p r e d - 8

1 6 n o d e s

p r e d - 1 6

0

2 0 0 0 0 0

4 0 0 0 0 0

6 0 0 0 0 0

8 0 0 0 0 0

1 0 0 0 0 0 0

1 2 0 0 0 0 0

1 4 0 0 0 0 0

1 6 0 0 0 0 0

1 8 0 0 0 0 0

0 1 0 0 0 0 0 2 0 0 0 0 0 3 0 0 0 0 0 4 0 0 0 0 0 5 0 0 0 0 0 6 0 0 0 0 0

M e s s a g e  l e n g t h  ( b y t e s )

E x e c u t i o n  T i m e  ( u s )

c o o r d i n a t e d - 1 6

s im p le - 1 6

p r e d - 1 6

                                                                       Figure 4 Measured and estimated ex ecution times w ith

our cluster model for our optimal gather

algorith m

Figure 5 Comparison on tw o gather algorith ms w ith the

prediction
i f  m y  i n d e x
j  >  0

i f
i
p

B

×

> ’

s e n d s  a l l  m y  d a t a  i t e m s  t o  P

0

 i m m e d i a t e l y

e l s e

i f
w
j

³

s e n d s  a l l  m y  d a t a  i t e m s  t o  P

0

 i m m e d i a t e l y

s e n d  a  s t a r t u p  s i g n a l  t o  p r o c e s s o r  P

j + w

 i f
p
w
j

<

+

e l s e

w a i t  f o r  s t a r t u p  s i g n a l  f r o m  p r o c e s s o r  P

j - w

s e n d s  a l l  m y  d a t a  i t e m s  t o  P

0

 i m m e d i a t e l y

s e n d  a  s t a r t u p  s i g n a l  t o  p r o c e s s o r  P

j + w

 i f
p
w
j

<

+

e n d i f

e n d i f

e l s e  I  a m  t h e  g a t h e r  r o o t  P

0

r e c e i v e
i
p

×
’

 d a t a  i t e m s  f r o m  P

1

 t o  P

p - 1

e n d i f

Figure 4   The pseudocode  of the optimal gather algorit hm

6.  CONCLUSIONS

In this paper, we have introduced a simple co mmunication model that allo ws precise predictions o f co mmunicatio n costs

on the cluster environment.  T he model exposes all the crucial perfor mance characteristics of the system b y a set of

parameter s.  We explicitly introduce the contention issue into our parameters , e. g. the transfer phase  and the network

buffer  parameters.  And based on this set of parameter s, we can perform analysis o n any target architecture-application

pair.  We used the popular log N broadcast operation to sho w the delay caused b y contention dur ing simultaneous send

and receive operations, and this delay can only be explained b y our model.  T o sho w the analytical po wer of our model,

we have developed an optimal gather algorithm with the ability to avoid contention loss.  By restricting the number of

active senders within the upper and lo wer bound, we have sho wn that our algorithm can significantly reduce the

communication cost.

7. REFERENCES:

[1]  A. Bar- No y and S. Kipnis.  Designing Broadcasting Algorithms in the Postal Model for Message-Passing

                                        Systems.  In Proceedings of the ACM Symposium on Parallel Algorithms and Architectures , pp. 11-22, June 1992.

[2]  S.N. Bhatt, G. Pucci, A. Ranade, and A.L. Ro senber g.  Scattering and Gathering Messages in Networks of

                                        Processors.  In  IEEE Trans. on Computers , C-42:938-949, 1993.

[3]  D.E. Culler, R.M. Karp, D.A. Patterson, A. Sahay, K.E. Schauser, E. Santos, R. Subramonian and T . von Eicken.

                                        LogP: T owards a Realistic Model of Parallel Co mp utatio n.  In Fourth ACM SIGPLAN Symposium on Principles

                                        and Practice of Parallel Programming , May 1993.

[4]  T . Heywood and C. Leopold.  Models of Parallelism.  T echnical Report CSR-28-93, Department o f Co mp uter

                                        Science, Univer sity o f Edinbur gh, 1993.

[5]  Intel Corp.  Scalable Stacking T echnology. ( http://www.intel.co m/network/technologies/scalable_stacking. htm)

[6]  R.M. Karp, A. Sahay, E.E. Santos and K.E. Schauser.  Optimal Broadcast and Summatio n in the LogP Model.  In

                                        5th Symp. on Parallel Algorithms and Architectures , June 1993.

[7]  C.M. Lee, A. T am, and C.L. Wang.  Directed Point: An E fficient Co mmunication Subsystem for Cluster

                                        Co mputing.  In The International Conference on Parallel and Distributed Computing Systems (IASTED) , October

                                        1998.

[8]  W.F. McColl.  T he BSP Approach to Architecture Independent Parallel Programming. Oxford University

                                        Co mputing Laboratory, March 1995.  ( ftp://ftp.co mlab.ox.ac.uk/pub/Documents/techpapers/Bill.McColl/p7.ps.Z )

[9]  J.M. Nash, P.M. Dew, and M.E. Dyer.  Scalable and portable computing using the WPRAM model.  In Kara, M,

                                        Davy, J R, Goodeve, D M & Nash, J M (editors), Abstract Models for Parallel and Distributed Computing , pp.47-

                                        62.-IOS Press, 1996.

[10]  R. Subramo nian and N. Venkatasubramanyan.  Optimal Broadcast in a Distrib uted Memor y Model of Parallel

                                        Co mputation.

[11]  L.G. Valiant.  A Bridging Model for Parallel Comp utatio n.  Communication of the ACM , August 1990, Vol. 33,

                                        No. 8, pp. 103-111.