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Abstract

An attempt is made to understand the properties of I/O between compute nodes in
a parallel system. A theoretically plausible framework to emulate an application’s I/O
communication pattern (without implementation) is presented. The focus, however,
lies in a literature review, in conjunction with a set of performance experiments (using
LAM, a known MPI implementation, and mpptest), which quantify and expose some of
the characteristics of the communication within two radically different Beowulf clusters.

1 Introduction

Science is holding of multiple working hypothesis — Tukey.

When an existing sequential algorithm running on a commodity workstation! cannot
compute fast enough, researchers move towards parallel computer? systems. These sequen-
tial algorithms need to undergo a transformation to a parallel implementation® ([5] explains
a methodology for and gives a mapping between 3 conceptual classes and 3 methods that
can be used by a real programmer on a general-purpose asynchronous parallel machine).
This transformation may be the identity, in the case of distributed systems [26], or more
complex, in the case of shared memory shared data parallel systems [16]. Parallel algorithm
design, therefore, depends on the underlying parallel computer model under consideration
([50], [47], [10], [11], [1], [42], and [49]) and the particular parallel machine’s architecture.
A major bottleneck for a Beowulf parallel machine architecture is the time consuming in-
put/output (I/O) operations when transferring data from one compute node to another
remote compute node using a homogeneous interconnect via processor farming [50].

The project goal is to understand the I/O characteristics (not the storage issues [15]) of a
Beowulf cluster by sending and timing different sized data chunks to remote compute nodes
via different libraries, which use different strategies for intercommunication. That is, a broad
overview of I/0O issues that demonstrate some parallel concepts — for an indepth coverage

'"Example of a Single Instruction, Single Data (SISD) architecture

2 A parallel computer is a collection of processing elements that communicate and cooperate to solve large
problems fast ([6] - p.15 citing from Almasi and Gottlieb 1989)

3Parallel computers run parallel algorithms using multiple processors [12]



of distributed algorithms please see [34]. For example, locality of reference, bandwidth,
latency, synchronization, and overhead are all issues that need to be understood and the
tradeoffs must be resolved in the context of a real application workload [6].

The specific question that this project would like to partially answer is the following:
How does the number of compute nodes (p) and the data size (d) being transferred between
compute nodes affect time (t), when using a particular communication strategy (s) (i.e.
via a particular library implementing a message passing paradigm, rather than a live data
structure or distributed data structure concept [5]) on a given Beowulf cluster configuration
(¢)? (See Fig-1)
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Figure 1: Example of One Possible Switched Heterogeneous Beowulf Cluster

The achievements within the project goal are (i) a possible algorithm for trying to
understand multiple concurrent application behavior is described, (ii) two presentations
were given describing a set of issues exposed by the project research ([3], [4]) and (i)
performance characteristics of a set of MPI communication methods are reported using
mpptest [22] for two different Beowulf cluster configurations, including, but not limited to,
sending different sized data chunks to remote compute nodes via LAM/MPI.

In Section 2 the relevant literature will be reviewed and related to the project, including
a discussion of various strategies for minimizing overall computation time, message pass-
ing model variants, message passing standard, other libraries and related experiments on
clusters. Section 3 will present the results of the project including a discussion of a parallel
program emulator, experimental setup, and experimental results. Section 4 concludes the

paper.

2 Literature Review

An essential idea for high throughput parallel computation, is to have all p, processors
computing while data is being transferred. This way, no processor p;,ie[l..n] is being
blocked while waiting for data from processor p;,j # i,je[l..n] [7]. This would be the
theoretical optimal use of resources. (Another definition of an optimal parallel solution is if
Tparallel = O(W), where Tyequential 1 the sequential time complexity of the problem
[11]). However, in practice, it may not be easy to achieve. See, for example, the Pipeline
Solution of the Travelling Salesman Problem in [50].



2.1

Minimizing Overall Computation Time

There are various strategies for minimizing overall computation when dealing with data on
a parallel (heterogeneous) computer.

1.

Use of Compute Nodes: How should the compute nodes be used at the most
abstract level of understanding? For example, Processor Farming [50] uses the master-
worker (Message Passing method [5]).

. Placement of Processes: [48] remarks that faster compute nodes should have more

processes (if homogeneous processes). This is a scheduling problem [7].

. Collective I/0O for Large Data Snapshots: All processes cooperate to carry out

large-scale I/O operations [48] (see also [41]). However, they point out that this
may not be appropriate for heterogeneous clusters as the I/O servers are placed in
a predetermined manner (e.g. first k processors have I/O servers.). Therefore, I/O
server placement should be done at runtime, preferably by schedulers or I/O libraries.
[48] mentions that their approach to server placement is implemented within the
Panda parallel I/O library. The Panda library is optimized for large data snapshots
that need to be written to disk, as in scientific applications.

. Placement of I/O Servers: [48] shows that their heuristics for placing I/O servers

(based on reads, which assumes read and write operations are similar) improves overall
parallel I/O performance up to a factor of 2 —4 on a cluster of heterogeneous SMPs?.

. Message Passing: When moving data from one compute node to another, message

passing itself may be a bottleneck if all messages must use the same interconnect [48].

. Message Size: [11] explains a Course Grained Multicomputer Model (CGM) in

which only a small number of very large messages are used. The idea is that the
overhead of communication protocols between processors is reduced.

Communication (Route Balancing): [7] describes a technique for message traffic
distribution that attempts to minimize total time cost by making communication
latency uniform over the interconnection network, attempting to avoid large latency
variations. That is, messages are sent via the shortest known path at any given time.
The technique tries to minimize monitoring and decision overhead. Note i) Usually
saturation of the network occurs at < 50% of the network’s maximum capacity, and
i1) a bounded amount of latency can be tolerated by hiding it via having enough
processes per processor, and scheduling any ready process while other processes wait
for their messages [7], Sect-2. Also see [33] for a survey of other methods for message
routing attempting to solve the problem of getting the right data to the right place
within a reasonable amount of time.

. Use of Local Memory: [11] mentions that the entire data set for a given problem

may be loaded into memory and remain there until the problem is solved. For massive
data sets, this is not feasible [45].

. Use of Local Disk: [14] mentions that one way to reduce I/O time, when processor

farming is used, is for the master to do all of the I/0O.

*A Symmetric Multi-Processor (SMP) contains homogeneous CPUs.



Observation 1 The absolute minimal communication time that an algorithm with a set
of processors can have is zero. That is, no processor should communicate with any other
processor; only computation is performed. However, is this really a parallel algorithm? or
simply a set of sequential programs that happen to be running concurrently?

2.2 Message Passing

Message Passing model variants according to [5]:

1. synchronous send and receive: For example, Hoare’s influential fragment CSP
(1978), which inspired a language Occam (1983)

2. monitor and remote-procedure-call languages and systems: That is, one pro-
cess communicates with another by invoking a procedure defined within some other
process or within a passive, globally accessible module. Arguments are shipped out
in one message, results are returned in another. For example, Modula, a concurrent
language (assumes that multiple processes inhabit the same address space). And Ada
(US Dept. of Defense 1982), a parallel object-oriented programming language.

3. streams: sender appends messages to the end of a message stream; receiver inspects
the stream’s head, (1974 Kahn). For example, Prolog (Shapiro 1987), a concurrent
logic language.

2.3 Message Passing Standard

There is a standard that industry has agreed upon for message passing, namely MPT [21].
There are many implementations of the standard, one such is Local Area Multicomputer
(LAM) [29], which is targeted towards heterogeneous computers on a network.

One problem in a heterogeneous environment, is data conversion. MPI makes heteroge-
neous data conversion a transparent part of its services by requiring datatype specification
for all communication operations (Gropp, Lusk, Doss, Skjellum 1996). There are many
different data exchange mechanisms possible; some, according to [46], as implemented in
the channel interface a part of MPICH (another implementation of MPI) are:

1. Eager: In the eager protocol, data is sent to the destination immediately. If the
destination is not expecting the data (e.g. no MPI_Recv has yet been issued for it),
the receiver must allocate some space to store the data locally.

2. Rendezvous: In the rendezvous protocol, data is sent to the destination only when
requested (the control information describing the message is always sent). When a
receive is posted that matches the message, the destination sends the source a request
for the data.

3. Get: In the get protocol, data is read directly by the receiver. This choice requires
a method to directly transfer data from one process’s memory to another. A typical
implementation might be memcpy.

Another issue is related to whether separate processes should be spawned or sepa-
rate threads of execution on a processor — MPIINIT THREAD may be used instead of
MPI_INIT, if, for example, on a cluster of SMPs [13].



2.3.1 MPI-IO

The new MPT 2.0 standard has a chapter for I/O and more specifically, for Parallel 1/0.
Implementations of the I/O chapter include ROMIO ([23], [39]) and MPI-IO/GPFS, which
is optimized for the IBM General Parallel File System ([32]). There are some libraries that
try to build on the MPI-2 standard (more specifically, a particular implementation). For
example, M PI_Connect. M PI_Conn_getFile(...) [14] is such an API method call, to get a
file from a remote storage node, which uses dedicated file serving daemons. There is also a

library where MPI primitives are supported through a distributed shared memory, namely
MPI_SH (implementation of MPI on top of Distributed Shared Areas DVSA) [8].

2.4 Other Libraries

There are also many other parallel libraries available. See, for example, TPIE: Transparent
Parallel 1/O Environment [25], ViCx: Virtual-Memory Cx Compiler [24], or PASSION:
Parallel And Scalable Software for Input-Output [38].

2.5 Relevant Experiments on Clusters

Benchmarks are one way that specific communication implementations may be analyzed in
terms of their performance w.r.t other implementations [17]. SKaMPI [40] (and the more
recent SKaLIB [20], which supports development of benchmarks) discuss benchmarking
MPI. For example, [44] discusses benchmarking collective MPI operations and [18] discusses
the development of MPIBench that uses a very precise and portable distributed timing
mechanism to accurately measure the performance of a single MPI communication routine
without having to average over many calls. Note also that [30] provides information about
computer system performance benchmarks, benchmark results, and benchmark code and
that the Transaction Processing Performance Council ([31]) defines transaction processing
and database benchmarks. For example, the relationship between performance and scale of
business enterprise can be seen in the on-line transaction processing (OLTP) benchmarks,
which rate the performance of a system in terms of its throughput in transactions per minute
(tpm) on a typical workload [6].

Results with NT clusters are shown in [48] and with Linux clusters in [37]. The Linux
case study, uses the Parallel Virtual File System, the ROMIO [23] MPI-IO implementation,
and the Hierarchical Data Format library (HDF5 [19]) in the context of a FLASH application
I/O benchmark. See also [46] for information related to testing MPI methods.

Rather than benchmark an existing application, another approach when trying to under-
stand the I/0, is to build a performance model [9]. The approach presented in Section 3.1
could be thought of as a way to build multiple performance models.

3 Project Report

Experiments were designed in order to partially understand the characteristics of two Be-
owulf clusters using a message passing system. The experiments could have been designed
to be very low level in order to understand the communication protocol itself (e.g. TCP or
UDP), or much higher level in order to understand a performance model (e.g. Section 3.1).
However, it was decided that a medium level was more appropriate; one that specifically
focussed on a particular implementation of the MPI standard. Further, the presented re-
sults could have been compared with results for other clusters, but this was eliminated from



the project due to time constraints (See [46] for a discussion of results obtained from other
parallel systems).

A possible algorithm for understanding any parallel message passing program is dis-
cussed in Section 3.1, followed by experimental results for a homogeneous cluster of SMPs
in Section 3.3.1, and concluding with heterogeneous cluster results in Section 3.3.2.

3.1 Parallel Program Emulation

The intuition behind the following emulation® algorithm, is that a parallel algorithm may be
represented as computation and communication, where the computation could be emulated
on each compute node by waiting a certain amount of time and communication could be
actually implemented and measured for a particular set of communication topologies (See
Fig-2). To get more and more accurate emulations of parallel algorithms, the distribution of
the waiting time (e.g. Gaussian, Poisson, etc.) of the computation could be implemented s.t.
the overall emulation would represent a particular parallel program. For this project, only
the idea for this algorithm is discussed, due to time constraints, as the more foundational
experiments need to be performed (See Section 3.3).

Also, [43] states: Performance is largely a function of the frequency and nature of inter-
component communication, in addition to the performance characteristics of the components
themselves, and hence can be predicted by studying the architecture of a system [Clements
1996]. From this point of view, the following algorithm may be thought to be a way of mod-
elling many possible parallel algorithms, with the goal of studying their I/O performance,
and, hence, the parallel algorithm’s performance.

Observation 2 In one sense, only one figure of merit matters, the wall clock run time of a
particular application on a particular system [2], hence this statement by David H. Bailey,
provides some supporting motivation for this section.

Figure 2: Examples of possible processor communication topologies (patterns), which are
independent of the underlying parallel system architecture; nodes represent processors,

while directed edges represent data being transferred: 1) Client/Server, 2) Task Farming,
3) Token Ring, 4) Pipelined, 5) others.

Algorithm: Let P = {p1,p2,...,pp} be the set of all available (virtual and real) proces-
sors in the chosen parallel system (e.g. Beowulf Cluster), and let Psigrters(C P) = {pieP
s.t. p; is going to receive a t;eT' = {t1,t9,...,t;}, which will determine pi’s computation
and communication behaviour}. Note that Pgigrters are like the set of concurrently running
applications (parallel algorithms). Let there be associated with each p;ePsiqrters a graph

5The term emulation was used by Prof. Dehne during a brainstorming session, while the author was
using the term simulation.



GTargets = (Prargets, ETargets) T€presenting a communication topology of the parallel algo-
rithm p;ePsiarters. Note that i) Praygets N Pstarters = 0 (i.e. each parallel algorithm has a
master on a separate compute node) , i) Prargets U Pstarters C P, and ii1) Prgygets are like
the set of processors supporting a particular parallel algorithm, which receive a commu-
niqué (t;€7") from their associated root processor. Not all p;e Prqrgets Will receive t; from the
root processor (p;€Psiarters) , because Ergrgers determines the communication topology for
that particular parallel algorithm. That is, e;x€ETqargets is an edge in the communication
topology such that communication information (data) will be transferred from pjePra;gets
to pr€Prargets (For example, in MPT this could be implemented using a communicator with
topology; possibly MPI_Graph _create).

Definition 1 t;eT" contains the following information:
1. |m| = size of randomly generated data message — m — to transmit
2. ¢ = communication method. For example, some possibilities are:
i) message passing [21],
ii) shared memory, [8]
iii) shared file on a parallel file system [35].

3. | Prargets| = number of target processors

4. Grargets = (VTargetss ETargets) communication topology of the parallel algorithm
5. Prargets = set of target processors to which m will be directly sent;

0. PTargets c VTargets

3.2 Experimental Setup

Two Beowulf clusters were used for the experiments, with the emphasis of the experiments
on Cluster (i), as more detailed information was known, at the time of writing, than for
Cluster (ii).

Cluster (i) is located at the Institute for Information Technology (IIT), of the National
Research Council. This is a homogeneous cluster of SMPs; 20 PowerEdge 2600 processor
units, each having 2 Intel Xeon processors running at 2.4GHz with Hyper-Threading Tech-
nology (2 logical CPU’s per physical CPU) and having 2 GB of SDRAM and a 36GB hard
drive spinning at 15K RPM (See [27]). The interconnect is a PowerConnect 5224 Gigabit
Ethernet Managed switch with 24 ports (See [28]). This cluster uses LAM/MPI 6.5.9 and
a shared network drive.

Cluster (ii) is located at the Institute for Biodiagnostics (IBD), of the National Research
Council. This cluster is heterogeneous, and consists of 4 dual Athlon processor units op-
erating at 1.666Ghz frequency, each with 2Gb RAM, 5 Xeon processor units operating at
1.6Ghz with 1Gb RAM, 2 Pentium III units at 1Ghz with 256Mb RAM, 1 Pentium III
units at 1Ghz with 512Mb RAM, 1 Pentium III units at 930Mhz with 256Mb RAM, and
4 Pentium III units at 860Mhz with 512Mb RAM. This cluster uses Red Hat Linux 7.3,
LAM/MPI 6.5.8 and a shared network drive.

The program used for the experiments is MPPTest [22], which was compiled and config-
ured separately for each cluster. Note that LAM/MPI daemon mode was used, as opposed
to LAM/MPI client to client mode [29] and that gcc 2.96 was used for compilation on
Cluster (i), while gce 3.2 was used on Cluster (ii). It should be noted that the different
versions of gecc, will produce different object code, and may make the intra-cluster results
incomparable. Note also, that the command:

basetest -maxnp=x -ttime=00:10 -echo -long



was used to collect the results, where z =< 20, 40,80 > for Cluster (i) and x =< 17 > for
Cluster (ii). Future experiments should include z =< 21 > for Cluster (ii).
The following experiments were made using MPPTest [22]:

1. Point-to-point Performance: Performance of messages sent from one processor to
one other processor were measured — short and long (blocked) messages as well as
long (non-blocked) messages were used.

(a) short: mpirun -np 2 mpptest -auto -gnuplot -givedy

(b) long: mpirun -np 2 mpptest -size 262,144 1,048,576 32,768 -gnuplot
-givedy

(c) longnb: mpirun -np 2 mpptest -async -size 262,144 1,048,576 32,768
-gnuplot -givedy

2. Short Messages out of Cache: Performance of caching effects were measured by
sending short messages from one processor to one other processor.

(a) shortc: mpirun -np 2 mpptest -gnuplot -givedy -cachesize 4,194,304

3. Short Messages with Vectors: Performance of short messages containing vectors
were measured.

(a) shortv: mpirun -np 2 mpptest -gnuplot -givedy -vector -vstride 128

4. Bisection: Performance of sending data from half of the processors to the other half
of the processors was measured. Note that Cluster (i) and Cluster (ii) have a different
number of processors and the implementation of basetest only measures information
up to and including 32 processors.

(a) bshortX z =< 4,17,20,32 >: mpirun -np x mpptest -auto -bisect -gnuplot
-givedy

(b) blongX x =< 4,20,32 >: mpirun -np x mpptest -size 262,144
1,048,576 32,768 -gnuplot -givedy -reps 25 -tgoal 1.0 -autoreps
-sample_reps 5 -bisect

5. Collective: Performance of collective experiments — bcast measures scatter effects
and dsum measures double precision reduction effects.

(a) bcast (x =< 4,17,20,32 >): mpirun -np x goptest -gnuplot -givedy -bcast

(b) dsum (x =< 4,17,20,32 >): mpirun -np x goptest -gnuplot -givedy -dsum
-size 0 1,024 256

3.3 Experimental Results

The results focus on the latency and bandwidth for a set of MPI functions as mentioned
in Section 3.2. High variance in the bandwidth results are a possible indicator that other
processes were executing concurrently (i.e. contention for resources — the interconnect).
Detailed analysis of the results cannot be performed, as the causes for the observed effects
(as seen in the figures) would be speculative; however, abnormal patterns will be discussed.
Many of the results display expected behavior and are included to demonstrate the specific
constants that the different MPI methods exhibit on the two clusters.



3.3.1 Cluster (i) Experimental Results

Results of experiments on the homogeneous cluster of SMPs — Cluster (i) (See Section 3.2)
— are discussed in this section.

The short Fig-3(a,b) experiments exhibit high latency and low bandwidth when 1
process is used per compute node (containing 2 CPUs). High variability of the latency is
also observable. The experiments with 2 processes per compute node Fig-3(c,d) have a
almost horizontal latency (and linear bandwidth) indicating that the interconnect may be
reaching the saturation point, while the 4 processes per compute node Fig-3(e,f) display
reduced bandwidth.

The point-to-point communication results for long Fig-4 display different characteristics
to that for short. The latency is almost 100 times increased and the linear relationship
also increases more rapidly. When Fig-4(a), containing results for 1 process/compute node
is compared with Fig-4(b,c), containing 2 and 4 processes/compute node, respectively, one
can see a reduction by not quite one half (as would be expected with the compute nodes
containing 2 physical CPUs) due to possible intra-SMP contentions (e.g. OS context switch-
ing).

The non-blocking point-to-point communication results for longnb Fig-5, when com-
pared to Fig-4, indicate similar latency characteristics. However, the bandwidth is different
(e.g. compare Fig-5(d) with Fig-4(d)). That is, the initial high bandwidth has been replaced
by a much more horizontal curve.

Short messages (out of cache) results for shortc contained in Fig-6 don’t indicate radical
departure from those results contained in Fig-3 except for the reduced latency variation in
Fig-6(a).

The short messages with vectors shortv contained in Fig-7 exhibit radically different
behavior. For example, Fig-7(d,f) start to show a decrease in bandwith as message size
increases. This may be due to another (unknown) process starting, or may, in fact, be due
to the overhead inherent within vectors.

Bisection experiments for bshort4 Fig-8, bshort20 and bshort32 Fig-9, blongé Fig-
10, and blong20 and blong32 Fig-11, show very linear bandwidth relationships for the
short messages, while contain very horizontal relationships for the long messages. This may
indicate that the long message experiments completely utilize the interconnect. However,
it is interesting to note that the maximum obtained bandwidth for the short messages is
above that obtained for the long messages; possibly indicating that the bandwidth increases
and then decreases and becomes stable when the overhead and contention effects no longer
play a role.

Collective becast (scatter) Fig-12(a,c,e) experiments indicate that, overall, as the number
of processes per compute node increases from 1 to 2 to 4, the latency decreases and the
variability decreases. While dsum (reduction) Fig-12(b,d,f) experiments show the same
decrease in latency, but with increased variability as the number of processes increases.

3.3.2 Cluster (ii) Results

The heterogeneous cluster results are not as complete or reliable as those in Section 3.3.1.
For example, the long message tests did not complete, possibly indicating the tests were
too ambitious for this cluster, or that this cluster was already being heavily used. This last
point is worth stressing, as the cluster is located in Winnipeg, Manitoba, and control over
the experimental variables (such as who is using the system) are not controllable. Also, the



bisection tests only completed for 4, 8 and 16 processors (this cluster only has 17 compute
nodes). Refer to Fig-13 and Fig-14 for detailed results.

4 Conclusion

A deeper understanding of more of the issues involved in transferring knowledge from one
compute node to another in a parallel system has been obtained through a search of the
relevant literature, along with a set of performance experiments on two Beowulf clusters
and a plausible framework to emulate an application’s I/O communication pattern.

The author has learned there are many other interesting avenues for further research.
For example, David H. Bailey has written an interesting paper about Beowulf Clusters [2],
which lead to an investigation of his other papers, which lead to a paper about parallel
integer relation detection, giving a new formula for the calculation of w. A very interesting
paper, which will need to be read in more depth in the future, but completely unrelated to
the subject of this project.

In terms of this project, other interesting things that could have been included are:
(i) more experiments related to clusters (e.g. the Carleton cluster and sunfire machine
results could have been collected and compared against those reported in this paper), (i)
other standard benchmarks, like the parallel Linpack Benchmark by Jack Dongarra and
the NAS Parallel Benchmark (NPB) suite designed at NASA Ames Research Center [2],
(77i) measurements of the long-term throughput of a Beowulf, instead of the conventional
benchmark performance testing [2], (iv) develop a formal model of communication patterns
and test them within the framework of Section 3.1 (including an implementation), (v)
more experiments related to gathering information about throughput versus the number
of processors ([6] p.10), (vi) Maria de los Santos Perez Hernandez (Spain) was contacted
about MAPF'S [36], from which information was obtained. However, this information could
not be used for this project as the project would have to focus on file systems for it to be
appropriate. (vii) Laura Ricci (Italy) was contacted to try to obtain MPI_SH. The authors
of the software were willing to share the information, but could not supply the information
fast enough within the constraints of this project. It would have been nice to be able to
compare MPI_SH (based on a shared memory model) directly against a message passing
model of the algorithm mentioned in Section 3.1.

As more experience is gained by the author, more specific knowledge may be used in
conjunction with relevant experiments on the Beowulf Cluster, to help come to a deeper
scientific understanding of the issues involved in understanding properties of I/O between
compute nodes in a parallel system.
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Figure 11: blongX — Cluster (i) lam gcc2.96 ¢0-19 (a,b) latency and bandwidth for 1 pro-
cess/compute node (blong20) (c,d) latency and bandwidth for 2 processes/compute node
(blong32) (e,f) latency and bandwidth for 4 processes/compute node (blong32)
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Comm Perf for MPI (compute-0-0) type scatter Comm Perf for MPI (compute-0-0) type dsum
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Figure 12: Cluster (i) lam gcc2.96 c0-19 (a,c,e) beast 1,2,4 processes/compute node respec-
tively (b,d,f) dsum 1,2,4 processes/compute node respectively
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Comm Perf for MPI (hume18) type blocking Comm Perf for MPI (hume18) type blocking
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Figure 13: Cluster (ii) lam gce3.2 ¢0-17 (1 process/compute node) (a) short — latency (b)
short — bandwidth (c) bshort4 — latency (d) bshort4 — bandwidth (e) bshort17 — latency (f)
bshort17 — bandwidth
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Figure 14: Cluster (ii) lam gcc3.2 ¢0-17 (1 process/compute node) (a) shortc — latency (b)
shortc — bandwidth (c) shortv — latency (d) shortv — bandwidth (e) bcast — latency (f)
dsum — latency
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