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Abstract

Executing traditional Message Passing Interface (MPIl)iegiions on multi-core cluster balancing speed and
computational fficiency is a dificult task that parallel programmers have to deal with. Fisrrsason, communica-
tions on multi-core clusters ought to be handled carefullgrder to improve performance metrics such figiency,
speedup, execution time and scalability. In this paper vweaidmur attention on SPMD (Single Program Multiple
Data) applications with high communication volume and $yonicity and also following characteristics such as:
static, local and regular. This work proposes a method faviBRipplications, which is focused on managing the
communication heterogeneity (frent cache level, RAM memory, network, etc.) on homogemoui$i-core com-
puting platform in order to improve the applicatiofiieiency. In this sense, the main objective of this work is td fin
analytically the ideal number of cores necessary that allesvto obtain the maximum speedup, while the computa-
tional dficiency is maintained over a defined threshold (strong sitid§ab This method also allows us to determine
how the problem size must be increased in order to maintagxecution time constant while the number of cores are
expanded (weak scalability) considering the tratibetween speed andfieiency. This methodology has been tested
with different benchmarks and applications and we achieved an avenpgovement around 30.35% offieiency
in applications tested usingftérent problems sizes and multi-core clusters. In additiesylts show that maximum
speedup with a definedtiziency is located close to the values calculated with oulyéinal model with an error rate
lower than 5% for the applications tested.

Keywords:
Performance Improvements, Multi-core, Mapping, SchedylScalability analysis, Tiling applications, SPMD.

1. Introduction

The increasing use of multi-core processors in High Perdoree Computing (HPC) is evident in the top500
1, in which most of today’s clusters are set up with multi-carehitecture. However, the increase in complexity
and the hierarchical communication architecture preserhese multi-core clusters create significant programming
challenges which have to be managed carefully if programiststo harness the inclusion of more parallelisms inside
the nodes [1], [2]. The parallel programmers have to dedl sdime architectural characteristics, such as: number of
cores per chip, shared cache between cores, bus inter¢mmeecemory bandwidth, communication congestion, etc.
[3]. All these elements are becoming more important for progner to consider, in case that application’s scalability
and dficiency want to be improved [4].

The multi-core nodes integrate a homogeneous computatahritecture, which in some cases are composed of
2,4, 6, 8, etc., cores by chip processors. However, a nodenchre several chip processors creating a small high
speed parallel machine inside the node. Nevertheles® tioekes have to be analyzed as heterogeneous when we are

1TOP500: a list which provides a rank of powerful parallel niaek for HPC on the world, www.top500.0rg
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Figure 1: Mapping and execution of SPMD applications on atiMudre cluster

working with applications that have a very high communizatirequency between parallel processes. The commu-
nications between cores in these architectures use adti@rar communication architecture that useatent paths
and speeds to perform the communication processes ingdetle [5], [6], [7]. For example, the parallel processes
in a multi-core cluster can communicate using the cache mgromain memory for communications inside the
node (Intercore and Interchip communications), or usiggltical area network to perform the communication with
another process located in another node of the clustemriode communication). This communication architecture
can create unbalanced issues that seriouggctathe application performance, especially those apjsits which
have a very coupled behavior (Figure 1).

Performance metrics that are commonly used to measure,asuclxecution time, speedup, computational ef-
ficiency and strong and weak application scalability aresatiously &ected. All these metrics are influenced in
different ways due to the degradations and load balancing pnebignerated by the communications links [8].
Another important aspect to consider is that many MPI appibos have been designed without considering the com-
putational architecture characteristics. An exampleéstionocore nodes, where the communication processes were
homogeneous and most of them have to be updated in ordertadsantages of multi-core architecture.

A parallel paradigm which is seriouslyfacted when executed on a hierarchical communication awthite is the
SPMD (Single Program Multiple Data). This paradigm is fami®n executing the same program in all processing
elements but using fierent sets of tiles [9], [10]. However, many SPMD applicatichare data between parallel
processes and their communications can be a very big proldepecially when we have applications very well
coupled, such as: application of finiteffdirences, fluid dynamics, weather models, econometrics Isyoete., all
of which have to communicate tiles between MPI processeadh deration. Hence, a SPMD tile is computed in
a similar time due to the homogeneity of the core. However,dbmmunication processes among neighbors are
performed using dierent communications links depending on the location ofSA&ID processes on the multi-core
clusters. These behaviors may cause serious delays irytidsonization when these applications are executed on
multi-core clusters.

An example of this problem is illustrated in Figure 1. Therapde shows us an SPMD application where each tile
communicates with four tiles. As we can observe, this apfibo needs to repeat a set of iterations but the iteration
i + 1 depends on the results obtained in the iteratidn this sense, the tiles are divided and assigned to eaeht@or
start the computation. Then, the computation processes thawait until the slowest communications link finishes
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receiving its information to start the new iteration. Thdséays are due to the tile dependencies on the code. In some
cases, the communication speed between MPI processesrgan &a order of magnitude for the same data packages
depending on the link.

To solve these inféciencies, we have developed a methodology which includesalytical method that allows
us to manage the communication latencies using some chastics of each SPMD application over the parallel
machine (e.g. computation and communication tile ratitlisThethod permits us to determine a relationship between
scalability and fiiciency. The objectives of this method are addressed in tadytcally directions. The first one
is to find the ideal number of cores needed to obtain the maxispeedup with a certain level offieiency defined
by the programmer (maximum strong scalability point). Teeand one is to determine how the application problem
has to be increased in order to maintain an execution timstanhwhile the number of cores are expanded (weak
scalability), using similarly a defined level of computaidb dficiency.

An approach of our method for solving the ffieiency issues is the definition of a Supertile (ST). A ST is a
grouping of tiles divided into two types: internal tiles J|Th which communication processes are made in the same
core, and edge tiles (ET), where communication processepaformed with tiles allocated to other core. This
division allows us to hide the communicatiofiiexts. This is done using an overlapping strategy in whichrtteznal
tiles computation is overlapped while the edge tiles cominations are beging executed. This approach permits us
to mask the infficiency with more computational execution. However, defirdncorrect size of the ST that makes
a traded between #iciency and speedup on multi-core will be solved using anydical calculation, where we
will obtain the ideal number of cores to execute and the sizbe ST that covers all the iffieciency generated by
communication links.

All these groupings and overlapping processes are sumeckaiiza methodology, which is composed of four
phases: the characterization (which analyzes the apiplicahd environment), the tile distribution model (which de
termines analytically the number of tiles (ST size) and nermdd cores that accomplish our objective), the mapping
strategy (which defines the distributions of tiles (ST asaigpn) over cores), and the scheduling policy (which de-
fines the execution order of assigned ST). The success ofntisodology is due to the fit between the multi-core
environment and the deterministic behavior of the SPMDiappbns.

This method has been tested witlffelient benchmarks and applications ovefedent multi-core clusters com-
posed of between 16 to 4096 cores and the results show anviement average of around 30.35% ifi@ency
over applications tested with an error rate lower than 5%e &kperimental evaluation makes it clear that in order
to achieve a trade¢bbetween speedup anéfieiency on SPMD applications, we have to manage the commtiorica
heterogeneities of the multi-core clusters.

This paper is organized as follows. A discussion of the eelatork is defined in section 2. Section 3 explains
how an SPMD application behaves on multi-core cluster.i&edt describes the methodology fdfieient execution
of SPMD applications on multi-core clusters. Next, secioshows the experimental validation, where the results
obtained by testing with elierent applications on fierent multi-core clusters and the improvements obtaineden
performance is illustrated. Finally, section 6 summarthesmain contributions.

2. Related Works

Improving the performance of parallel applications is alleimge. For this reason, there ardfeient approaches
that help us to understand how the multi-core environmeeltsibe when we are executing parallel applications. An
approach has been developed by Kayi [11], which evaluatedngimory latency for a set of multi-core architecture
and how these latenciestect the parallel applications. The latency analysis is wagortant because memory
hierarchy is part of the communication paths used by MPI,m@BMD applications are running on multi-core. As
mentioned before, the inclusion of multi-core nodes hasigind more parallelism within the node. In this sense,
this parallelism has permitted developing a set of techesqun order to take advantage of the computational power
of these multi-core clusters. A particular method has bemareldped by Liedbrock et al [12], where he defined a
method to create a performance model for hybrid SPMD apptica (MPJOpenMP). The main focus of this work
was to improve three main performance metrics: adaptgbiilielity and scalability. To achieve his objective, he
applied mapping and scheduling strategies based on thé-cotdt characterization. Similarly, our approach has
been designed using characteristics of the applicatioreamilonment in order to apply the mapping and scheduling
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strategy. The dierence of our approach is based on hiding the communicafiecte of the MPI-SPMD applications
using the overlapping technique, which allows us to impitieperformance metrics.

Another methodology that obtains a considerable improverirethe performance on multi-core cluster was
presented by Vikram [13]. The main goal of this work was fa@mlisn developing a strategy that permits programmers
to map tasks into reconfigurable architectures. This wods @smapping strategy which allows us to execute and to
obtain the maximum speedup under a specific configuratiomeMer, our approach attempts to obtain the maximum
speedup but by using a definefligency constraint. This scenario permits us to achievefacient and faster
execution on the hierarchical communication architecture

However, designing anfliicient methodology in communication heterogeneous enrismis is a challenge and
this has been demonstrated by Bearmount et al [14]. This waskoriented towards finding the best allocation of
processes in communication heterogeneous environmerntsntered on designing a method to minimize the com-
munication overhead and it determined that obtainifigient strategies for data allocations is an NP completeness
problem when heterogeneous networks are used. In this,stwese are studies that evaluate the communications
issues on multi-core clusters with the aim of improving tH&sl, [16]. These researches have proposed strategies to
manage the communication issues presented on multi-aastecs using a multi thread implementation but the main
idea of our approach is to manage theffioéencies generated by MPI messages using two threads, ooernfputa-
tion and the second for performing the communication. Thiessads will allow us to apply an overlapping strategy
and minimize the communicatiorifects of SPMD applications on multi-core clusters [8].

In order to achieve performance improvements on multi-atusters, our method integrates a mapping and a
scheduling strategy. In this sense, we have analyzfidreint studies focused on distributing tiles between MPI
processes. Some of them were based on improving the speéthgpmarallel applications [17] [18] and others that
are focused on enhancing the computatiofiatiency on multi-core clusters [19], [20]. However, we arelirding in
our method a mapping technique that can combine both peafacenmetrics (speedup an@i@ency). This mapping
allows us to manage the communicatioffi®ets properly, considering theffdirent communication links present on
multi-cores. It will assign the amount of tiles necessanmpged in a ST) to each core with the aim of applying an
overlapping strategy to minimize the communicatidieets.

On the other hand, there areffdrent scheduling strategies defined for SPMD applicati®wmne of them have
been proposed to be used on mono-core architecture wheeeateenot any internal communications [21],[22] and
others scheduling techniques were focused on multi-cafgitacture [23], [24], [25]. The main idea was to find a
suitable scheduling policy, which integrates parallellEations designed using pure MPI and multi-core architext
To design our scheduling technique, we analyzed and eealibé model defined by Panshenskov et al [23] and we
chose some characteristics of this work, such as: tilesidiviin blocks, asynchronous communications, computation
and communication overlapping. Additional to these chiaristics, our scheduling process permits us to mafterdi
ences between tiles using a priority assignment executideroThis process is carried out with the aim of executing
the edge tiles first and then overlapping the internal tilthvilie edge tile communications. These characteristics,
together with the tile distribution model and the mappirmateigy designed, allow us to obtain a minimization in the
communication overhead. The combination between the cteization, analytical model (tile distribution calcula
tion), mapping and scheduling techniques and using ovargpstrategy allows us to create a novel method which
improves the ficiency, speedup and scalability of the SPMD applicationmatii-core clusters.

3. Execution of SPM D applications on Multi-core clusters.

As was mentioned, the hierarchical communication architegpresent on multi-core clusters can create imbal-
ance issues between processes. In this sense, this resensitiers the parallel applications, which are designed to
use the MPI library for communications and the SPMD as a |gnahradigm. This paradigm is one of the most
used in HPC. The characteristics of SPMD applications candepending on the purpose of the application. In this
sense, this research studied SPMD applications consgdéretile dependencies synchronicity, where tiles have a
specific communication pattern, which does not depend oMitPleprocess assignation itself. We perform a similar
approach to the bulk synchronous parallel (BSP) methodhwhizs established by Valiant [26], [27]. However, we
have excluded the barrier synchronizations of the BSP maldieh create a MPI processes synchronization. This has
been excluded with the aim of minimizing the MPI communicatimbalances.

Additionally, the SPMD applications used to apply the methave to accomplish the following characteristics:
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Static: Parallel application defines the communicatiorcess at the beginning of the execution and it is main-
tained during all the execution.

Local: Applications that do not have collective communimas

Regular: Communications are repeated for several iteritio

Multidimensional: Applications with N dimensions.

In addition, SPMD applications present a specific commdinngattern, which can be integrated by two, four,
six, or more bidirectional communications depending onapjelication purpose. These communication patterns are
established at the beginning of the SPMD application execw@nd are kept until the end of the application. For this
reason, we have to manage the communication imbalance pfitiecore architecture because it can create dramatic
inefficiencies in the parallel execution that will be repeatedughout the application’s iterations.

For example, there are a set of benchmarks and applicatiai§erent fields that accomplish these characteristics
defined before. An example of these benchmarks is the NASlgiasaite in some of its programs (e.g BT, MT, SP)
[28]. Moreover, there are applications where the heat tearapplication, Laplace equation, wave equation model,
application of fluid dynamics such as mplab to solve LattindzBnan problems, etc. may be mentioned. All these
applications are seriouslyfacted by the imbalance generated bgedient communication paths.
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Figure 2: SPMD application behavior on multi-core cluster

An example of this infiiciency is illustrated in Figure 2, where SPMD tiles are exedun a similar time due
to the homogeneity of the cores, but the communication mxeE®eare done usingfidirent communication links and
each link has its own speed and bandwidth. These waitingstamne translated into ifiiciency for the application
and these in@ciencies seriouslyfect the performance. Hence, the idea is to create a groufeatspecting the
communication patterns and then it is to execute them irganthlti-core cluster. For example, Figure 2 illustrates
the behavior of a SPMD application which will be repeated mber of iterations and during this repetitive process
we have to exchange information between tiles (most of tlwratéd in diferent cores) and then to compute the tile
distribution which is the set of tiles assigned to a speciiecIn our case, we measured ttigogency ast 1/(P=T p),
whereT1 is the execution time on one processor aipds the execution time op processors.

3.1. Efficiency and Speedup of SPMD applications on multi-core clusters

This work looks for suitable strategies in order to deteemitow the SPMD tiles have to be distributed and
executed on the multi-core clusters. In this sense, we hewgoped to develop a strategy using an overlapping
technique, where the communicatidffieets are hidden by the tile computation.
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The ST is formed by two types of tiles; the internal and theeedthis division allows us to create an overlapping
strategy as is shown in Figure 3, where edge tiles are comiuse and then the internal tiles are executed together
with the edge communications. However, we can present thwssible scenarios (Figure 3). The first one assigns
more internal tiles that the edge communication time rexglinn this case, we have affieiency of around 100%
but the speedup could be improved (computation bound sic@ndihe second scenario assigns fewer internal tiles
than edge communication time required. In this case, filx@ency could be improved (communication bound). The
last scenario is the ideal case which our method attemptsido \ithere the edge communications and the internal
computation tile have similar performing time. In this serthe speedup is increased because greater amounts of tiles
are allocated to each core and tffigodency is enhanced due to the communicatifieas being hidden by the internal
computation.

To find an ideal ST size, we have formulated an analytical lprabin which the ratio between computation and
communication of a tile has to be found using all the commation levels integrated in the multi-core architecture
tested. This relationship is found using a characterinaticthe machine and the environment. Then, a problem size
defined byMxM of an SPMD application will be decomposed iftoST of sizeKxK tiles, whereK represents the
nth root of the ideal ST. This ST calculation will be expladria detail below with the analytical model calculation.

3.2. Efficiency and scalability of SPMD applications on multi-core clusters

Another important performance combination is related eogbalability and #iciency. However, the term scala-
bility in HPC is divided in two dfferent definitions; weak and strong scalability. Weak sékiiais considered when
the problem size and the numberwbcessing elements ? are increased with the objective of achieving a constant
time-to-solution for larger problems and computationald@er processor stays constant [29][30]. On the other hand,
strong scalability is established when the problem sizexégifand the processing elements are increased. The goal of
this scalability is to minimize the time solution [31]. Henscalability means that speedup is roughly proportianal t
the number of processing elements.

To apply both scalability concepts implies increasing tlubfem size (number of tiles per problem) or maintaining
the problem size fixed. In both cases, if we wish to maintaineak scalability, we should consider the ratio between
computation and communication of tiles amon@eatient communication links presented on multi-core clgstém
this sense, the analytical model to calculate the ideal $iTbeaused in two directions with the aim of finding the
maximum strong and weak scalability using a definfiatiency.

This combination of fiiciency and scalability is performed by each kind of scaigb{strong and weak). For
example, the strong scalability is applied to determinenth@imum number of cores needed to maintain the relation-
ship between a definedfiency and the maximum speedup. This optimal value allowgnammers to determine
the maximum number of cores that can be used for a specifidgunokize. On the other hand, the weak scalability

2For this work the processing elements are defined as the nurhteres used to execute the SPMD application
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combination is performed with the aim of finding the idealueabf the ST in order to increase the application prob-
lem size using the ST size calculated as an input of the execuin this sense, the problem size will be increased
according to the number of computational resources avail@bthe system.

An illustrative example of both scalability objectives da@ detailed in Figure 4, where in the first graph (strong
scalability) the behavior of the speedup is shown, when \eesatting the problem size and we are increasing the
computational resources. In this case, its can be detdildspeedup grows linearly, while the internal computation
is bigger than the edge communication (computation bou@d)the contrary, when the communication starts to be
greater, the ficiency begins to drop considerably. The second part of Eiduillustrates the behavior of using a
defined ST size on the execution time. When we start to inctbasproblem size in the same proportion of the ST
calculated, the execution times remain constant. In thés,cae can observe thafieiency value is constant and the

speedup grows linearly.

4. Methodology for efficient execution of SPM D applications on multi-core clusters

This method has been developed with the aim of finding two mbjactives. The first one is focused on achieving
a suitable solution with the objective of obtaining the nmaxim speedup with a defineéhieiency (strong scalability)
and the second target is based on obtaining the ideal STrsiaalér to increase the application problem and the
number of core but maintaining the execution time constadeua defined level offgéciency. In order to achieve a
faster and fiicient execution, the method has been divided in four phdsgarg 5).

A characterization phase, which is focused on performinggpiication and environment analysis with the aim
of obtaining application performance parameters over aifipenulti-core architecture (application and execution
environment). These parameters obtained (computationilef @ommunication pattern, communication delays, etc)
are inputs that will be used in the analytical model.

The second phase is integrated by an analytical model ctdéetle distribution model. Here, the ideal size of
the ST and the number of cores needed to maintain the fifaoletoveen &iciency and speedup using the relationship
between internal tile computation and edge tile commuidnatare all calculated.

Next, the mapping phase is focused on assigning the ST a#dclio each core, where we assume that more tiles
can be added than core present on multi-core cluster. Tignatien is made though afffiaity process that allows us
to minimize the communicatiorfiects through the slowest communication path. This mappéngits us to properly
manage the workload imbalance caused Ifiedént communication links.

Finally, the scheduling phase has two functions, one of tisemassign tiles priorities with the aim of calculating
first the edge tiles and then, the internal tiles. The secandtion is focused on controlling the overlapping process
between internal tile computation and edge tile commuidnat At the end, these phases allow us to handle the
latencies and the communication imbalances in order todmgothe performance as was explained initially in [32].
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4.1. Characterization phase

The main objective of this phase is to evaluate the tiles dP®B application into the multi-core environment.
This evaluation finds the computational and communicatimm trelationship of a tile in all the hierarchical com-
munication architecture included on the multi-core clustehese values will give us a ratio between computation
and communication that will be used on our model. The char&ettion parameters are classified in three groups:
the application parameters, parallel environment chartics and the performance user needs. Then, we evaluate
computation and communication behavior of SPMD applicatigth the aim of obtaining the parameters with the
nearest relationship between the machine and the applicati

The application parametersfer the necessary information of the application charasttes, such as: problem
size, number of tiles, iteration numbers, communicatiottepa, communication volume of a tile, data distribution.
Moreover, these parameters allow us to determine, for ebgnifpan SPMD communication pattern of a tile has
been designed to communicate with two, three, four or morghbering tiles. Moreover, an SPMD application
can consider dierent distribution schemes, for example one-dimensidwakdimensional block, column based and
unconstrained. In addition, we have to identify which pdrthee code makes the iterative part. In some cases,
SPMD applications are real kernels that are used in reaiagioins and we can apply this method partially or totally
depending on the application characteristics.
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Another important element is to find the communication pati@ource and destination of the package) and
volume (size of the message sent). In this sense, we haveauseticalled PAS2P (Parallel Application Signature for
Performance Prediction), which allows us to know the bejrasiithe SPMD-MPI application making a signature of it
[33] [34]. This tool gives us the communication pattern ikat key step in order to know the communication behavior
of the application. The values obtained using PAS2P allote wbtain information about the communication, which
is saved into a communication matrix. This matrix has thentlessage order according to the MPI processes. An
example is illustrated in Figure 6, where we can observe howpplication with four communications patterns is
analyzed.

The next analysis is related to environment characteomativhich consists of evaluating the behavior of the
SPMD application on a specific multi-core parallel machifieis process is done in two steps. Firstly, we analyze the
hierarchical communication architecture using the pattditained with PAS2P in order to evaluate the communica-
tion time of a tile into each communication path. This anialysperformed using a tool that uses the same concept of
the ping-pong communication tools, but in this case our t@kés into account the communication pattern in order to
give us more precise results about the communication aithite (Figure 7). As can be evidenced in Figure 7 part A,
the communication time in all the paths hav&elient communication times for specific packet sizes, whessine
cases we can obtainftérences which are around one order of magnitude dependitiegrath used and the packet
size sent.

This characterization is achieved using coffinity. For this reason and in order to respect communicatodsr
of the MPI processes in both steps: the characterizatiorttendxecution of the SPMD applications should use the
same coreféinity policy.

Then, we have to evaluate the computation time of a tile. Tdrampeters obtained allow us to establish the
communication and computational ratio time of a tile insidehe hierarchical communication architecture. These
relationship values will be defined agp)(w), wherep determines the link where the communication of one prongssi
tile to another neighboring tile has been performed\aride direction of the communication pattern.

Ap)w) = Commit(pw)/Cpt 1)

This ratio is calculated with equation 1, whe@emmtw determines the time of communicating a tile for a
specific link andCpt is the time to compute one tile. An example is illustratediguife 7, where the dlierent ratios
have been evaluated using a double quad core cluster and adresier applicatiosi. In this case, the multi-core
architecture contains four communication levels and wesegthe dterences between each ratio.

Therefore, we have to calculate the ratio for each commtinitavith the aim of finding the biggest computation
and communication ratio, which will determine the slowesthmunication path. This characterization process has

3Bidimensional Heat Transfer application is an SPMD apglizewvith four communication neighbors
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to be done in a controlled and monitored manner. The higléstvalue found will delimit an iteration of an SPMD
application. Then, this value should be considered, whemvilevaluate the analytical model to calculate the ST
size and the ideal number of core necessary to meet the bstated.

Finally, the last set of parameters are defined by the progemperformance requirements). In this sense, the
users have to define théieiency threshold which will be taken into considerationtfor execution on the multi-core
architecture. Thef&iciency is defined with the variablef fic which is an entry parameter to the model and it is
considered as a constraint.

4.2. Tiledistribution model

The objective of this phase is to find the ideal size of the Sicvhllows us to achieve the maximum speedup,
while the dficiency is maintained over a defineieiency threshold. To calculate this value, we have to stetyaing
the behavior of an SPMD application using an overlappirgtagyy, which is summarized in equation 2. The first part
of equation 2 is integrated by the edge computation timeckwis represented using ttiglgecompg; variable and
then is executed together with the overlapping part betweernternal computation itComp;)) and the edge tile
communication timeEdgeCommy;)). This process will be repeated for a set of iteratitan. The variables) andi
are also defined, wheredetermines the number of specific iterations inside the SRlgilication execution and the
i establishes the number of a specific core inside the mulé-environment.

 witer _ IntCompg;
Tex = Xq21(EdgeCompy) + Max{ Edgecommy, ) (2)

The values of ntComp), EdgeComp;y and EdgeCommy; are in function of the variabl& as can be observed in
equations 4, 5 and 6 respectively. This valu&afepresents the nth root of the optimal ST size angtermines the
dimension of the problem. This valueranges from 1 until 3, depending on the SPMD application.

ST =K" )

IntCompgy = (K —2)" + Cpt 4)
EdgeCompgy = (ST — (K - 2)") « Cpt (5)
Edgecommy = K™« Max(Commitpw)) (6)

To calculate the model, we have to find the maximum commuinicaitimeMax(Commt ) using the maximum
value of thel,w) ratio (Eq. 1) obtained in the characterization phase. Talises defines the slowest communication
path on the multi-core architecture. Once obtained, we sarthis value on equation 6 with the aim of calculating
the edge communication time. The sum of the computatiomed 6f the edge and the internal computation represent
the total computational time of the region&f, which is assigned to each core. In this sense, it is impbttestate
that the model is applied only for the communication exclirzggart of the SPMD application.

In order to calculate the ST size, we need to determine theevalK. To obtain this value, we start from the
overlapping strategy, between internal tile computatioth the edge tile communication (Eq. 2). This part of the code
is where the application losfieciency due to the communications overhead, which we wisinfmave. However, we
can define a correct value Kf, in which the edge communication times are completely aygrtd. This can be done
equalizing both equations’ internal computation time (By.and edge communication time (Eq. 6). However, the
edge communication equation is in function of the commuigoaime, while the internal computation is in function
of the tile computation time. For this reason, we need to kxpidoth equation in function aEpt in order to find
a solution forK. This can be done using equation 1, where we can substitateatmmunication tile usingdgw)
multiplied by computational tim€pt of a tile. Then, both equations in function@pt are shown in the inequality 7.

KD s« Max(Apw * Cpt) >= (K — 2)" = Cpt)/ef fic )
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However, in this inequality 7, we have to include thgaéency threshold, which is a constraint of the model. This
inequality means that we can allow tHadgeCommyyhas a bigger execution time thantCompy, but considering
that these dierences should be less than the maximuntfficiency allowed by theféiciency threshold. In this case,
we have included a second restriction that defines this sicefizy. 8), where theficiency value of the system must
be around 100% due to the communication being overlappedimpatation.

K™D s Max(A(pw) * Cpt) <= (K - 2)"  Cpt) 8

Then, we have to calculate the valuekoffrom inequality 7, which represents the conditions of oujeotives.
This is performed makingthis inequality 7 equal to zerohwiite aim of obtaining an equation of first, second, third
degree depending on the dimension of the SPMD applicatiegs g). Once we have solved the equation according
to the degree of the application and we have obtained the wlk, we have to evaluate the possible solution&of
using the inequalities 7 and 8 with the objective of validgtihat the values found accomplish the constraints defined
in the model.

(K — 2« Cpt) — (KO « Max(d(gym * CPp1)) = 0 (©)

Until this point, we can calculate the ideal ST size usinggfeation 3. Subsequently, we need to know the ideal
number of coredcores that allows us to have maximum speedup under a defiffeieamcy. In this case, we divide
the problem size defined &4" and we divide between the" that represents the ideal size of the ST (Eq. 10). This
number of cores determines the inflection point until thdiapfion has a strong scalability with a definetigency.

Ncores = M"/K" (10)

In the case of weak scalability, we have to increase the prolsize using the same proportion of the ST in order
to maintain the execution time constant. This incrementhlEmachieved using equation 10, where the problem size
can be increased using tiNeore variable and a fiX value (Eq. 11).

M = VNcores = K (11)

K = v/M®/Ncores (12)

Finally, we can determine the theoretical behavior of th&#1BRapplication for a lower number of cores that the
optimal calculated with our model and predict its behaviuation 12 calculates the new valuesofor a different
number of core given with the objective of determining theaxion time (Eg. 2) and calculating the speedup and
efficiency for these values. This calculation is possible dubealeterministic behavior of SPMD applications.

4.3. Mapping phase

Once the distribution model has been analyzed, the nextstepnap the ST into the multi-core architecture. For
this reason, the ST assignations are made applying a ffan#gyawhich allows us to allocate a set of tiles according
to the policy of minimizing the communications latenciesislcore #inity permits us to determine where the MPI
processes have to be allocated and how the STs have to beestigeach core. However, the ST assignations should
maintain the initial allocation used in the character@atphase, as was explained before.

The mapping phase is divided in four key points (Figure 8k fitst one determines the number of MPI processes
using the number of cores obtained on the model. Next, adbgiocess distribution of these MPI processes, where
this logical process distribution allows the applicatioridentify the neighbor communications. This is done using a
Cartesian topology of the processes that gives two codielina a grid distribution to each process. These two coor-
dinates identify the cores, in which the processes have tllbeated. Moreover, we can coordinate the scheduling
order with the objective of minimizing the saturation of {ivks. Figure 8 shows an example of distribution of MPI
processes using an application with four communicatiottepe and two dimensions. Each ST is assigned to its
respective core and we can detail that some ST may hav@esadit number of border communications, depending
on the allocation inside the logical distribution. We casoabbserve the communication times that depend on the
location of the ST within the multi-core architecture.
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Figure 8: Mapping of SPMD applications on multi-core

The third function of the mapping phase is to apply the cdiieity, where STs will be assigned to the execution
cores. This process is performed with the aim of associdtiegogical distribution and the physical multi-core
architecture. This process is beneficial in that SPMD appibios are mapped in a better manner according to the
machine characteristics, minimizing the communicatiogr$gymed using the slowest communication path.

The last part is the division and distribution of the STs itite architecture. Once the coordinates of the cores
are obtained, the mapping has to divide the tiles in orderaate the ST. This division is performed considering the
value ofK obtained by the analytical model. It is important to undamstthat an incorrect distribution of the tiles can
generate dierent application behaviors, as was explained before.

4.4. Scheduling phase

This scheduling phase is responsible for determining tieewion order and controlling the overlapping process.
In order to achieve anfigcient execution of SPMD applications, we have to determiireeetxecution order of tiles
respecting the conditions evaluated into the model. Inghisse, we have to assign a execution priority to each tile
that allows us to apply the overlapping strategy with the aimminimizing the communicationfiects.

The execution priority assignment is a process which allesv® identify the execution tile inside the application.
This process establishes the highest priorities for tilagckhv have communications through slower paths. These
assignments have the following policies: tiles with exéérrommunications are selected with priority 1 and these
edge tiles are saved in fiars with the aim of executing these tiles first (thes&drs are updated in all iterations).
The second assignation is made for internal tiles which aeglapped with the edge communications, these being
assigned with priority 2. These internal tiles are execwibille the edge communication are performed. An example
can be detailed in Figure 9, where the distinction betwetmial and edge tiles using the priorities can be evidenced.

Then, we can apply the overlapping strategy, which allowtousde the communicationfiects. In this sense,
Figure 9 illustrates the overlapping strategy applied whbe internal tiles computation and the edge tiles commu-
nication are performed at the same time. As can be detaildheifigure, the iteration of the SPMD application is
delimited by the slowest communication links. However, @nalytical model consider for the calculation the worst
case. The assignation of a ST to each core allows us to baddlireoacution cores.

Although some cores can presenffelient communication times, this does not mean that we haceltolate
one value oK to each core. On the contrary, we have to determine only dersthe worst case for the calculation.
This case will limit the iteration of the application. Thejettive of STs is that all core finish approximately at the
same time, allowing us to synchronize the execution. Foirtiementation of the overlapping process, we have
used two threads, one of them is to perform the internal ceatiom and the other is to manage the asynchronous
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Figure 9: Scheduling of SPMD applications on multi-core

communications. These threads are opened once the edgeitatioms have been computed and then are opened
until they finish the iteration.

5. Experimental Validation

In order to evaluate the analytical model and tieaiveness of the methodology when we are executing SPMD
applications on multi-core cluster, we validated usingedde multi-core environments and a set of parallel scientifi
applications designed using MPI. In this sense, our exparisnwere conducted on fourfidirent multi-core cluster
configurations. A summary of these cluster’s charactegstan be detailed in table 1. The first three were used to test
the dfectiveness of the method and the last Jurbplaster has been used to evaluate the maximum weak and strong
scalability under a definedtiiency.

Table 1: Multi-core Cluster Architecture

Cluster Nodes Cores/node Processor Type Memory Network
Cluster A 32 4 2xDual-Core 5150 Intel Xeon, 2.66GHz 4MB cache L2,12 GB RAM GigaEthernet
Cluster B 8 8 2xQuadCore E5430 Intel Xeon,2.66GHz 6MB shared L2 each 2 cores, 16GB RAM GigaEthernet
Cluster_C 8 2 Dual Core Processor 3800+ 2GHz 512KB cache L2, 2 GB RAM GigaEthernet
JUROPA 2208 8 2xQuad-Core X5570 Intel Xeon 2.93Ghz 8MB cache L2, 24 GB RAM Infiniband

In addition, this methodology has been validated withfeedent set of benchmarks and applications and for this
case the methodology has been validated using SPMD applisawith diferent communication patterns. The ap-
plications used to validate the method were a Heat Tranafare Equation, Laplace Equation for elliptical problems
and two fluid dynamics applications, which are all integdaite the MPlab suite (LL-2D-STD-MPI and ZSC-2D-
STD-MPI applications). The first three applications will bged to validate the methodology phases and the other
two applications will be employed to verify the combinatioetween scalability andféciency. Moreover, all these
applications accomplish the main characteristics defirefdrb (local, regular and static) and they integrate a four
bidirectional communication pattern.

5.1. Characterization phase evaluation

This characterization allows us to obtain real values eftiéxecuted on a specific multi-core architecture. In
this sense, Figures 10(a) , 10(b) and 10(c) illustrate th@icgiion’s analysis done in the characterization phase

4A large scale system located in the Julich SupercomputingeGeBermany, it was included on the top500 list position 10ine of 2009
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for three diferent applications which calculate the finitéfdience, heat transfer, Laplace and wave equation. The
characterization is mainly focused on finding the ratio fetwcomputation and communication of a tile inside the
multi-core architecture in order to apply the analyticaldaloto determine the ideal size of the ST. Under this focus,

figures 10(a), 10(b) and 10(c) show the behavior of a tile aynve diferent communication paths and the tile
computation in each cluster.
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Figure 10: Computation and communication time of a tile dfedént multi-core clusters.

As we can observe, these times have variations dependirgeaniusters’ composition and the application objec-
tive. These dferences enable us to design strategies for allocating reseand permit us to eliminate the delays
generated by tiles communication for improving the appiicaefficiency. We can also find fierent cluster compo-
sitions that can present diverse communication architestu~or example, clustd has four communication links,
while ClusterC has 2 communication links. The number of paths dependseomttiti-core architecture itself.

Once we have detected the communication paths and theysjelee have to find the execution time of a tile
in the multi-core architecture. This value is found usingefirted problem size but usingffirent number of cores.
Consequently, the number of tiles by core (ST) decrease wheare increasing the number of cores. This analysis is
done in order to evaluate the impact of the cacffiects on the execution time of a tile. As we can detailed in féigu
10(d), the computation time was measured for all applioatiasing a defined problem of 9500x9500 on Clugter
using from 2 until 32 cores. We can also observe thi&inces between tiles are very small with a standard dewiati
of around 8.5 E-11 Sec. This number is very low fteet the computation time and the precision of the model. For
this reason, we have calculated the computational timegubim mean of these executions and for this specific case
we obtained a value for a tile of 2.105 E-8, which is the valsediin the model for the calculation. It is important to
remark that this characterization process is done only,omcite the application has not been modified.
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Table 2: Tile Distribution Model

Application Problem Size | Desired Effic (%) Cpt (Sec) CommT (Sec) A K Ncores Cluster
Laplace Equation 6250x6250 80% 4.2E78 4.06E° 966.6 777 64 Cluster_A
LL-2D-STD-MPT 1950x1950 95% 2.41E77 6.07E° 251.8 243 64 Cluster A
Heat Transfer 9500x9500 85Y% 21E® 5.85E° 2785.7 | 2372 16 Cluster B
Wave Equation 1100x1100 90% 12567 5.31E° 424.8 386 8 Cluster_C

5.2. Tiledistribution model calculation

A summary of the characterization process is shown in tapleh2re the characterization values of computation
(Cpt) and slowest communication (Commt) time of a tile, peabsize, desiredfciency are illustrated. Then, we
have to calculate the ideal size of the ST and the ideal nuoflmare that allow us to achieve the maximum speedup
with a defined ficiency®. In this sense, we can observe in table 2 the theoreticabsadbtained for botiK and
NCores, where the possible solution of K and Ncores represent tinémaim value that maintain thefeiency over
the defined threshold. This solution is evaluated in ordextti@ain the overlap grade between internal computation
and edge communication time. Both times have to be as clogsesatble with the objective of obtaining an ideal. At
this point we can calculate the theoretical computatioretfor the application and we can also start to understand
how the application can grow in order to maintain the perfamoe.

5.3. Performance analysis. Efficiency and Speedup

To develop our performance analysis, we executed SPMD agtigihs but making a comparison between the
theoretical value obtained with the model and the real ei@tsi for both applications with and without using our
methodology. An example is illustrated in Figure 11(b), vehe@e can observe théfiiency behavior of a heat transfer
application executed with 100 iterations on CludBeThis Figure 11(b) illustrates a considerable improveimen
terms of dficiency of around 39.72 % in the ideal point calculated. Thipriovement is calculated dividing the
efficiency obtained using thefeiency valued obtained with the method between the apitatficiency obtained
without applying the method. This improvement is obtaindetwwe use the ideal number of cores obtained by our
model and applying the methodology (see table 2).

Another important aspect to highlight is the error rate. His tsense, the error rate is lower than 3% between
the dficiency obtained and the theoreticéiigiency defined. This value is achieved when we execute wéhdbal
number of cores calculated through the proposed modell&8IyiFigure 11(a) shows the behavior dfieiency and
speedup of a benchmark of the mplab suite LL-2S-STD-MPI erCilusterA. In this case, the error rate is lower than
2% for the ideal point. Similarly, Figure 11(c) shows the &ébr of a Wave application on Clust€. The number
of cores that make a tradé@detween the faiciency and maximum speedup is the number of core calculatelled
model with an error rate of 4.9%.

In addition, we can detail in Figures 11(a), 11(b) and 11fa} performance deteriorates considerably after the
point calculated by our model in the version using our methoall Figure, we can also observe the behavior of the
application using dierent number of core before and after of the ideal poirk ofThese points can be calculated
using the equation 12, where we have to insert a specific nuoflimres and the problem si2éd. At the end, the
model will return theK value for this specific scenario and then the execution time.

In this case, we can predict due to the fact that the appticditehaves as a computation bound behavior. However
after the ideal point calculated with the model, the edgeroamication time begins tofiect considerably. Con-
sequently, we lose the determinist level inside the apitinadue to the communication congestion. In this sense,
performance after the ideal point will worsen and we cannedigt after that point. As we can observe in all cases, we
have achieved our main objective of finding the maximum speethile the diciency is maintained over a defined
efficiency threshold.

5.4. Strong and weak scalability evaluation

The results presented in this subsection are related togsand weak scalability. In the first case (strong scal-
ability), we maintain the problem size as fixed and we inasethe number of cores. In this case, the speedup has

5The problem size used in table 2 were selected in order to &anteger value for the number of core and also consideringitteeof the
multi-core architecture that we used to test the model
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to grow roughly linear. For this test, we have used a big elustlled Juropa and two applications from the suite
mplabs LL-2D-STD-MPI and ZSC-2D-STD-MPI. Both versiong &wvo dimensional problems and they accomplish
the characteristics defined as local, regular and static.
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Figure 11: Performance Analysis of SPMD applications on Mudte clusters

However, these applications have to be analyzed carefulitathe LL-2D-STD-MPI being integrated by 3 main
modules: prestream, stream and poststream. However,dhpbeations have a behavior which can be found in many
real applications where the exchanging areas (where thieothetan be applied) could be portions of the complete
application. In this case, we will only measure the impact mmprovements of these computational segments.

Hence, the prestream and poststream are computationdoactivhere they do not have any communication.
However, the stream part integrates the communicationasmgihg process between neighboring tiles. An example
of this decomposition is illustrated in Figure 12(a), whese can observe the impact of each function and thece
over the execution time. This example shows the relatignfri a defined problem size of 2000x2000 using 1000
iterations (size that will be used for both applicationsk @an be detailed, the functions prestream and poststream
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Figure 12: LL-2D-STD-MPI application characterization duropa cluster

maintain the same proportion of the execution time, whikestream begins to increase due to the communications
effects. The communication starts to introduce a strong impaatthe execution. The communication in this case is
around 53% of the total execution time when we are using ni@e 256 cores (Figure 12(b)).
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Figure 13: ZSC-2D-STD-MPI application characterizationJorropa cluster

Another example is illustrated in Figure 13, where the ZSESTD-MPI application is analyzed, which inte-
grates two exchanging functions called collision and stréeigure 13(a)). Both functions increase theffioéency,
while the number of cores is increased due to its commumwicstéxchanges. In this case, the impact of communi-
cation is increased while the number of cores is expandefi(€i13(b)), where half of the time, the application is
communicating when executing with 256 cores.

Table 3: Characterization and Tile Distribution Model

Application Problem Size | Desired Effic (%) Cpt (Sec) CommT (Sec) | A K Ncores Cluster
LL-2D-STD-MPI 7200x7200 90% 158E~7 551E~° 348.73 | 318 | 513 Juropa
ZSC-2D-STD-MPI | 7016x7015 95% 1247 197E° 168.87 | 155 | 2048 Juropa

As we can observe, these SPMD applications have the exatgabghavior in which we can apply partially our
method. For this reason, we have characterized the apphicatd we have defined a problem size in order to evaluate
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Figure 14: Strong scalability analysis

strong scalability. A summary of the characterization drelvalues obtained on the model can be found in table 3,
where we can see the value of computational and communicétie of a tile. Using these values, we have analyzed
the scalability and ficiency of both applications. These have been performediatiag the speedup andiieiency
parameters using and not using our method, with the aim dfiatiag the improvements obtained using our method.
We also calculated the theoretical behavior of applicatiaocording to the overlapping strategy between internal
computation and the edge communication defined in our method
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Figure 15: Weak scalability analysis

Then, we have selected a problem size and we have defindii@arey threshold. Both values can be detailed in
table 3 and are used to calculate the ideal number of corethandeal K size, which make the tradébetween the
efficiency and speedup. Two examples are shown in Figure 14da)4(b), where we have defined a problem size fix
and we have increased the number of cores. In this case, wabsarve that the best tradebetween ficiency and
speedup are close to the point calculated through the mdtlebw error rate lower than 4% for both applications.

Another analysis is carried out using the weak scalabilityoept, in which we expand the problem size and the
number of cores maintaining the execution time constanthilisense, we have considered the initial value for the
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LL-2D-STD-MPI application (table 3). In this case, the ithealue of the ST is 318squared. Therefore, if we wish to
obtain a constant execution time when we increase the nuailoeres and the problem size, we have to create the
same amount of ST as execution cores in order to assign onerbge and also, each ST has maintained the same
size calculated through the model, with the aim of maintajrthe overlapping strategy and thus, we can maintain
the performance of the system. Then, Figure 15 shows an dgarhimcreasing the problem size and the number of
cores proportionally to the ST size and the results illustrew the execution time is approximately maintained with
a small error with the worst case of 5%. This is clearly denransd with the values of table in Figure 15. In this case,
the dficiency ranges between /) 4% of the dficiency threshold defined, depending on the number of cor use

is important to remark that for this analysis we have growtthe problem size using two directions X and Y. This is
because we have to create a logical MPI process mesh as wamexrn the mapping step. In this sense, DivX and
DivY define the number of process in dimension X and Y and tileblem size has to be increased considering these
two values and also the ST size.

As can be detailed in this experimental validation, our radtban address the two initial targets of finding the
ideal number of core that make a trafidzetween #&iciency and speedup, and also, we can find the ideal ST which
has to be used in order to increase the problem size and rimaihéaapplication performance. This phenomenon is
motivated by the fact that the ST is created under the coreide of the overlapping strategy and the main objective
of this strategy is to hide thefects of communications and therefore increase the perfurenaf the application. It
is possible to apply this method due to the deterministi@ln of the SPMD applications.

6. Conclusion and Open lines

This paper has presented a methodology fhicient execution of SPMD application on multi-core clustBnis
method is based on characterization, tile distribution ehoshapping strategy and scheduling policy. Our method-
ology is focused on determining the ideal number of tiledyditally, which have to be assigned to each ST, and
it also determines the ideal number of core which maintaieseixecution #iciency. This is performed using an
efficient way to manage the hierarchical communication archite presented on multi-core clusters. This work also
addresses how we can combine tfiicency and the strong and weak scalability in parallel agpions. In this sense,
using our method, we can observe how the SPMD applicatiotisseime specific characteristics can behave with a
specific problem size while the number of cores is increnteniéis is the main purpose of finding the maximum
point that allows the SPMD application to scale linearly. tbe other hand, if the problem size is increased according
to the relationship of the ST, we can maintain a linear speedhen the numbers of cores are increased.

This methodology allows us to execute SPMD applicatidfisiently on multi-core clusters and this has been
validated with the experimental evaluations. The SPMD igppbn speedups reached the maximum level when the
application dficiencies were around a defined threshold. Experimentaliatrah makes it clear that in order to
achieve a better performance in SPMD applications, we haveanage the communication heterogeneities. For
this reason, our methodology evaluates the environmeotigitir the characterization phase and we apply our model
with real values of the multi-core architecture. Then, thepping manages the set of tiles necessary for each core
according to the communication links and these tiles ar&léd/into internal and edge tiles. Then, the scheduling
allows us to design an overlapping method where interresd eire overlapped with edge communication and using a
tile execution priority method.

Finally, the examples described in the performance evialusiave shown that using the ST size and the number
of core obtained through the analytical model, we can olitermaximum strong scalability point with a small error
which can vary betweent(-) 5% depending on the SPMD application tested and the roatt-system used. More-
over, the weak scalability analysis has demonstratedftigt increase the problem size according to the relationship
of the ST size, we can maintain thieiency and speedup conditions. In this sense, the weakodldglallows us to
determine the ideal problem size for a specific number ofs;dhat is, our method seeks that the application can be
adapted as well as possible to the parallel environmenttivitfaim of obtaining a linear scalability.

The next open lines to this method are addressed in two @ire;tin adapting the method to execute in het-
erogeneous computation multi-core clusters and the seapptbach will be focused on the execution of SPMD
applications #iciently on a Graphics processing Unit (GPU).
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¢ A method for efficient execution on Multicore cluster is presented.

¢ The method combines efficiency and speedup in order to improve the performance execution on multi-core
clusters.

¢ A mapping and a scheduling techniques are proposed in order to improve the efficiency and speedup.

* The method finds the maximum strong and weak scalability point with error rates lower than 5%.

¢ Considerable improvements are achieved using the method on large scale systems.



