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Abstra
tMulti-
ore pro
essors are di�erent from the 
lassi
al super
omputing paradigmof many standalone pro
essors. It has been growing as an industry trend the lastfew years. More than 20% of the pro
essors of the Top 500 super
omputer listbelongs to this family. With this in mind we examine how 
urrent implementa-tions of MPI is performing in a multi-
ore environment. In this proje
t, we testthe MPI implementations MPICH, MVAPICH and Open MPI with regards tolo
al resour
es. The ben
hmarks range from average times on individual MPI
alls, to High-Performan
e Linpa
k to ben
hmark something 
loser to a �real-life� problem. Our experiments indi
ate that Open MPI performs best resultsfor ben
hmarks on the bandwidth term, while MVAPICH has the lowest laten
yon small and medium data sets. MVAPICH also performs best on average forthe smallest data sets of the redu
e operation in one of our experiments. Whi
himplementation one should 
hoose would depend on appli
ation parameters.Note that Open MPI and MVAPICH is respe
tively up to 45% and 35% fasterthan MPICH for the 160kilobytes data set.
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Chapter 1Introdu
tionOur goal in this proje
t is to 
ompare di�erent implementations of MPI on
lustered SMPs. This will be explored with regards to improvements that mightexploit te
hnology su
h as 
hip multipro
essor(CMP) in a better way than theimplementation 
urrently used on our system do.Using an improved MPI implementation for a given system 
an make a sig-ni�
ant performan
e impa
t on a number of appli
ations. Re
ent studies[7, 8℄show that intra-node 
ommuni
ation is more 
ommon than intuition might sug-gest. Improving MPI algorithms for multi-
ore ar
hite
tures have been shownto improve ben
hmark exe
ution time by up to 70%. S
alability of this typesof improvements to both number of 
ores and number of total nodes will beexplored. Con
lusively, there will be some suggestions to what our system willgain the most from.With the introdu
tion of multi-
ore pro
essors in super
omputing, a wholenew �eld of optimizations for 
olle
tive operations is available. While multi-pro
essor systems has been on the market for many years, sharing of resour
es
loser to the 
ore of the pro
essor is be
oming dominant. With this type sharingthe possibility to transfer data in a faster manner than the standard MPICH[10℄implementation is doing.As stated by Thakur and Gropp in [32℄ there are many open issues in MPI,in spite of the se
ond version being over a de
ade old. The range is broad, and
overs everything from basi
 operations, s
alability to 
olle
tive operations.1.1 OutlineIn se
tion 2 we will explore di�erent types of MPI implementations and theiradvantages and disadvantages. Se
tion 3 will be devoted to te
hniques used fordis
overing the di�eren
es. Se
tion 4 
ontains some usability 
onsiderations.The results is presented in se
tion 5, while we will 
ome to some 
on
lusionsand re
ommendations for the system in se
tion 6.1



Chapter 2Ba
kground
2.1 Multi-
ore pro
essorsIn the late 1990s, mi
ropro
essor performan
e improved at an overall rate of 50to 60% per year. A study from 2000, [1℄ found that this development would not
ontinue by only expanding pipelines, 
lo
k rate s
aling and 
apa
ity s
aling.While this 
on
lusion does not take into 
onsideration the possibility of noveland revolutionizing te
hnology, they point to the fa
t that 
ommuni
ation de-lays on-
hip would be
ome signi�
ant for global signals. Also, the supers
alarparadigm was getting diminishing returns, in parti
ular with regards to thatthe 
lo
k s
aling soon would slow down. The proje
ted te
hnology size in thispaper was a bit more pessimisti
 than the a
tual development has been, expe
t-ing the 35nm te
hnology to be available by 2014. Today, Intel plans to rea
h16nm te
hnology by 2013, a

ording to [16℄ with two-year-
y
les of redu
ingte
hnology size1.Later, Huh et al.[14℄ 
on
luded that higher throughput of future pro
essorsmay be a
hieved with s
aling the number of 
ores pr 
hip. O�-
hip bandwidthdoes limit the number of 
ores, and if the relationship pins pr 
ore 
ontinue tode
rease, it will severely limit the throughput.Hennessy and Patterson addresses the trend of moving towards multipro-
essing in [12℄, listing new and reinfor
ing fa
tors su
h as a growing interestin servers and server performan
e, growth in data-intensive appli
ations, thatin
reasing performan
e on desktops is less important and that repli
ation ratherthan unique designs provides leverage.With those predi
tions of the future of CMP in mind, we look at the historyof releases of mainstream multi-
ore pro
essors.1Measured by the size of a single transistor gate length2



2.1.1 Power4The �rst pro
essor to go multi-
ore in the market was IBM's Power4[5℄. Two64-bit PowerPC 
ores running at 1.3GHz with an uni�ed 8-way set asso
ia-tive L2-
a
he divided under three separate L2-
ontrollers. Also, an L3 o�-
hip
a
he. The Power4-pro
essor was based on a supers
alar ar
hite
ture with spe
-ulative out-of-order exe
ution, ea
h 
ore with eight exe
ution units(two integer,two �oating point, two load/store, bran
h unit, and exe
ution unit to performlogi
al operations on the 
ondition register). The pro
essor was able to issueinstru
tions to ea
h exe
ution unit every 
y
le, but instru
tion retirements waslimited to �ve per 
y
le. Ea
h 
ore had an 64Kbyte L1 instru
tion 
a
he, anda 32Kbyte L1 data 
a
he with dual ports. Up to eight 
on
urrent data missesand three instru
tion misses was possible.2.1.2 XeonThe Xeon brand from Intel was originally a single-
ore pro
essor, �rst releasedin 1998. In 2005 Intel released their �rst dual-
ore server pro
essor. CodenamedPaxville, it had two Xeon 
ores and a shared L2-
a
he[18℄. The last pro
essorin the Xeon-series to have L3-
a
he was the 7100 series, 
odenamed Tulsa[19℄.It was also to have on-
hip shared L3-
a
he, and in this way distinguishing itfrom the Power4. Intel's implementation of SMT(namely HT) enabled the 
hipto run up to four threads on the two 
ores. Intel have later released a quad-
orepro
essors[17℄ in the same 
lass, Kents�eld, Clovertown, Tigerton, and latestPenryn. The Kents�eld and Clovertown systems was both a 
ombination of two
hips with two 
ores ea
h, in one pa
kaging(in a 2x2 fashion). This way two
ores shared L2-
a
he, with no L3-
a
he. All but Penryn is made on a 65nmpro
ess, with Penryn at 45nm. The front-side bus(FSB) of the Penryn series is
lo
ked to 1600MHz.2.1.3 OpteronThe �rst multi-
ore pro
essor from AMD was the se
ond generation Opteron,whi
h had two 64-bit Opteron 
ores, with dedi
ated L1 and L2-
a
he. In pla
eof an on-
hip L3-
a
he it had memory-
ontroller. This organization would pre-sumably have less to gain from resour
e sharing, not sharing any on-
hip 
a
hes.Any 
ore-to-
ore 
ommuni
ation would have to go via main memory. Ea
h pro-
essor 
hip has its own main memory bank. In multipro
essor settings, addinga CPU in
reases main memory bandwidth.2.2 MPIThe Message Passing Interfa
e (MPI)[24℄ is the de fa
to industry standard forparallel s
ienti�
 appli
ations running on High Performan
e Clusters(HPC). Be-gun in 1992, over 40 organizations parti
ipated in dis
ussion and de�nition of li-brary interfa
e standards for message passing. Version 1.0 of MPI was proposed3



with the �nal report of the Message Passing Interfa
e Forum May 5th 1994.Version 1.1 was released June of 1995. Later, some 
orre
tions was proposedin MPI 1.2, while 
ompletely new fun
tionality was dis
ussed in the de�nitionof MPI 2.0. MPI 2.0 was proposed in 1997 (with dynami
 pro
esses, one-sided
ommuni
ation and parallel I/O) and MPI 2.1 under dis
ussion as this reportis written.2.2.1 Colle
tive operations and hardware developmentNumerous studies has resear
hed possibilities for exploiting unharvested im-provements in both algorithms and hardware. I.E. Multi-threading to exploitthread level parallelism and new all-to-all-algorithms to exploit spe
i�
 topolo-gies and network layout. Multi-
ore pro
essors was suggested as early as 2000by Barroso et al. with their Piranha-pro
essor[21℄. The same year, IBM in-trodu
ed the �rst multi-
ore pro
essor in their Power4[5℄ for the server market.Dual-
ore pro
essors for desktop environments has been introdu
ed by both Inteland AMD[19, 2℄. Later AMD, Intel and IBM has introdu
ed new mainstreammulti-
ore pro
essors in [3℄, [17℄ and [15℄ respe
tively. There has also beenstudies as to use the Cell-
hip[20℄ from Sony/IBM for s
ienti�
 purposes[35℄,with later elaborate studies to optimize 
olle
tive operations for heterogeneousmulti-
ore pro
essors[34℄ by Srinivasan et al.2.3 MPICHMPICH[11, 10℄ is an implementation of MPI developed in 
ollaboration withthe MPI standards pro
ess to provide the MPI forum[24℄ feedba
k on imple-mentation and usability issues. Sin
e MPICH was designed to enable ports toother systems, it is often used as basis for implementations by parallel 
omputervendors and resear
h groups.2.4 Improving the Performan
e of Colle
tive Op-erations in MPICHThakur and Gropp studied[31℄ improving one spe
i�
 implementation of MPI,using multiple algorithms depending on message size. Their work was 
on-
luded with in
lusion in the openly available MPICH implementation version1.2.6 (
urrent version is 1.2.7). This se
tion will elaborate on some of the mod-i�
ations they did.2.4.1 MPI_AllgatherThaikur and Gropp modi�ed MPI_Allgather from the original ring methodto a re
ursive doubling method(as shown in �gure 2.1). In this way they redu
ed4



Figure 2.1: Re
ursive doubling
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the time taken from
Tring = (p − 1)α +

p − 1

p
nβwhere the bandwidth 
annot be redu
ed further, instead redu
ing laten
y to lgp

Trec_dbl = lg p +
p − 1

p
nβIn experiments they found that re
ursive doubling was better for short mes-sages, but that the original ring-algorithm was faster for long(≥ 512KB) mes-sages. The nearest-neighbor 
ommuni
ation pattern outperformed re
ursivedoubling whi
h has longer 
ommuni
ation paths for this 
ase. Implemented inMPICH is Trec_dblfor short- and medium-length (< 512KB) and Tringfor longmessages.2.4.2 MPI_Broad
astFor broad
ast the old algorithm in MPICH is the binary tree algorithm(as shownin �gure 2.2 ex
ept moving from the bottom up). Their improvement for broad-
ast was implementing an algorithm proposed by Van de Geijn et al. that has alower bandwidth term[4℄. Here one divides and s
atter the message among thepro
esses, similar to that of an MPI_S
atter-
all. The s
attered data is then
olle
ted ba
k to all pro
esses similar to an MPI_Allgather. The time taken bythe 
omplete broad
ast is

Tvandegeijn = (lg p + p − 1)α + 2
p − 1

p
nβ
ompared to the binary tree algorithm

Ttree = ⌈lg p⌉(α + nβ)The larger number of pro
esses, the greater expe
ted improvement in perfor-man
e for the Van de Geijn-algorithm over binary tree. In the new MPICH-implementation, the binary tree is used for short messages(< 12KB) and theVan de Geijn algorithm for long messages (≥ 12KB).2.4.3 MPI_Redu
eHere, the original algorithm used a binary tree(as shown in �gure 2.2) that took
Ttree = ⌈lg p⌉(α + nβ + nγ)whi
h is good for short messages be
ause of the lg p steps. For long messagesthere exists a better algorithm proposed by Rolf Rabenseifner[28℄, that redu
esthe bandwidth term from n lg pβ to 2nβ and works in the same manner as Van6



Figure 2.2: Binary tree
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de Geijn's algorithm for MPI_Broad
ast. The total time for Rabenseifner'salgorithm is
Trabenseifner = 2 lg pα + 2

p − 1

p
nβ +

p − 1

p
nγThis algorithm is used for message sizes over 2KB and the binary tree for shortmessages.2.5 MVICHMVICH[26℄ is a Virtual Interfa
e Ar
hite
ture(VIA) implementation of MPI,based on MPICH. VIA is an industry standard interfa
e for System Area Net-works(that of 
lusters for example) that provides prote
ted, zero-
opy user-spa
einter-pro
ess 
ommuni
ation. It is no longer in development, as the funding plan
on
luded O
tober 2001. Their work was later implemented in MVAPICH byD. K. Panda's group at Ohio State University.2.6 MVAPICHMVAPICH[25℄ is an implementation of MPI based on MPICH and MVICH. Ithas multiple underlying interfa
es, su
h as OpenFabri
s/Gen2 that supports fea-tures as SRQ, Shared Memory Colle
tives, RDMA-based 
olle
tives, TCP/IP,multi-rail with advan
ed s
heduling s
hemes, on-demand 
onne
tion manage-ment and s
alable MPD-based startup. It also has support for shared-memoryonly without using any network, for multi-
ore servers, desktops, laptops and
lusters with serial nodes. New features in the 1.0 beta is OpenFabri
s/Gen2-UD that is targeting 
lusters with multi-thousand 
ores using In�niBand.MVAPICH is espe
ially optimized for intra-node 
ommuni
ation by usingshared-memory 
ommuni
ations, on everything from multi-
ore systems, bus-based SMB systems, NUMA-based SMP systems and taking advantage of pro-
essor a�nity. It also in
ludes error dete
tion on mem-to-mem data transfer, us-ing 32bit CRC on the I/O bus. Added latest is the network level error-dete
tionme
hanism over In�niBand.In the original design of MVAPICH intra-node 
ommuni
ation utilized sharedmemory. Ea
h pair of pro
esses on the same node allo
ated two shared memorybu�ers between them for ex
hanging messages to ea
h other ex
lusively. Thememory that needed to be allo
ated for this was P ∗ (P −1)∗BufSize where Pis the number of pro
esses and BufSize is the size of ea
h shared bu�er. Messageordering is ensured using the memory 
onsisten
y model, and memory barrierif the underlying memory model is not 
onsistent.2.6.1 Improvements for Intra-node MPI 
ommuni
ationChai et al.[8℄ designed and implemented a high performan
e and s
alable MPIintra-node 
ommuni
ation s
heme, as an improvement of MVAPICH. Although8



their work 
on
entrated on 
lusters, the main fo
us was on CMP, making it(near) ideal for this report. At the time of writing, they found that few studieshad been done to study intera
tion between multi-
ore systems and MPI im-plementation. They designed a user spa
e memory 
opy based ar
hite
ture toimprove intra-node 
ommuni
ation. The goals in
luded redu
ing laten
y, ex-panding bandwidth, and redu
e memory usage for s
alability. ((The work waslater in
luded in the o�
ial MVAPICH releases))To avoid the use of lo
ks, they separated bu�ers for small and large messages,and used a shared bu�er pool for ea
h pro
ess to send large messages. In theirdesign ea
h pro
ess had P − 1 small Re
eive Bu�ers, one Send Bu�er Pool anda 
olle
tion of P − 1 Send Queues. The sizes of the two latter 
an be tuned,Panda et al. used re
eive bu�er size 32KB, one bu�er 
ell to 8KB, and totalnumber of 
ells to 128 for ea
h send bu�er pool. Small messages are simplywritten dire
tly to the re
eiving pro
ess's re
eive bu�er, whi
h the re
eivingpro
ess then moves to its �nal spot.

Figure 2.3: Me
hanism for sending/re
eiving large messagesTransferring large messages are slightly more 
ompli
ated(illustrated in �g-ure 2.3), where the sending pro
ess puts the message in a free 
ell(1 & 2) ofthe send bu�er pool, and then transmits a 
ontrol message 
ontaining the ad-dress(3). The re
eiver reads(4) and a

esses the address spe
i�ed by the 
ontrolmessage(5) and retrieves the message(6). The next time the send bu�er pool isused again, the sender marks the send bu�er pool-
ell used free, a s
heme 
alledmark-and-sweep by Panda et al. When the message is bigger than one 
ell, itsimply splits the message and transfers the 
ells individually.9



Results On their Non-Uniform Memory A

ess(NUMA) 
luster, 
omposed offour nodes of AMD Opteron dual-
ore pro
essors with 1MB L2 
a
he per 
ore,they ran Linux 2.6.16. They a
hieved improved laten
y by up to 35% for largemessages, small and medium up to 15%. Bandwidth was improved for mostlarge messages about 50%. They also found that L2 
a
he miss rate on allben
hmarks was improved drasti
ally with their algorithm.2.7 Understanding the impa
t of Multi-Core Ar-
hite
ture in Cluster Computing: A Case Studywith Intel Dual-Core SystemChai et al.[7℄ designed a set of experiments to study the impa
t of multi-
ore ar-
hite
ture on 
luster 
omputing. Their study in
luded a 
luster of 4 Intel Bens-ley systems 
onne
ted by In�niBand, ea
h node having two dual-
ore 2.6GHzWood
rest pro
essors. They found that on average 50% of messages are trans-ferred through intra-node 
ommuni
ation. With data tiling, their ben
hmarkingshowed exe
ution time improvements by up to 70%. However, their experimentsshowed that it be
ame less e�
ient with more pro
esses pr 
hip, and in exper-iments that spanned more pro
essor-
hips. With their setup, medium sizedmessages in the range 4KB to 64KB, they found that 10% of the messageswas transferred intra-CMP, 30% was transferred through inter-CMP, and 60%was transferred through inter-node in the NAMD ben
hmark. A

ording totheir paper, the statisti
s show that if ea
h 
ore was supposed to 
ommuni
ateevenly with ea
h other 
ore, these numbers should have been 6.7%, 13.7% and80% respe
tively. This indi
ates that the importan
e of optimizing intra-node
ommuni
ation is quite to the level of that of inter-node 
ommuni
ation for thistype of ben
hmark.2.8 LAM/MPILAM/MPI[30, 6℄ is a software parallel software environment based on the Message-Passing Interfa
e. LAM stands for Lo
al Area Multi
omputer and existed beforethe MPI-standard was established. LAM/MPI primarily targeted 
luster envi-ronments, implementing various topologies to allow hetero-type environments.2.8.1 Colle
tive operationsLAM/MPI has modules for implementing MPI 
olle
tive routines on di�er-ent environments, shared memory or SMP. Ex
ept MPI_ALLTOALLW andMPI_EXSCAN the main 
olle
tive operations is either optimized for SMP-environments or already optimized in the standard implementation of LAM/MPI[22℄.The SMP module determines the lo
ality of pro
esses to set up a dynami
 stru
-ture to perform the 
olle
tive operation. The 
ommuni
ation is still layered on10



MPI point-to-point 
ommuni
ation, but the algorithms attempt to maximize theuse of on-node 
ommuni
ation before 
ommuni
ating with o�-node pro
esses.LAM/MPI also has a module for shared memory. It is only available whenthe 
ommuni
ator spans one single node, and the 
ommuni
ator 
an su

essfullyatta
h the shared memory region to their address spa
e. It uses two disjoint re-gions, one for syn
hronization and one for message passing, the last one dividedinto segments based on parameters, default value 8.However, LAM/MPI is now only maintenan
e 
ode, and as their web pagestates, the main work is now being done on Open MPI.2.9 Open MPIOpen MPI is a

ording to [9℄ in�uen
ed by LAM/MPI, LA-MPI and FT-MPI.It is an MPI-2 implementation that from the start supported shared memoryar
hite
tures, Myrinet, Quadri
s, In�niband and TCP/IP. It supports multi-ple network interfa
es on ea
h node, and the usage of fail-overs transparentto the appli
ation. They have 
entered their design pro
ess around the MPIComponent Ar
hite
ture(MCA), with MCA ba
kbone, 
omponent frameworkto manage modules, and modules with di�erent parts of the implementation.These modules are loaded, used and unloaded by the framework, on demand.Examples of 
omponent frameworks in Open MPI is Point-to-point TransportLayer(PTL), Colle
tive Communi
ation (COLL), Redu
tion Operations andParallel I/O. Modules is loaded during MPI_INIT, where the 
orrespondingframework lists all available modules and loads the required ones. The highestpriority module is used for the task, even though there might be multiple mod-ules 
apable of doing the same work. At the destru
tion of the 
ommuni
ator,the module is unloaded and resour
es freed.
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Chapter 3Model
3.1 Ben
hmarkingTo ben
hmark these di�erent implementations, we have based our work on thatof [23℄ by Larsgård. His work in
lude ben
hmarking the (then) newly a
quiredIBM eServer p575+, 
ompared to the previous super
omputers operated atNTNU. Following his methodology suggested ben
hmarking suites in
lude HPL,Pallas and SimpleBen
h[23℄. As Pallas has sin
e been a
quired by Intel, thisben
hmark was not easily obtained, and we have 
on
entrated our work aroundHPL and SimpleBen
h.3.1.1 MethodologyTo ben
hmark the performan
e of the di�erent implementations we are usingthe simplest ben
hmarks possible, with the same settings. We are looking atintra-node performan
e, and have therefore 
hosen not to ben
hmark the fullsystem. Our experiments is only done on one node with 8 pro
esses, one for ea
h
ore. In this respe
t, the results is not dire
tly 
omparable to other ben
hmarksdone with the same tool.3.1.2 HPLHigh Performan
e Linpa
k(HPL)[27℄ ben
hmark is the basis of the top 500-list,and is a measure of a system's �oating point 
omputing power. It solves a densen by n system of linear equations. It is portable and has several parameters totune the ben
hmark for any system. To obtain the optimized parameters forStallo, we have used the methods from Larsgård's report[23℄. The optimalparameters are given in table5.1. 12



3.1.3 SimpleBen
hSimpleBen
h is a simple ben
hmark for parallel 
omputers, written by ThorvaldNatvig[33℄ in 
onne
tion with the a
quisition of Njord, NTNU's IBM eServersystem, in 2006. The purpose of SimpleBen
h is to reveal potential �spikes� inthe system, where response time is high or performan
e worse than the average.It 
onsists of a series of single runs of basi
 MPI-
alls, with timing on ea
hMPI-pro
ess.The sour
e 
ode for SimpleBen
h is atta
hed in appendix A.1.3.1.4 AveragesTo test the full potential of intra-node performan
e, one needs to eliminate anyexternal fa
tors that may o�set the ben
hmark. SimpleBen
h does several runsof ea
h 
olle
tive operation, but only on
e with the same size payload. To besure that the ben
hmark is independent one needs to test many iterations ofea
h 
olle
tive operation with the same parameters. Also, we need to make surethat no data 
an be reused dire
tly from 
a
he, nor any other bene�ts gainedfrom looping over the same operation. This is a
hieved by s
rolling throughrandom unrelated data before sends.Loops of 1000, 5000 and 10000 iterations of the 
olle
tive operation all-to-all and loops of 1000 redu
e is 
hosen, as these are frequently used. Timingof all-to-all operations showed little or no devian
e in test results for moreiterations, and did not exhibit the need for these lengthy test for the redu
eoperation as well. For all-to-all the tests in
ludes sending and re
eiving of400x50 doubles, 1000x1000 doubles, and 8000x8000 doubles. For redu
e, 1,1000x1000 and 8000x8000. 8000x8000 is used to get some results that will showutilization of memory bandwidth.The sour
e 
ode for these ben
hmarks is atta
hed in appendix B.1 and C.1.3.1.5 A

ura
yThe di�erent implementations had all di�erent results from MPI_Wti
k, whi
hreturns the resolution of MPI_Wtime, used for timing in mu
h of this report.MPICH, MVAPICH and Open MPI reported resolutions of, 9.536743 ∗ 10−7,
1 ∗ 10−5and 1 ∗ 10−6 respe
tively on our system.
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Chapter 4UsabilityAll but one implementations installed 
leanly, namely LAM/MPI. With OpenMPI based on among others LAM/MPI, and sin
e it was no longer in devel-opment, time would de
ide that this implementation was left out of this re-port, as far as results goes. MPICH was 
ompiled with the 
h_shmem devi
e,MVAPICH with the 
h_smp devi
e, and Open MPI automati
ally 
hose itsMCA-module � linux � for pro
essor a�nity.

14



Chapter 5Results
5.1 StalloThe system[13℄ used for our ben
hmarks 
onsists of 704 dual-pro
essor Xeon2 nodes, 
lo
ked at 2.6GHz. Ea
h node has a total of eight 
ores, 16GBytesmemory and 120GBytes disk. A little over half the nodes is inter
onne
tedby In�niBand(55%), and the rest has Gigabit Ethernet inter
onne
t. Theoret-i
al peak performan
e for the 
omplete system is 
al
ulated to 60TFlops. Theoperating system used is Ro
k Linux[29℄.5.2 HPLThe High-Performan
e Linpa
k ben
hmark results(table 5.2) shows that thedi�erent implementations performs almost on level. Open MPI performs only0,38% better than MVAPICH and approximately 1,38% faster than MPICH. Allthe implementations had their best performan
e from the same set of parametersas given in table 5.1. Individually for MVAPICH and Open MPI, the di�erentpanel fa
torization solutions was giving results with little or no devian
e fromthe average(<50MFlops di�eren
e), with the ex
eption of the �rst test in ea
hset. MPICH showed up to 5GFlops di�eren
e between best and worst panelfa
torization method. Table 5.1: HPL parametersNB N PxQMPICH 256 44700 4x2MVAPICH 256 44700 4x2Open MPI 256 44700 4x215



Table 5.2: High-Performan
e Linpa
k ResultsImplementation HPL RmaxMPICH 4.136e+01MVAPICH 4.177e+01Open MPI 4.193e+01Table 5.3: Minimum results from SimpleBen
hMinOperation Size MPICH MVAPICH Open MPIPingPong 0 22.888184 2.000000 21.219254PingPong 100 31.948090 3.000000 10.967255PingPong 1024 41.961670 22.000000 38.146973PingPong 1M 22424.936295 16668.000000 14268.1598665.3 SimpleBen
hThe MVAPICH results is 
learly of lower resolution (MVAPICH returns resolu-tion of 1.0 ∗ 10−5 on this system (as opposed to 1.0 ∗ 10−6for Open MPI)) thanthe rest of the implementations. From table 5.3 one 
an observe that MVAPICHhas up to ten times shorter minimum send-times for small and medium sizes.At 1MB Open MPI is 15% faster than MVAPICH. MPICH is 
onsistently theslowest implementation for minimum-times. The maximum-results from table5.4 shows MVAPICH again faster for 0, 100 and 1024 bytes. Table 5.5 showsthat MVAPICH generally outperforms both MPICH and Open MPI for 0, 100and 1024 bytes, but falls short for Open MPI on 1MB. The average sendingtime for 0 bytes is over six times faster than for Open MPI.5.4 Own ben
hmarkingThe results from the iteration-intensive ben
hmarks shows further di�eren
ebetween the implementations. From table 5.6 and �gure 5.1 we 
an 
learly seethat MPICH is performing far worse than the other implementations, espe
iallywith regards to minimum and maximum values. For small messages MPICH isTable 5.4: Maximum results from SimpleBen
hMaximumOperation Size MPICH MVAPICH Open MPIPingPong 0 46.014786 16.000000 208.854675PingPong 100 40.054321 9.000000 15.974045PingPong 1024 64.849854 29.000000 93.936920PingPong 1M 27837.991714 21351.0000000 19603.96766716



Table 5.5: Average results SimpleBen
hAverageOperation Size MPICH MVAPICH Open MPIPingPong 0 28.878450 8.2500000 53.226948PingPong 100 35.643578 4.875000 11.742115PingPong 1024 44.971704 23.500000 48.011541PingPong 1M 21393.865347 16204.125000 15465.885401Table 5.6: All-to-all, small sized messages(400x50 doubles)Impl Iter Tot Avg Max MinMPICH 1000 8.176477E-01 8.176477E-04 1.471901E-02 6.039143E-04MPICH 5000 4.013466E+00 8.026933E-04 4.582882E-03 4.930496E-04MPICH 10000 8.080390E+00 8.080390E-04 1.489401E-02 3.039837E-04MVAPICH 1000 5.766840E-01 5.766840E-04 1.302000E-03 3.720000E-04MVAPICH 5000 2.846303E+00 5.692606E-04 1.235900E-02 3.580000E-04MVAPICH 10000 5.784503E+00 5.784503E-04 2.397600E-02 3.630000E-04Open MPI 1000 5.006273E-01 5.006273E-04 8.707047E-03 4.441738E-04Open MPI 5000 2.457770E+00 4.915540E-04 4.745388E-02 4.379749E-04Open MPI 10000 4.768914E+00 4.768914E-04 6.028891E-03 4.169941E-04up to 35% slower than MVAPICH and up to 45% slower than Open MPI. Bothwith regards to minimum and maximum values for small messages, MVAPICHhas the shortest times. But with average and total times, we 
an see that OpenMPI is a
tually outperforming MVAPICH by almost 20% for the test-run of10000 iterations. For medium sized messages, as seen in �gure 5.1 and �gure5.4(without MPICH), the pattern repeats itself. The distan
e in time up toMPICH is growing fast, but the performan
e of MVAPICH and Open MPI isevening out. Open MPI still has the upper hand on averages and MVAPICHon the best minimum and maximum times. For large messages(�gure 5.5 andtable 5.8), Open MPI is best by all measures, by as mu
h as over two tenth ofa se
ond per iteration from best to worst average result.For the redu
e-operation ben
hmark, we observe almost the same behavior,ex
ept that here MVAPICH is outperforming Open MPI on the average resultsfor the smallest data set. The medium data set is showing best minimum timeto MVAPICH, but Open MPI average is mu
h better.
17



Table 5.7: All-to-all, medium sized messages(1000x1000 doubles)Impl Iter Tot Avg Max MinMPICH 1000 8.543125e+02 8.543125e-01 2.437500e+00 1.445312e-01MPICH 5000 5.161012e+03 1.032202e+00 2.808594e+00 1.679688e-01MPICH 10000 8.793560e+03 8.793560e-01 1.679313e+01 4.113698e-02MVAPICH 1000 4.820071e+01 4.820071e-02 7.076800e-02 3.094600e-02MVAPICH 5000 2.461737e+02 4.923474e-02 7.342500e-02 3.061900e-02MVAPICH 10000 4.914969e+02 4.914969e-02 7.468300e-02 3.080700e-02Open MPI 1000 4.704773e+01 4.704773e-02 6.683207e-02 4.432511e-02Open MPI 5000 2.317214e+02 4.634429e-02 7.062197e-02 3.633189e-02Open MPI 10000 4.616412e+02 4.616412e-02 6.941700e-02 3.950596e-02Table 5.8: All-to-all, large sized messages(8000x8000 doubles)Impl Iter Tot Avg Max MinMVAPICH 1000 3.181639e+03 3.181638e+00 4.227398e+00 3.070103e+00MVAPICH 5000 1.600605e+04 3.201210e+00 5.382317e+00 3.050804e+00Open MPI 1000 3.039166e+03 3.039166e+00 3.960890e+00 2.772568e+00Open MPI 5000 1.352857e+04 2.705714e+00 3.590074e+00 2.606230e+00
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Chapter 6Con
lusionsMVAPICH outperformed Open MPI for small and medium sized messages inthe all-to-all-department, on minimum time spent on sending and re
eiving.However, the average time, whi
h stays quite level for Open MPI and MVAPICHwhen iteration is s
aled, was better for Open MPI. The �rst iteration of ea
h runwas mainly the slowest one, and this o�sets the total. But when we examinedthe results with the �rst and last �ve iterations ex
luded, MVAPICH was stillbehind on the average results. Sin
e MVAPICH was both faster on the minimumand slower on the maximum, one 
an only presume that it might have somethingto do with the a

ura
y of the implementation. Although, even if that was the
ase, we did not approa
hing ti
k-time for neither MVAPICH nor Open MPI.The results from the HPL ben
hmark showed us that Open MPI is thefastest implementation for solving a �real life-problem� that one might expe
tthe super
omputer to evaluate. The results di�ered by less than 2%, so it is noteasy to be very 
on
lusive on the basis of this test.Overall, we have seen Open MPI outperform both MPICH and MVAPICHon average results and the HPL ben
hmark. MVAPICH did the fastest iterationsfor small data sets, but 
ame up short when bandwidth be
ame an issue.
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Chapter 7Future WorkThis report has shown that MVAPICH is better for small data sets. To reveal thelimits of the upper hand of MVAPICH, a more detailed ben
hmark is required,both in terms of sizes of data sets, and in terms of di�erent 
alls and algorithms.A natural next step is to s
ale up and try di�erent data- and pro
essor-layouts
hemes, to ben
hmark performan
e a
ross inter
onne
ts.
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Appendix ASimpleBen
hA.1 CodeSimpleBen
h by Thorvald Natvig[33℄#in
lude <stdio.h>#in
lude <stdlib.h>#in
lude <unistd.h>#in
lude "mpi.h"#in
lude <math.h>typedef double timetype;// Support routinesstati
 void timing_start(timetype *t);stati
 void timing_stop(timetype *t);stati
 double elapsed_us(timetype *start, timetype *stop);stati
 void minmaxelapse(timetype *start, timetype *stop, double *min,double *max);stati
 void expand_ben
hm_lists(int **bl);// Ben
hmark routinesvoid pingpong(int size);void alltoall(int size);void 
olle
tive(int size);void 
artesian(int size);// Ben
hmark 
onfiguration#define SB_EOL -1#define SB_NODES -2int pingpong_sizes[℄ = { 0, 100, 1024, 8192, 1000000, SB_EOL };int alltoall_sizes[℄ = { SB_NODES, 8192, 100000, SB_EOL };int 
olle
tive_sizes[℄ = { 0, SB_NODES, 8192, 1000000, SB_EOL };int 
artesian_sizes[℄ = { SB_NODES, 10000, 20000, 40000, SB_EOL };/* removed 80 000 and 160 000 */int *ben
hm_lists[℄ = { pingpong_sizes, alltoall_sizes, 
olle
tive_sizes,
artesian_sizes, NULL };int rank;int nodes;intmain(int arg
, 
har **argv) {int *sz;MPI_Init(&arg
, &argv); 33



MPI_Comm_size(MPI_COMM_WORLD, &nodes);MPI_Comm_rank(MPI_COMM_WORLD, &rank);expand_ben
hm_lists(ben
hm_lists);if (rank == 0)printf("Running on %d nodes\n", nodes);// Dryrun on
epingpong(0);for (sz = pingpong_sizes; *sz != SB_EOL; sz++)pingpong(*sz);for (sz = alltoall_sizes; *sz != SB_EOL; sz++)alltoall(*sz);for (sz = 
olle
tive_sizes; *sz != SB_EOL; sz++)
olle
tive(*sz);for (sz = 
artesian_sizes; *sz != SB_EOL; sz++)
artesian(*sz);MPI_Finalize();return 0;}// Support routinesstati
 voidtiming_start(timetype *t) {*t = MPI_Wtime();}stati
 voidtiming_stop(timetype *t) {*t = MPI_Wtime();}stati
 doubleelapsed_us(timetype *start, timetype *stop) {return (*stop - *start) * 1000000;}stati
 voidminmaxelapse(timetype *start, timetype *stop, double *min, double *max) {double elapsed = elapsed_us(start, stop);MPI_Allredu
e(&elapsed, min, 1, MPI_DOUBLE, MPI_MIN, MPI_COMM_WORLD);MPI_Allredu
e(&elapsed, max, 1, MPI_DOUBLE, MPI_MAX, MPI_COMM_WORLD);}stati
 voidexpand_ben
hm_lists(int **bl) {int *sz;for (; *bl; bl++)for (sz = *bl; *sz != SB_EOL; sz++)if (*sz == SB_NODES)*sz = nodes;}// Simple pingpong tests to test minimum and maximum// laten
y and bandwidth.voidpingpong(int size) {MPI_Status stat;timetype start, stop;double min, max, elapsed, total;double *buf;int i; 34



min = 1000000000.0;max = 0.0;total = 0.0;buf = (double *) mallo
(size * sizeof(double));MPI_Barrier(MPI_COMM_WORLD);if (rank == 0) {for(i=0;i<size;i++)buf[i℄=(i*7);for(i=1;i<nodes;i++) {timing_start(&start);MPI_Send(buf, size, MPI_DOUBLE, i, 0, MPI_COMM_WORLD);MPI_Re
v(buf, size, MPI_DOUBLE, i, 0, MPI_COMM_WORLD, &stat);timing_stop(&stop);elapsed = elapsed_us(&start, &stop);if (elapsed < min)min = elapsed;if (elapsed > max)max = elapsed;total += elapsed;}printf("Pingpong (%d doubles, %u bytes): %f -> %f [%f℄\n",size,size * sizeof(double),min,max,total / (double)nodes);} else {MPI_Re
v(buf, size, MPI_DOUBLE, 0, 0, MPI_COMM_WORLD, &stat);MPI_Send(buf, size, MPI_DOUBLE, 0, 0, MPI_COMM_WORLD);}free(buf);}// Tests of alltoallvoidalltoall(int size) {timetype start, stop;double min, max;double *sendbuf, *re
vbuf;int i;int lo
alsize;MPI_Comm half
omm;lo
alsize = size / nodes;sendbuf = (double *) mallo
(sizeof(double) * size * 2);re
vbuf = (double *) mallo
(sizeof(double) * size * 2);if (sendbuf==NULL || re
vbuf==NULL)perror("alltoall");for(i=0;i<lo
alsize*nodes;i++)sendbuf[i℄=i*rank;MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Alltoall(sendbuf, lo
alsize, MPI_DOUBLE, re
vbuf, lo
alsize,MPI_DOUBLE, MPI_COMM_WORLD);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0) {printf("Alltoall (%d doubles/%u bytes), %f -> %f\n", lo
alsize * nodes,lo
alsize * nodes * sizeof(double), min, max);} 35



MPI_Comm_split(MPI_COMM_WORLD, (rank*2 >= nodes) ? 1 : 0, rank, &half
omm);MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Alltoall(sendbuf, lo
alsize * 2, MPI_DOUBLE, re
vbuf, lo
alsize * 2,MPI_DOUBLE, half
omm);timing_stop(&stop);MPI_Comm_free(&half
omm);minmaxelapse(&start, &stop, &min, &max);if (rank == 0) {printf("Alltoall (%d doubles/%u bytes), %f -> %f [Split Halves℄\n",lo
alsize * nodes, lo
alsize * nodes * sizeof(double), min, max);}free(sendbuf);free(re
vbuf);}// Colle
tive operationsvoid
olle
tive(int size) {timetype start, stop;double min, max;double *sendbuf, *re
vbuf;int i;int lo
alsize;MPI_Comm half
omm;MPI_Barrier(MPI_COMM_WORLD);MPI_Comm_split(MPI_COMM_WORLD, (rank*2 >= nodes) ? 1 : 0, rank, &half
omm);if (size == 0) {timing_start(&start);MPI_Barrier(MPI_COMM_WORLD);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("Barrier in %f -> %f\n", min, max);timing_start(&start);MPI_Barrier(half
omm);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("Barrier in %f -> %f [Half
omm℄\n", min, max);}lo
alsize = size / nodes;sendbuf = (double *) mallo
(sizeof(double) * lo
alsize);re
vbuf = (double *) mallo
(sizeof(double) * lo
alsize);for(i=0;i<lo
alsize;i++)sendbuf[i℄ = rank * i;MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Redu
e(sendbuf, re
vbuf, lo
alsize, MPI_DOUBLE, MPI_MIN, 0,MPI_COMM_WORLD);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);36



if (rank == 0)printf("Redu
e (min) (%d doubles, %u bytes) %f -> %f\n",lo
alsize * nodes, lo
alsize * nodes * sizeof(double), min, max);MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Allredu
e(sendbuf, re
vbuf, lo
alsize, MPI_DOUBLE, MPI_MIN,MPI_COMM_WORLD);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("AllRedu
e (min) (%d doubles, %u bytes) %f -> %f\n",lo
alsize * nodes, lo
alsize * nodes * sizeof(double), min, max);MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Allredu
e(sendbuf, re
vbuf, lo
alsize, MPI_DOUBLE, MPI_MIN, half
omm);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("AllRedu
e (min) (%d doubles, %u bytes) %f -> %f [HalfComm℄\n",lo
alsize * nodes, lo
alsize * nodes * sizeof(double), min, max);MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Allredu
e(sendbuf, re
vbuf, lo
alsize, MPI_DOUBLE, MPI_SUM, half
omm);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("AllRedu
e (add) (%d doubles, %u bytes) %f -> %f [HalfComm℄\n",lo
alsize * nodes, lo
alsize * nodes * sizeof(double), min, max);free(sendbuf);free(re
vbuf);MPI_Comm_free(&half
omm);}// 2D Cartesian border ex
hange with datatypesvoid
artesian(int size) {int width, height;int left, right, above, below;int dims[2℄;int periods[2℄;MPI_Comm 
art
omm;timetype start, stop;double min, max;int i;double *subarea;double *areastart;double *upperleft;double *upperright;double *lowerleft;double *rowabove;double *rowbelow;double *
olumnleft;double *
olumnright;MPI_Datatype 
olumn;MPI_Status stat;double elapsed[4℄;double emin[4℄, emax[4℄;MPI_Request req[8℄;MPI_Status rstat[8℄; 37



periods[0℄ = periods[1℄ = 0;dims[0℄ = dims[1℄ = 0;MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Dims_
reate(nodes, 2, dims);MPI_Cart_
reate(MPI_COMM_WORLD, 2, dims, periods, 1, &
art
omm);timing_stop(&stop);width = size / dims[0℄;height = size / dims[1℄;minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("\nCartesian 
reation [%d℄ %f -> %f [%d x %d℄\n", size, min, max,width, height);MPI_Cart_shift(
art
omm, 0, 1, &left, &right);MPI_Cart_shift(
art
omm, 1, 1, &above, &below);subarea = mallo
((width + 2) * (height + 2) * sizeof(double));if(subarea == NULL) perror("mallo
 returned null");areastart = subarea + width + 3;upperleft = areastart;upperright = areastart + width - 1;lowerleft = areastart + (width + 2) * (height - 1);rowabove = subarea + 1;rowbelow = subarea + (width + 2) * (height + 1) + 1;
olumnleft = subarea + width + 2;
olumnright = subarea + width - 1;MPI_Barrier(MPI_COMM_WORLD);timing_start(&start);MPI_Type_ve
tor(height, 1, width + 2, MPI_DOUBLE, &
olumn);MPI_Type_
ommit(&
olumn);timing_stop(&stop);minmaxelapse(&start, &stop, &min, &max);if (rank == 0)printf("Cartesian datatype %f -> %f\n", min, max);MPI_Barrier(MPI_COMM_WORLD);for(i=0;i<4;i++) {timing_start(&start);MPI_Sendre
v(upperleft, 1, 
olumn, left, 0, 
olumnright, 1, 
olumn,right, 0, 
art
omm, &stat);MPI_Sendre
v(upperright, 1, 
olumn, right, 0, 
olumnleft, 1, 
olumn,left, 0, 
art
omm, &stat);MPI_Sendre
v(upperleft, width, MPI_DOUBLE, above, 0, rowbelow, width,MPI_DOUBLE, below, 0, 
art
omm, &stat);MPI_Sendre
v(lowerleft, width, MPI_DOUBLE, below, 0, rowabove, width,MPI_DOUBLE, above, 0, 
art
omm, &stat);timing_stop(&stop);elapsed[i℄ = elapsed_us(&start, &stop);}MPI_Redu
e(elapsed, emin, 4, MPI_DOUBLE, MPI_MIN, 0, MPI_COMM_WORLD);MPI_Redu
e(elapsed, emax, 4, MPI_DOUBLE, MPI_MAX, 0, MPI_COMM_WORLD);if (rank == 0)for(i=0;i<4;i++)printf("Cartesian sendre
v iteration %d: %f -> %f\n", i, emin[i℄,emax[i℄);MPI_Barrier(MPI_COMM_WORLD); 38



for(i=0;i<4;i++) {timing_start(&start);MPI_Ire
v(
olumnright, 1, 
olumn, right, 0, 
art
omm, &req[0℄);MPI_Ire
v(
olumnleft, 1, 
olumn, left, 0, 
art
omm, &req[1℄);MPI_Ire
v(rowbelow, width, MPI_DOUBLE, below, 0, 
art
omm, &req[2℄);MPI_Ire
v(rowabove, width, MPI_DOUBLE, above, 0, 
art
omm, &req[3℄);MPI_Isend(upperleft, 1, 
olumn, left, 0, 
art
omm, &req[4℄);MPI_Isend(upperright, 1, 
olumn, right, 0, 
art
omm, &req[5℄);MPI_Isend(upperleft, width, MPI_DOUBLE, above, 0, 
art
omm, &req[6℄);MPI_Isend(lowerleft, width, MPI_DOUBLE, below, 0, 
art
omm, &req[7℄);MPI_Waitall(8, req, rstat);timing_stop(&stop);elapsed[i℄=elapsed_us(&start, &stop);}MPI_Redu
e(elapsed, emin, 4, MPI_DOUBLE, MPI_MIN, 0, MPI_COMM_WORLD);MPI_Redu
e(elapsed, emax, 4, MPI_DOUBLE, MPI_MAX, 0, MPI_COMM_WORLD);if (rank == 0)for(i=0;i<4;i++)printf("Cartesian isend/ire
v iteration %d: %f -> %f\n", i,emin[i℄, emax[i℄);MPI_Barrier(MPI_COMM_WORLD);free(subarea);MPI_Comm_free(&
art
omm);}A.2 ResultsA.2.1 MPICHRunning on 8 nodesPingpong (0 doubles, 0 bytes): 0.000000 -> 0.000000 [0.000000℄Pingpong (0 doubles, 0 bytes): 0.000000 -> 3906.250000 [488.281250℄Pingpong (100 doubles, 800 bytes): 0.000000 -> 0.000000 [0.000000℄Pingpong (1024 doubles, 8192 bytes): 0.000000 -> 3906.250000 [488.281250℄Pingpong (8192 doubles, 65536 bytes): 0.000000 -> 3906.250000 [1953.125000℄Pingpong (1000000 doubles, 8000000 bytes): 183593.750000 -> 191406.250000 [164550.781250℄Alltoall (8 doubles/64 bytes), 0.000000 -> 7812.500000Alltoall (8 doubles/64 bytes), 0.000000 -> 3906.250000 [Split Halves℄Alltoall (8192 doubles/65536 bytes), 0.000000 -> 3906.250000Alltoall (8192 doubles/65536 bytes), 0.000000 -> 3906.250000 [Split Halves℄Alltoall (100000 doubles/800000 bytes), 15625.000000 -> 23437.500000Alltoall (100000 doubles/800000 bytes), 7812.500000 -> 11718.750000 [Split Halves℄Barrier in 0.000000 -> 0.000000Barrier in 0.000000 -> 3906.250000 [Half
omm℄Redu
e (min) (0 doubles, 0 bytes) 0.000000 -> 0.000000AllRedu
e (min) (0 doubles, 0 bytes) 0.000000 -> 0.000000AllRedu
e (min) (0 doubles, 0 bytes) 0.000000 -> 0.000000 [HalfComm℄AllRedu
e (add) (0 doubles, 0 bytes) 0.000000 -> 0.000000 [HalfComm℄Redu
e (min) (8 doubles, 64 bytes) 0.000000 -> 0.000000AllRedu
e (min) (8 doubles, 64 bytes) 0.000000 -> 0.000000AllRedu
e (min) (8 doubles, 64 bytes) 0.000000 -> 0.000000 [HalfComm℄AllRedu
e (add) (8 doubles, 64 bytes) 0.000000 -> 0.000000 [HalfComm℄Redu
e (min) (8192 doubles, 65536 bytes) 0.000000 -> 0.000000AllRedu
e (min) (8192 doubles, 65536 bytes) 0.000000 -> 3906.250000AllRedu
e (min) (8192 doubles, 65536 bytes) 0.000000 -> 0.000000 [HalfComm℄AllRedu
e (add) (8192 doubles, 65536 bytes) 0.000000 -> 3906.250000 [HalfComm℄Redu
e (min) (1000000 doubles, 8000000 bytes) 19531.250000 -> 35156.250000AllRedu
e (min) (1000000 doubles, 8000000 bytes) 23437.500000 -> 39062.500000AllRedu
e (min) (1000000 doubles, 8000000 bytes) 15625.000000 -> 39062.500000 [HalfComm℄AllRedu
e (add) (1000000 doubles, 8000000 bytes) 19531.250000 -> 35156.250000 [HalfComm℄Cartesian 
reation [8℄ 0.000000 -> 3906.250000 [2 x 4℄39



Cartesian datatype 0.000000 -> 0.000000Cartesian sendre
v iteration 0: 0.000000 -> 0.000000Cartesian sendre
v iteration 1: 0.000000 -> 0.000000Cartesian sendre
v iteration 2: 0.000000 -> 0.000000Cartesian sendre
v iteration 3: 0.000000 -> 3906.250000Cartesian isend/ire
v iteration 0: 0.000000 -> 0.000000Cartesian isend/ire
v iteration 1: 0.000000 -> 0.000000Cartesian isend/ire
v iteration 2: 0.000000 -> 0.000000Cartesian isend/ire
v iteration 3: 0.000000 -> 0.000000Cartesian 
reation [10000℄ 0.000000 -> 0.000000 [2500 x 5000℄Cartesian datatype 0.000000 -> 0.000000Cartesian sendre
v iteration 0: 46875.000000 -> 82031.250000Cartesian sendre
v iteration 1: 0.000000 -> 19531.250000Cartesian sendre
v iteration 2: 0.000000 -> 19531.250000Cartesian sendre
v iteration 3: 0.000000 -> 19531.250000Cartesian isend/ire
v iteration 0: 0.000000 -> 3906.250000Cartesian isend/ire
v iteration 1: 0.000000 -> 3906.250000Cartesian isend/ire
v iteration 2: 0.000000 -> 3906.250000Cartesian isend/ire
v iteration 3: 0.000000 -> 3906.250000Cartesian 
reation [20000℄ 0.000000 -> 0.000000 [5000 x 10000℄Cartesian datatype 0.000000 -> 0.000000Cartesian sendre
v iteration 0: 54687.500000 -> 128906.250000Cartesian sendre
v iteration 1: 3906.250000 -> 46875.000000Cartesian sendre
v iteration 2: 3906.250000 -> 7812.500000Cartesian sendre
v iteration 3: 3906.250000 -> 15625.000000Cartesian isend/ire
v iteration 0: 3906.250000 -> 11718.750000Cartesian isend/ire
v iteration 1: 3906.250000 -> 11718.750000Cartesian isend/ire
v iteration 2: 3906.250000 -> 15625.000000Cartesian isend/ire
v iteration 3: 0.000000 -> 19531.250000A.2.2 MVAPICHRunning on 8 nodesPingpong (0 doubles, 0 bytes): 2.000000 -> 16.000000 [8.250000℄Pingpong (0 doubles, 0 bytes): 2.000000 -> 4.000000 [2.625000℄Pingpong (100 doubles, 800 bytes): 3.000000 -> 9.000000 [4.875000℄Pingpong (1024 doubles, 8192 bytes): 22.000000 -> 29.000000 [23.500000℄Pingpong (8192 doubles, 65536 bytes): 165.000000 -> 239.000000 [183.875000℄Pingpong (1000000 doubles, 8000000 bytes): 16668.000000 -> 21351.000000 [16204.125000℄Alltoall (8 doubles/64 bytes), 1469.000000 -> 1677.000000Alltoall (8 doubles/64 bytes), 7.000000 -> 17.000000 [Split Halves℄Alltoall (8192 doubles/65536 bytes), 520.000000 -> 553.000000Alltoall (8192 doubles/65536 bytes), 264.000000 -> 279.000000 [Split Halves℄Alltoall (100000 doubles/800000 bytes), 3663.000000 -> 4222.000000Alltoall (100000 doubles/800000 bytes), 2643.000000 -> 2972.000000 [Split Halves℄Barrier in 2.000000 -> 296.000000Barrier in 4.000000 -> 56.000000 [Half
omm℄Redu
e (min) (0 doubles, 0 bytes) 2.000000 -> 3.000000AllRedu
e (min) (0 doubles, 0 bytes) 2.000000 -> 3.000000AllRedu
e (min) (0 doubles, 0 bytes) 2.000000 -> 3.000000 [HalfComm℄AllRedu
e (add) (0 doubles, 0 bytes) 2.000000 -> 3.000000 [HalfComm℄Redu
e (min) (8 doubles, 64 bytes) 2.000000 -> 5.000000AllRedu
e (min) (8 doubles, 64 bytes) 6.000000 -> 8.000000AllRedu
e (min) (8 doubles, 64 bytes) 5.000000 -> 6.000000 [HalfComm℄AllRedu
e (add) (8 doubles, 64 bytes) 4.000000 -> 8.000000 [HalfComm℄Redu
e (min) (8192 doubles, 65536 bytes) 425.000000 -> 440.000000AllRedu
e (min) (8192 doubles, 65536 bytes) 86.000000 -> 114.000000AllRedu
e (min) (8192 doubles, 65536 bytes) 70.000000 -> 84.000000 [HalfComm℄AllRedu
e (add) (8192 doubles, 65536 bytes) 69.000000 -> 79.000000 [HalfComm℄Redu
e (min) (1000000 doubles, 8000000 bytes) 7940.000000 -> 8249.000000AllRedu
e (min) (1000000 doubles, 8000000 bytes) 9931.000000 -> 10404.000000AllRedu
e (min) (1000000 doubles, 8000000 bytes) 8739.000000 -> 9397.000000 [HalfComm℄AllRedu
e (add) (1000000 doubles, 8000000 bytes) 8889.000000 -> 9150.000000 [HalfComm℄Cartesian 
reation [8℄ 1234.000000 -> 1238.000000 [2 x 4℄Cartesian datatype 2.000000 -> 3.000000Cartesian sendre
v iteration 0: 9.000000 -> 13.00000040



Cartesian sendre
v iteration 1: 8.000000 -> 19.000000Cartesian sendre
v iteration 2: 6.000000 -> 13.000000Cartesian sendre
v iteration 3: 6.000000 -> 9.000000Cartesian isend/ire
v iteration 0: 6.000000 -> 7.000000Cartesian isend/ire
v iteration 1: 3.000000 -> 11.000000Cartesian isend/ire
v iteration 2: 4.000000 -> 9.000000Cartesian isend/ire
v iteration 3: 4.000000 -> 9.000000Cartesian 
reation [10000℄ 51.000000 -> 55.000000 [2500 x 5000℄Cartesian datatype 2.000000 -> 3.000000Cartesian sendre
v iteration 0: 36596.000000 -> 57419.000000Cartesian sendre
v iteration 1: 907.000000 -> 19941.000000Cartesian sendre
v iteration 2: 715.000000 -> 19406.000000Cartesian sendre
v iteration 3: 596.000000 -> 825.000000Cartesian isend/ire
v iteration 0: 511.000000 -> 757.000000Cartesian isend/ire
v iteration 1: 416.000000 -> 607.000000Cartesian isend/ire
v iteration 2: 346.000000 -> 517.000000Cartesian isend/ire
v iteration 3: 289.000000 -> 587.000000Cartesian 
reation [20000℄ 100.000000 -> 103.000000 [5000 x 10000℄Cartesian datatype 2.000000 -> 3.000000Cartesian sendre
v iteration 0: 108685.000000 -> 113114.000000Cartesian sendre
v iteration 1: 4045.000000 -> 6949.000000Cartesian sendre
v iteration 2: 3095.000000 -> 3651.000000Cartesian sendre
v iteration 3: 2903.000000 -> 3382.000000Cartesian isend/ire
v iteration 0: 2883.000000 -> 4329.000000Cartesian isend/ire
v iteration 1: 2584.000000 -> 4076.000000Cartesian isend/ire
v iteration 2: 2052.000000 -> 4207.000000Cartesian isend/ire
v iteration 3: 1760.000000 -> 4099.000000Cartesian 
reation [40000℄ 79.000000 -> 83081.000000 [10000 x 20000℄Cartesian datatype 2.000000 -> 3.000000Cartesian sendre
v iteration 0: 149916.000000 -> 399917.000000Cartesian sendre
v iteration 1: 7132.000000 -> 257592.000000Cartesian sendre
v iteration 2: 14364.000000 -> 192824.000000Cartesian sendre
v iteration 3: 7386.000000 -> 185273.000000Cartesian isend/ire
v iteration 0: 13065.000000 -> 111588.000000Cartesian isend/ire
v iteration 1: 8051.000000 -> 177480.000000Cartesian isend/ire
v iteration 2: 5427.000000 -> 166412.000000Cartesian isend/ire
v iteration 3: 5807.000000 -> 165422.000000A.2.3 Open MPIRunning on 8 nodesPingpong (0 doubles, 0 bytes): 21.219254 -> 208.854675 [53.226948℄Pingpong (0 doubles, 0 bytes): 1.907349 -> 77.009201 [11.861324℄Pingpong (100 doubles, 800 bytes): 10.967255 -> 15.974045 [11.742115℄Pingpong (1024 doubles, 8192 bytes): 38.146973 -> 93.936920 [48.011541℄Pingpong (8192 doubles, 65536 bytes): 147.104263 -> 221.014023 [164.270401℄Pingpong (1000000 doubles, 8000000 bytes): 14268.159866 -> 19603.967667 [15465.885401℄Alltoall (8 doubles/64 bytes), 6383.895874 -> 7472.991943Alltoall (8 doubles/64 bytes), 7.152557 -> 11.205673 [Split Halves℄Alltoall (8192 doubles/65536 bytes), 364.065170 -> 389.099121Alltoall (8192 doubles/65536 bytes), 160.932541 -> 217.199326 [Split Halves℄Alltoall (100000 doubles/800000 bytes), 3596.067429 -> 3659.963608Alltoall (100000 doubles/800000 bytes), 2568.960190 -> 2754.211426 [Split Halves℄Barrier in 13.113022 -> 16896.009445Barrier in 3.099442 -> 10.013580 [Half
omm℄Redu
e (min) (0 doubles, 0 bytes) 6.914139 -> 16.212463AllRedu
e (min) (0 doubles, 0 bytes) 0.000000 -> 2.145767AllRedu
e (min) (0 doubles, 0 bytes) 0.953674 -> 2.145767 [HalfComm℄AllRedu
e (add) (0 doubles, 0 bytes) 0.953674 -> 2.145767 [HalfComm℄Redu
e (min) (8 doubles, 64 bytes) 4275.798798 -> 4333.972931AllRedu
e (min) (8 doubles, 64 bytes) 5.960464 -> 9.059906AllRedu
e (min) (8 doubles, 64 bytes) 3.814697 -> 7.152557 [HalfComm℄AllRedu
e (add) (8 doubles, 64 bytes) 3.099442 -> 7.152557 [HalfComm℄Redu
e (min) (8192 doubles, 65536 bytes) 31.948090 -> 99.89738541



AllRedu
e (min) (8192 doubles, 65536 bytes) 134.944916 -> 144.958496AllRedu
e (min) (8192 doubles, 65536 bytes) 72.002411 -> 82.015991 [HalfComm℄AllRedu
e (add) (8192 doubles, 65536 bytes) 82.969666 -> 87.022781 [HalfComm℄Redu
e (min) (1000000 doubles, 8000000 bytes) 4830.121994 -> 5487.918854AllRedu
e (min) (1000000 doubles, 8000000 bytes) 9468.078613 -> 9511.947632AllRedu
e (min) (1000000 doubles, 8000000 bytes) 7586.956024 -> 7669.210434 [HalfComm℄AllRedu
e (add) (1000000 doubles, 8000000 bytes) 7786.035538 -> 7843.017578 [HalfComm℄Cartesian 
reation [8℄ 69802.999496 -> 69808.959961 [2 x 4℄Cartesian datatype 1608.133316 -> 2157.926559Cartesian sendre
v iteration 0: 372.886658 -> 384.092331Cartesian sendre
v iteration 1: 5.960464 -> 19.073486Cartesian sendre
v iteration 2: 4.053116 -> 11.920929Cartesian sendre
v iteration 3: 6.198883 -> 11.920929Cartesian isend/ire
v iteration 0: 293.970108 -> 368.118286Cartesian isend/ire
v iteration 1: 5.960464 -> 70.810318Cartesian isend/ire
v iteration 2: 5.960464 -> 14.066696Cartesian isend/ire
v iteration 3: 5.006790 -> 10.967255Cartesian 
reation [10000℄ 40.054321 -> 42.915344 [2500 x 5000℄Cartesian datatype 1.907349 -> 4.053116Cartesian sendre
v iteration 0: 39411.067963 -> 56400.060654Cartesian sendre
v iteration 1: 1141.071320 -> 18459.081650Cartesian sendre
v iteration 2: 575.065613 -> 823.974609Cartesian sendre
v iteration 3: 639.915466 -> 681.877136Cartesian isend/ire
v iteration 0: 429.153442 -> 555.992126Cartesian isend/ire
v iteration 1: 416.994095 -> 546.932220Cartesian isend/ire
v iteration 2: 349.998474 -> 550.985336Cartesian isend/ire
v iteration 3: 411.987305 -> 634.908676Cartesian 
reation [20000℄ 72.956085 -> 91.075897 [5000 x 10000℄Cartesian datatype 9.059906 -> 13.113022Cartesian sendre
v iteration 0: 81027.030945 -> 115333.080292Cartesian sendre
v iteration 1: 4553.079605 -> 38539.171219Cartesian sendre
v iteration 2: 2707.958221 -> 2817.869186Cartesian sendre
v iteration 3: 2341.985703 -> 2452.135086Cartesian isend/ire
v iteration 0: 2022.027969 -> 2608.060837Cartesian isend/ire
v iteration 1: 1780.986786 -> 2400.159836Cartesian isend/ire
v iteration 2: 1901.865005 -> 2679.824829Cartesian isend/ire
v iteration 3: 1763.820648 -> 2293.109894Cartesian 
reation [40000℄ 72.002411 -> 97.036362 [10000 x 20000℄Cartesian datatype 10.013580 -> 13.113022Cartesian sendre
v iteration 0: 156381.130219 -> 232652.902603Cartesian sendre
v iteration 1: 13305.902481 -> 89359.045029Cartesian sendre
v iteration 2: 14761.924744 -> 15942.096710Cartesian sendre
v iteration 3: 14080.047607 -> 15033.960342Cartesian isend/ire
v iteration 0: 10293.960571 -> 14144.897461Cartesian isend/ire
v iteration 1: 11479.139328 -> 15923.023224Cartesian isend/ire
v iteration 2: 10748.863220 -> 14539.957047Cartesian isend/ire
v iteration 3: 10757.923126 -> 14139.175415
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Appendix BAll-to-allB.1 Code#in
lude <stdlib.h>#in
lude <stdio.h>#in
lude "mpi.h"#define NRM 500#define NRN 500#define REPEATS 1000double **
reateDoubleMatrix(int n1, int n2);int main ( int arg
 , 
har *argv[℄) {int mpi_err;int np, rank;int a_rows, a_
ols;int i, j;double **m;double *rray, *sray;int ssize, rsize;MPI_Init(&arg
, &argv);MPI_Comm_size(MPI_COMM_WORLD, &np);MPI_Comm_rank(MPI_COMM_WORLD, &rank);MPI_Status status;double *t;if(rank==0) t = (double *)mallo
(sizeof(double)*REPEATS*2);a_rows = NRM / np;a_
ols = NRN / np;m = 
reateDoubleMatrix(NRM, a_
ols);srand(rank);int elements = 0;for(i = 0; i < NRM; i++) {for(j = 0; j < a_
ols; j++) {m[i℄[j℄ = i;elements++;}}ssize = rsize = 0;for(i = 0; i < np; i++) {ssize = ssize + a_
ols*a_rows;rsize = rsize + a_
ols*a_rows;} 43



sray = (double*)mallo
(sizeof(double)*ssize);rray = (double*)mallo
(sizeof(double)*rsize);if(sray == NULL || rray == NULL) perror("send and re
eive arrays");int k = 0;int l = 0;for(k = 0; k < np; k++) {int offset = (k * a_rows);for(i = 0; i < a_rows; i++) {for(j = 0; j < a_
ols; j++) {sray[l℄ = m[i+offset℄[j℄;l++;}}}k = 0;for(i = 0; i < REPEATS; i++) {if(rank==0) t[k++℄ = MPI_Wtime();MPI_Alltoall(sray, a_
ols*a_rows, MPI_DOUBLE,rray, a_
ols*a_rows, MPI_DOUBLE, MPI_COMM_WORLD);if(rank==0) t[k++℄ = MPI_Wtime();MPI_Barrier(MPI_COMM_WORLD);}if(rank == 0) {double total = 0.0;double tmp = 0.0;double min = 1000.0;double max = 0.0;int minrun, maxrun;k = 0;for(i = 0; i < REPEATS; i++) {tmp = t[k+1℄ - t[k℄;k += 2;if(tmp >= max) {max = tmp;maxrun = i;}else if(tmp <= min) {min = tmp;minrun = i;}total += tmp;}printf("total [%i runs℄: %e avg: %e (max: %e[%i℄/min: %e[%i℄)\n", i, total, (double)total/i, max, maxrun, min, minrun);}l = 0;for(k = 0; k < np; k++) {int offset = (k * a_rows);for(j = 0; j < a_
ols; j++) {for(i = 0; i < a_rows; i++) {m[i+offset℄[j℄ = rray[l℄;l++;}}}MPI_Finalize();return 0;} 44



double **
reateDoubleMatrix(int n1, int n2) {double **a;int i, j;a = (double **)mallo
(n1 * sizeof(double *));a[0℄ = (double *)mallo
(n1*n2*sizeof(double));for(i = 1; i < n1; i++ ) {a[i℄ = a[i-1℄ + n2;}for(i = 0; i < n1; i++) {for(j = 0; j < n2; j++) {a[i℄[j℄ = 0.0f;}}return a;}B.2 Results
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Table B.1: All-to-all, small sized messages(400x50 doubles)Impl Iter Tot Avg Max MinMPICH 1000 8.176477E-01 8.176477E-04 1.471901E-02 6.039143E-04MPICH 1000 8.063095E-01 8.063095E-04 1.307487E-02 3.631115E-04MPICH 1000 8.171675E-01 8.171675E-04 1.401806E-02 6.020069E-04MPICH 1000 7.991631E-01 7.991631E-04 1.793861E-03 3.600121E-04MPICH 5000 4.013466E+00 8.026933E-04 4.582882E-03 4.930496E-04MPICH 5000 4.291058E+00 8.582116E-04 1.628184E-02 5.290508E-04MPICH 5000 4.222188E+00 8.444376E-04 1.553488E-02 2.648830E-04MPICH 5000 4.101371E+00 8.202743E-04 2.758789E-02 5.049706E-04MPICH 10000 8.080390E+00 8.080390E-04 1.489401E-02 3.039837E-04MPICH 10000 7.984199E+00 7.984199E-04 1.318216E-02 4.351139E-04MPICH 10000 8.611192E+00 8.611192E-04 4.044199E-02 4.229546E-04MPICH 10000 8.231399E+00 8.231399E-04 1.286483E-02 2.000332E-04MVAPICH 1000 5.766840E-01 5.766840E-04 1.302000E-03 3.720000E-04MVAPICH 1000 5.752150E-01 5.752150E-04 1.151000E-03 3.800000E-04MVAPICH 1000 5.648260E-01 5.648260E-04 1.131000E-03 3.850000E-04MVAPICH 1000 5.779820E-01 5.779820E-04 1.089000E-03 3.740000E-04MVAPICH 5000 2.846303E+00 5.692606E-04 1.235900E-02 3.580000E-04MVAPICH 5000 2.872527E+00 5.745054E-04 1.385400E-02 3.600000E-04MVAPICH 5000 2.856492E+00 5.712984E-04 1.378400E-02 3.650000E-04MVAPICH 5000 2.853415E+00 5.706830E-04 1.160700E-02 3.610000E-04MVAPICH 10000 5.784503E+00 5.784503E-04 2.397600E-02 3.630000E-04MVAPICH 10000 5.732647E+00 5.732647E-04 1.374400E-02 3.610000E-04MVAPICH 10000 5.722037E+00 5.722037E-04 1.383900E-02 3.670000E-04MVAPICH 10000 5.622556E+00 5.622556E-04 2.344000E-02 3.620000E-04Open MPI 1000 5.006273E-01 5.006273E-04 8.707047E-03 4.441738E-04Open MPI 1000 4.915588E-01 4.915588E-04 1.427197E-02 4.260540E-04Open MPI 1000 5.260437E-01 5.260437E-04 3.931093E-02 4.370213E-04Open MPI 1000 4.763649E-01 4.763649E-04 3.191948E-03 4.179478E-04Open MPI 5000 2.457770E+00 4.915540E-04 4.745388E-02 4.379749E-04Open MPI 5000 2.382580E+00 4.765161E-04 1.162696E-02 4.270077E-04Open MPI 5000 2.654265E+00 5.308530E-04 2.072661E-02 4.370213E-04Open MPI 5000 2.374375E+00 4.748749E-04 1.832199E-02 4.239082E-04Open MPI 10000 4.768914E+00 4.768914E-04 6.028891E-03 4.169941E-04Open MPI 10000 4.798383E+00 4.798383E-04 2.115512E-02 4.220009E-04Open MPI 10000 4.762806E+00 4.762806E-04 4.543686E-02 4.241467E-04Open MPI 10000 4.699058E+00 4.699058E-04 2.197981E-03 4.210472E-04
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Table B.2: All-to-all, medium sized messages(1000x1000 doubles)Impl Iter Tot Avg Max MinMPICH 1000 8.543125e+02 8.543125e-01 2.437500e+00 1.445312e-01MPICH 1000 9.640234e+02 9.640234e-01 2.355469e+00 3.476562e-01MPICH 1000 9.796133e+02 9.796133e-01 2.925781e+00 2.968750e-01MPICH 1000 9.704492e+02 9.704492e-01 2.550781e+00 1.484375e-01MPICH 5000 5.161012e+03 1.032202e+00 2.808594e+00 1.679688e-01MPICH 5000 5.153426e+03 1.030685e+00 2.847656e+00 1.601562e-01MPICH 5000 5.131906e+03 1.026381e+00 3.035156e+00 2.929688e-01MPICH 5000 5.149297e+03 1.029859e+00 3.089844e+00 1.796875e-01MPICH 10000 8.793560e+03 8.793560e-01 1.679313e+01 4.113698e-02MPICH 10000 7.292942e+03 7.292942e-01 1.887195e+01 3.765798e-02MPICH 10000 8.637271e+03 8.637271e-01 1.276544e+01 4.608297e-02MPICH 10000 8.008461e+03 8.008461e-01 1.327548e+01 4.590607e-02MVAPICH 1000 4.820071e+01 4.820071e-02 7.076800e-02 3.094600e-02MVAPICH 1000 4.894080e+01 4.894080e-02 6.652600e-02 3.794900e-02MVAPICH 1000 4.880722e+01 4.880722e-02 7.225700e-02 3.604300e-02MVAPICH 1000 4.907290e+01 4.907290e-02 6.702600e-02 3.079800e-02MVAPICH 5000 2.461737e+02 4.923474e-02 7.342500e-02 3.061900e-02MVAPICH 5000 2.439453e+02 4.878905e-02 7.436500e-02 3.049300e-02MVAPICH 5000 2.442553e+02 4.885106e-02 7.311600e-02 3.048000e-02MVAPICH 5000 2.458720e+02 4.917441e-02 7.400000e-02 3.108600e-02MVAPICH 10000 4.914969e+02 4.914969e-02 7.468300e-02 3.080700e-02MVAPICH 10000 4.911269e+02 4.911269e-02 7.392000e-02 3.057100e-02MVAPICH 10000 4.904774e+02 4.904774e-02 7.433300e-02 3.054600e-02MVAPICH 10000 4.898499e+02 4.898499e-02 7.359700e-02 3.058200e-02Open MPI 1000 4.704773e+01 4.704773e-02 6.683207e-02 4.432511e-02Open MPI 1000 4.557816e+01 4.557816e-02 5.524898e-02 4.368615e-02Open MPI 1000 4.713416e+01 4.713416e-02 1.480470e-01 3.830099e-02Open MPI 1000 4.714683e+01 4.714683e-02 1.295910e-01 4.472303e-02Open MPI 5000 2.317214e+02 4.634429e-02 7.062197e-02 3.633189e-02Open MPI 5000 2.144124e+02 4.288247e-02 6.678009e-02 3.964806e-02Open MPI 5000 2.126782e+02 4.253565e-02 6.506300e-02 4.104400e-02Open MPI 5000 2.119173e+02 4.238347e-02 6.303906e-02 4.039907e-02Open MPI 10000 4.616412e+02 4.616412e-02 6.941700e-02 3.950596e-02Open MPI 10000 4.678542e+02 4.678542e-02 2.297812e-01 3.713012e-02Open MPI 10000 4.700857e+02 4.700857e-02 6.936812e-02 3.987813e-02Open MPI 10000 4.635596e+02 4.635596e-02 7.590199e-02 4.142213e-02
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Table B.3: All-to-all, large sized messages(8000x8000 doubles)Impl Iter Tot Avg Max MinMVAPICH 1000 3.181639e+03 3.181638e+00 4.227398e+00 3.070103e+00MVAPICH 1000 3.181654e+03 3.181654e+00 6.010840e+00 3.105738e+00MVAPICH 1000 3.189418e+03 3.189418e+00 6.887669e+00 3.082856e+00MVAPICH 1000 3.187557e+03 3.187557e+00 5.065821e+00 3.103707e+00MVAPICH 5000 1.600605e+04 3.201210e+00 5.382317e+00 3.050804e+00MVAPICH 5000 1.590302e+04 3.180604e+00 6.897454e+00 2.940583e+00MVAPICH 5000 1.579295e+04 3.158591e+00 5.359114e+00 2.946226e+00MVAPICH 5000 1.590908e+04 3.181815e+00 6.863655e+00 3.036344e+00Open MPI 1000 3.039166e+03 3.039166e+00 3.960890e+00 2.772568e+00Open MPI 1000 2.962924e+03 2.962924e+00 5.607667e+00 2.874455e+00Open MPI 1000 3.017786e+03 3.017786e+00 3.146511e+00 2.965070e+00Open MPI 1000 2.962210e+03 2.962210e+00 3.327820e+00 2.812816e+00Open MPI 5000 1.352857e+04 2.705714e+00 3.590074e+00 2.606230e+00Open MPI 5000 1.342850e+04 2.685701e+00 4.272410e+00 2.603990e+00Open MPI 5000 1.502338e+04 3.004676e+00 8.440918e+00 2.944116e+00Open MPI 5000 1.408224e+04 2.816447e+00 3.058857e+00 2.582932e+00
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Appendix CRedu
eC.1 Code#in
lude <stdlib.h>#in
lude <stdio.h>#in
lude "/home/aba
h/openmpi-impl/in
lude/mpi.h"#define NRM 1000#define NRN 8000#define REPEATS 1000double **
reateDoubleMatrix(int n1, int n2);int main ( int arg
 , 
har *argv[℄) {int mpi_err;int np, rank;int a_rows, a_
ols;int i, j;double **m;double *rray, *sray, *fillray;int ssize, rsize;MPI_Init(&arg
, &argv);MPI_Comm_size(MPI_COMM_WORLD, &np);MPI_Comm_rank(MPI_COMM_WORLD, &rank);MPI_Status status;double *t;if(rank==0) {t = (double *)mallo
(sizeof(double)*REPEATS*2);if(t == NULL) perror("t");}a_rows = NRM / np;a_
ols = NRN / np;m = 
reateDoubleMatrix(NRM, a_
ols);srand(rank);int elements = 0;for(i = 0; i < NRM; i++) {for(j = 0; j < a_
ols; j++) {m[i℄[j℄ = i;elements++;}}ssize = rsize = 0; 49



for(i = 0; i < np; i++) {ssize = ssize + a_
ols*a_rows;rsize = rsize + a_
ols*a_rows;}fillray = (double*)mallo
(sizeof(double)*ssize);if(fillray == NULL) perror("fillray");rray = (double*)mallo
(sizeof(double)*rsize);int k = 0;int l = 0;int ii = 0;int jj = 0;double result = 0.0f;for(ii = 0; ii < REPEATS; ii++) {free(rray);sray = (double*)mallo
(sizeof(double)*ssize);rray = (double*)mallo
(sizeof(double)*rsize);if(sray == NULL || rray == NULL) perror("send and re
eive arrays");for(jj = 0; jj < np; jj++) {int offset = (jj * a_rows);for(i = 0; i < a_rows; i++) {for(j = 0; j < a_
ols; j++) {sray[l℄ = m[i+offset℄[j℄ * rand();l++;}}}l = 0;for(jj = 0; jj < np; jj++) {int offset = (jj * a_rows);for(i = 0; i < a_rows; i++) {for(j = 0; j < a_
ols; j++) {fillray[l℄ = m[i+offset℄[j℄;l++;}}}if(rank==0) t[k++℄ = MPI_Wtime();MPI_Redu
e(sray, &result, a_
ols*a_rows, MPI_DOUBLE,MPI_SUM, 0, MPI_COMM_WORLD);if(rank==0) t[k++℄ = MPI_Wtime();MPI_Barrier(MPI_COMM_WORLD);free(sray);l = 0;}if(rank == 0) {double total = 0.0;double tmp = 0.0;double min = 1000.0;double max = 0.0;double remove = 0.0;int minrun, maxrun;k = 0;for(i = 0; i < REPEATS; i++) {tmp = t[k+1℄ - t[k℄;k += 2;if(tmp >= max) {max = tmp;maxrun = i;}else if(tmp <= min) {min = tmp;minrun = i;} 50



total += tmp;if(i <= 5 || i >= REPEATS-5) {remove += tmp;}}printf("total [%i runs℄: %e avg: %e (max: %e[%i℄/min: %e[%i℄)\n", i, total, (double)total/i, max, maxrun, min, minrun);printf("removed first and last 5: total: %e avg: %e\n", total-remove, (double)(total-remove)/(i-5));}l = 0;for(k = 0; k < np; k++) {int offset = (k * a_rows);for(j = 0; j < a_
ols; j++) {for(i = 0; i < a_rows; i++) {m[i+offset℄[j℄ = rray[l℄;l++;}}}MPI_Finalize();return 0;}double **
reateDoubleMatrix(int n1, int n2) {double **a;int i, j;a = (double **)mallo
(n1 * sizeof(double *));a[0℄ = (double *)mallo
(n1*n2*sizeof(double));for(i = 1; i < n1; i++ ) {a[i℄ = a[i-1℄ + n2;}for(i = 0; i < n1; i++) {for(j = 0; j < n2; j++) {a[i℄[j℄ = 0.0f;}}return a;}
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