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Abstract. Most HPC systems are clusters of shared memory nodes.
Parallel programming must combine the distributed memory paralleliza-
tion on the node inter-connect with the shared memory parallelization
inside of eadh node. The hybrid MPI+Op enMP programming model
is compared with pure MPI, compiler based parallelization, and other
parallel programming models on hybrid architectures. The paper fo-
cuseson bandwidth and latency aspects, but also whether programming
paradigms can separate the optimization of communication and compu-
tation. Benchmark results are preserted for hybrid and pure MPI com-
munication.
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1 Motiv ation

The hybrid MPI+Op enMP programming model on clusters of SMP nodes is
already usedin many applications, but often there is only a small benet as,
e.g., reported with the climate model calculations of one of the Gordon Bell
Prize nalists at SC 2001[12], or sometimeslossesare reported comparedto the
pure MPI model, e.g., as showvn with an discrete elemert modeling algorithm in
[10]. In the hybrid model, eadh SMP node is executing one multi-threaded MPI
processWith pure MPI programming, eat processorexecutesa single-threaded
MPI processi.e., the cluster of SMP nodesis treated asa large MPP (massiwely
parallel processing)system.

One of the major drawbadks of the hybrid MPI-Op enMP programming model
is basedon a very simple usageof this hybrid approach: If the MPI routines are
invoked only outside of parallel regions,all threads exceptthe master thread are
sleepingwhile the MPI routines are executed.
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This paper will discussthis phenomenonand other hybrid MPI-Op enMP
programming strategies.In Sect.2, an overview on hybrid programming models
is given. Sect.3 shows di erent methods to combine MPI and OpenMP. Further
rules on hybrid programming are discussedin Sect.4, and pure MPI on hybrid
architectures in Sect.5. Sect.6 preseris benchmark results of the communica-
tion in both models. Sect.7 comparesthe MPI basedprogramming models with
compiler basedparallelization.

2 Programming Mo dels on Hybrid Arc hitectures

The available programming models depend on the type of cluster hardware. If
the node interconnect allows cache-coheren or non-cade-coherem non-uniform
memory access(ccNUMA and nccNUMA), i.e., if the memory accessinside
of eadh SMP node and acrossthe cluster interconnect is implemented by the
sameinstructions, then one can use programming models which need a shared
memory accessacrossthe whole cluster. This includes OpenMP on the whole
cluster, usageof nested parallelism inside of OpenMP, but also OpenMP with
cluster extensionsthat are primarily basedon a rst touch medanism [9] or
on data distribution extensions[13]. These cluster extensionsmay also bene t
from the availabilit y of software basedsharedvirtual memory (SVM) [3,22,23].
At NASA/Ames, a hybrid approach was dewveloped. The parallelization is or-
ganizedin two levels: The upper level is processbased,and in the lower level
ead processis multi-threaded with OpenMP. The processesare using a For-
tran wrapper around the SystemV shared memory module shm that allows to
fork the processesto initialize a sharedmemory segmer, to assaiate portions
of this segmen with Cray pointer basedarray in eadh process,and to make a
barrier synchronization over all processesThis systemis named as Multi Level
Parallelism (MLP) and it allows very exible, dynamic and simple way of load
balancing: At ead start of a parallel regioninside of eadh MLP processthe num-
ber of threads, i.e., the number of used CPUs, may be adapted [6]. Although
MLP is a proprietary method of NASA/Ames, the programming style basedon
shmis non-proprietary.

If the node interconnect requires di erent methods for accessinglocal and
cluster-wide memory, but if there are remote direct memory access(RDMA)
methods available, i.e., if one node can accesghe memory of another node with-
out interaction of a CPU on that node, then further programming methods
are available: Such systemscan be programmed with Co-Array Fortran [18] or
Unied Parallel C (UPC) [5,7]. In Co-Array Fortran, the accessto an array of
another processor thread is done by using an additional trailing array subscript
in squarebrackets addressingthat processor thread. Both languageextensions
can also be usedto program clusters of SMP nodes, becausethey neither add
a messagepassing overhead nor the overhead of additional copies.A key issue
for a more widespread usageof UPC and Co-Array Fortran is the availabilit y
of (portable) compiling systemsfor a wide range of platforms with a clear de-
velopmen path to achieve an optimal performance,asit was presened for MPI
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by the early MPICH implementation [8]. Another approac to usethe RDMA
hardware is basedon one-sidedcommunication, e.g.,in Cray's shmemlibrary or
in MPI-2 [15]. Theselibrary-based methods allow to store (fetch) data to (from)
the memory of another processin a SPMD ervironment. The shmemlibrary was
ported by many vendorsto their systems.All programming models available for
RDMA-class node-interconnect are also usable on NUMA-class interconnects.

The third classof hardware supports neither NUMA accessior RDMA. Only
pure messagepassingis available on the node-interconnect. Programming mod-
els designedfor this classof hardware have the major advantage that they are
applicableto all other already mertioned classesThis paper focuseson this type
of hardware. The commonly acceptedstandard for messageassingbetweenthe
nodesis the MessagePassingInterface (MPI) [14,15]. The major programming
styles are pure MPI, i.e., the MPP model that usesead CPU for one MPI
process,and hybrid models, e.g., MPI on the node-interconnect and OpenMP
or automatic or semi-automatic compiler basedthread-parallelization inside of
ead SMP node. Inside of each node mainly two dierent SMP parallelization
strategiesare used:(a) A coarse-grainSPMD-style parallelization similar to the
work distribution between the processesn a messagepassing program is ap-
plied; this method allows a similar computational e ciency as with the pure
MPI parallelization; the e ciency of the communication is a major factor in the
comparison of this hybrid approach with the pure MPI solution. The presert
paper is focused on the communication aspects. (b) A ne-grained SMP par-
allelization is done in an incremental e ort of parallelizing loops inside of the
MPI processesThe e ciency of such hybrid solution dependson both, the ef-
ciency of the computation (Amdahl's law must be consideredon both levels
of parallelization) and of the communication, as shown in [4] for the NAS par-
allel benchmarks. Di erent SMP parallelization strategiesin the hybrid model
are also studied in [24]. High Performance Fortran (HPF) is also available on
clusters of SMPs. In [2], HPF basedon hybrid MPI+Op enMP is comparedwith
pure MPI.

3 MPI and Thread-Based Parallelization

The combination of MPI and thread-basedparallelization wasalready addressed
by the MPI-2 Forum in Sect.8.7 MPI and Threads in [15]. For hybrid pro-
gramming, the MPI-1 routine MPI _Init() should be substituted by a call to
MPI _Init _threads() which hasthe input argument namedrequired to de ne which
thread-support the application requestsfrom the MPI library, and the output ar-
gumert provided which is usedby the MPI library to tell the application which
thread-support is available. MPI libraries may support the following thread-
categories(higher categoriesare supersetsof all lower ones):

MPI _.THREAD _SINGLE { No thread-support.

MPI _THREAD _FUNNELED { Only the masterthread is allowedto call
MPI routines. The other threads may run other application codewhile the master
thread calls an MPI routine.
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MPI _-THREAD _SERIALIZED { Multiple threads may make MPI-calls,
but only onethread may executean MPI routine at a time.

MPI _-THREAD _MUL TIPLE { Multiple threads may call MPI without
any restrictions.

The constarts MPI _THREADS _... are monotonically increasing.

BetweenMPI _THREAD _SINGLE and FUNNELED, there are intermediate
levels of thread support, not yet addressedby the standard:

Tla { The MPI processmay be multi-threaded but only the master thread
may call MPI routines AND only while the other threads do not exist, i.e.,
parallel threads created by a parallel region must be destroyed before an MPI
routine is called. An MPI library supporting this class(and not more) must also
return provided=MPI _“THREAD _SINGLE (i.e., no thread-support) becauseof
the lack of this de nition in the MPI-2 standard®.

T1lb { The de nition T1la is relaxed in the sensethat more than one thread
may exist during the call of MPI routines, but all threads except the master
thread must sleep,i.e., must be blocked in someOpenMP syndhronization. As
in Tl1a, an MPI library supporting T1b but not more must also return pro-
vided=MP| _THREAD _SINGLE.

Usually, the application cannot distinguish whether an OpenMP basedparal-
lelization or an automatic parallelization needsT1a or T1b to allow callsto MPI
routines outside of OpenMP parallel regions, becauseit is not de ned, whether
at the end of a parallel region the team of threads is sleepingor is destroyed.
And usually, this category is chosen,when the MPI routines are called outside
of parallel regions. Therefore, one should summarizethe casesTla and T1b to
only one case:

T1 { The MPI processmay be multi-threaded but only the master thread
may call MPI routines AND only outside of parallel regions(in caseof OpenMP)
or outside of parallelized code (if automatic parallelization is used). We de ne
herean additional constat THREAD _MASTER ONL Y with avaluebetween
MPI _THREAD _SINGLE and MPI _THREAD _FUNNELED.

4 Rules with hybrid programming

THREAD _-MASTER ONLY de nes the most simple hybrid programming model
with MPI and OpenMP, becauseMPI routines may be called only outside of
parallel regions. The new cache coherencerules in OpenMP 2.0 guarantee that
the outcome of an MPI routine is visible to all threads in a subsequenh parallel
region, and that the outcome of all threads of a parallel region is visible to a
subsequeh MPI routine.

The programming model behind MPI _THREAD _FUNNELED canbeachieved
by surrounding the call to the MPI routine with the OMP MASTER and OMP
END MASTER directivesinside of a parallel region. One must be very careful,
becauseOMP MASTER doesnot imply an automatic barrier synchronization

% This may be solved in the revision 2.1 of the MPI standard.



Communication and Optimization Aspects ... on Hybrid Architectures 5

or an automatic cache ush neither at the entry to nor at the exit from the
master section. If the application wants to senddata computed in the previous
parallel region or wants to receive data into a bu er that was also usedin the
previous parallel region (e.g., to usethe data received in the previous iteration),
then a barrier with implied cache ush is necessaryprior to calling the MPI
routine, i.e., prior to the master section. If the data or bu er is alsousedin the
parallel region after the exit of the MPI routine and its master section, then also
a barrier is necessaryafter the exit of the master section. If both barriers must
be done, then while the master thread is executing the MPI routine, all other
threads are sleeping,i.e., we are going back to the caseT1b.

The rules of MPI _THREAD _SERIALIZED can be achieved by using the
OMP SINGLE directive, which has an implied barrier only at the exit (unless
NOWAIT is speci ed). Hereagain, the sameproblemsaswith FUNNELED must
be taken into accourt.

These problems with  FUNNELED and SERIALIZED arise, becausethe
communication must be funneled from all threads to one thread (an arbitrary
thread with OMP SINGLE, and the master thread with OMP MASTER). Only
MPI_THREAD _MULTIPLE allows a direct messagepassingfrom ead thread
in one node to ead thread in another node.

Basedon thesereasonsand becauseTHREAD _.MASTER ONLY is available
on nearly all clusters, often, hybrid and portable parallelization is using only this
parallelization scheme.This paper will evaluate this hybrid model by comparing
it with the non-hybrid pure MPI model described in the next section.

5 Pure MPI on hybrid architectures

Using a pure MPI model, the cluster must be viewed asa hybrid communication
network with typically fast communication paths inside of eadh SMP node and
slower paths betweenthe nodes. It is important to implement a good mapping
of the communication paths used by application to the hybrid communication
network of the cluster. The MPI standard de nes virtual topologies for this
purpose, but the optimization algorithm isn't yet implemented in most MPI
implemenrtations. Therefore, in most cases,it is important to choose a good
ranking in MPI_COMM WORLD. E.g., on a Hitachi SR8000,the MPI library
allowstwo di erent ranking schemes,round robin (ranks 0, N, 2*N, ... on node O;
ranks 1, N+1, 2*N+1, ... onnode 1, ...; with N=n umber of hodes)and sequetial
(rank 0{7 on node 0, ranks 8{15 on node 1, ...), and the userhasto decidewhich
schememay t better to the communication needsof his application.

The pure MPI programming model implies additional messageransfers due
to the higher number of MPI processesand higher number of boundaries. Let
us consider,for example,a 3-dimensionalcartesian domain decomposition. Each
domain may have to transfer boundary information to its neighbors in all six
cartesian directions ("# ! . %). Bringing this model on a cluster with 8-way
SMP nodes,on eac node, we should executethe domainsbelongingto a2 2 2
cube. Domain-to-domain communication occurs as node-to-node (inter-node)
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communication and asintra-node communication betweenthe domainsinside of
ead cube. Hereby, each domain has 3 neighbors inside the cube and 3 neighbors
outside, i.e., in the inter-node and the intra-node communication the amount
of transferred bytes should be equivalert. If we compare this pure MPI model
with a hybrid model, assumingthat the domains (in the pure MPI model) in
eadh 2 2 2 cube are combined to a super-domain in the hybrid model, then
the amount of data transferred on the node-interconnect should be the same
in both models. This implies that in the pure MPlI model, the total amourt
of transferred bytes (inter-node plus intra-node) will be twice the number of
bytes in the hybrid model. The sameratio is shown in the topology in Fig. 1. In
the symmetric case,the intra-node and inter-node communication hasthe same
transfer volume.

6 Benchmark Results

The following benchmark results will compare the communication behavior of
the hybrid MPI+Op enMP model with the pure MPI model that can be named
alsoasMPP-MPI model. Basedon the domain decomposition scenariodiscussed
in the last section, we comparethe bandwidth of both models and the ratio of
the total communication time presuming that in the pure MPI model, the to-
tal amount of transferred data is twice the amount in the hybrid model. The
benchmark was done on a Hitachi SR8000with 16 nodesfrom which 12 nodes
are available for MPI parallel applications. Each node has8 CPUs. The e ectiv e
communication bendhmark b_e is used[11,20]. It accurrulates the communi-
cation bandwidth values of the communication done by each MPI process.To
determine the bandwidth of eadt process,the maximum time neededby all
processess used, i.e., this benchmark models an application behavior, where
the node with the slowest communication cortrols the real execution time. To
compareboth models, we usethe following benchmark patterns:

{ b_e { the accunulated bandwidth average for sewral ring and random
patterns (this is the major benchmark pattern of the b_e bendmark);

{ 3D-cyclic { a 3-dimensionalcyclic communication pattern with 6 neighbors
for eadh MPI process(this is an additional pattern measuredby the b_e
bendmark);

With the following sub-options, we get 4 metrics (columns) in Table 1:

{ average{ the average bandwidth of 21 dierent messagesizes (8 byte {
8MB);
{ at Lmax { the bandwidth is measuredwith 8 MB messages.

For each metrics, the following rows are preserted in Tab.1:

{ bnyobria, the accunulated bandwidth b for the hybrid model measuredwith a
1-threaded MPI processon eat node (12 MPI processes),
{ and in parenthesesthe samebandwidth per node,
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b_e b_e |[3D-cyclic|3D-cyclic

(avg.)|at Lmax|(average) at Lmax
Bhy brid [MB/s] | 1535| 5565 1604 5638
(per node) [MB/s] | (128)| (464) (134) (470)
bvpp [MB/s] | 5299| 16624 | 5000 18458
(per process) [MB/s] | (55) | (173) (52) (292)
bvpp=hyoria (measured) 3.45| 2.99 3.12 3.27
SM PP =Shy brid (assumed) 2 2 2 2
Thyoria =Tm pp (concluding) | 1.73 | 1.49 1.56 1.64

Table 1. Comparing the hybrid and the MPP communication needs.

MPI+OpenMP: pure MPI: Hitachi
only vertical  vertical AND horizontal messages | SR8000
(_)H

NANNANNAN
FXXXXXXxx>:

8 nodes
MPI_Sendrecv

intra-node
8+8+*1MB:
20ms

T

hybrid: 19.2 ms pure MPI: ¥=11.6 ms

Fig. 1. Parallel communication in a cartesian topology.

{ bupp, the accumulated bandwidth for the pure MPI model (96 MPI pro-
cessewith sequettial ranking in MPI_COMM _WORLD),

{ and in parenthesesthe samebandwidth per process,

{ bwpp=hyurid, the ratio of accunulated MPP bandwidth and accurnulated
hybrid bandwidth,

{ Thyoria=Tmpp, the ratio of executiontimes T, assumingthat total sizes of
the transferred data in the pure MPI model is twice of the sizein the hybrid
model, i.e., Smpp =Shybria = 2, asshown in Sect.5. For this calculation, it is
assumedthat the measuredbandwidth values are approximately valid also
for doubled messagesizes.

Note that this comparisonwas donewith no special optimized topology map-
ping in the pure MPI model. The result shavsthat the pure MPI communication
model is faster than the communication in the hybrid model. There are at least
two reasons:(1) In the hybrid model, all communication was done by the mas-
ter thread while the other threads were inactive; (2) One thread is not able to
saturate the total inter-node bandwidth that is available for eac node.

Figure 1 shows a similar experimert. In the hybrid MPI+Op enMP commu-
nication scheme,only the left thread sendsinter-node messagesTherefore, the



8 R. Rabenseifner, G. Wellein (EW OMP 2002, Sep.18{20, Roma, Italy)

100 2
—&— T_hybrid (size*8)
—8—T_pure MP!: inter+intra
'g‘ 10+ —A—T_pure MPL inter-node | T
© —0— T_pure MPI: intra-node
£
B B et
ko)
2 512 2048
I N~ 2 N S/ Ny Message size [kB- -
=
o1r--—--—-®F--——-— e N __]
044 - _
1 —K—T_hybrid / T_pureMPI (inter+intra node)
0,01 T T T T T T T 02+~ -
0,125 05 2 8 32 128 512 2048 0

Message size [kB]

Fig. 2. Benchmark results comparing hybrid MIP+Op enMP with pure MPI.

messagesize is 8 times the sizeusedin the pure MPI scheme.Here, each CPU
communicatesin the vertical (inter-node) and horizontal (intra-node) direction.
The total communication time with the hybrid model (19.2ms) is 66% greater
than with the pure MPI communication (11.6ms), although with pure MPI, the
total amount of transferred data is doubled due to the additional intra-node
communication. Figure 2 shavs the measuredtransfer time for several message
sizes(left diagram) and the ratio of the transfer time in the hybrid model to
the transfer time of inter-node plus intra-node communication (right diagram).
Note that for the hybrid measuremets, the messagesize must re ect that the
inter-node data exchange of all threads is communicated by the master thread,
and therefore, the messagesize is chosen 8 times larger, i.e., it rangesfrom 1
kB to 16 GB. The diagrams shaw that for messagesizesgreater than 32 kB,
the pure MPI model is faster than the hybrid model in this experiment. With
smaller messagesizes,the ratio Thybrid =Tpur em p1 depends mainly on the laten-
cies of the underlying protocolsthat may dier due to the larger messagesizes
in the hybrid model.

A similar communication behavior can be expected on other platforms if the
inter-mode network cannot be saturated by a single processolin eadh SMP node.
This can be true, becausethe accessto the network is bound to seweral CPUs
in a SMP node, or becauseinternal local MPI copying (e.g., from user spaceto
a systembu er) cannot be overlapped with the real inter-node communication.
E.g., on the Earth Simulator, the inter-node network can be saturated by one
thread only, if the application bu ers are located in the global memory by the
application: 11.76 GB/s inter-node ping-pong MPI bandwidth are reported in
[26]; the maximum rate of the link from eadh SMP node to the crossbarswitch
is 12.3 GB/s. If the application bu ers are not allocated in the global memory,
then additional copying betweenlocal and global memory must be executedand
the single-thread inter-node bandwidth is reducedto about 60% of the global
memory inter-node ping-pong bandwidth. In this case,only the parallel usage
of multiple threads (with hybrid MPI+Op enMP) or processegpure MPI) can
saturated the inter-node network.
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The shown ratio of hybrid to pure MPI transfer time may be a major reason
when an application is running faster in the pure MPI model than in the hybrid
model.

7 Comparison

The comparisonin this paper focuseson bandwidth and latency aspects,i.e., how
to achieve a major percertage of the physical inter-node network bandwidth with
various parallel programming models.

7.1 Hybrid MPI+Op enMP versus pure MPI

Although the benchmark results in the last section shav advantagesof the pure
MPI model, there are also advantagesof the hybrid model. In the hybrid model
there is no communication overheadinside of a node. The messagesize of the
boundary information of one processmay be larger (although the total amount
of communication data is reduced). This reduceslatency based overheadsin
the inter-node communication. The number of MPI processess reduced. This
may causea better speedup based on Amdahl's law and may causea faster
convergenceif, e.g., the parallel implementation of a multigrid numeric is only
computed on a partial grid. To reduce the MPI overhead by communicating
only through one thread, the MPI communication routines should be relieved
by unnecessarylocal work, e.g., concatenation of data should be better done
by copying the data to a scratch bu er with a thread-parallelized loop, instead
of using derived MPI datatypes. MPI reduction operations can be split into
the inter-node communication part and the local reduction part by using user-
de ned operations, but a local thread-based parallelization of these operations
may causeproblems becausethese threads are running while an MPI routine
may communicate.

Hybrid programming is often done in two dierent ways: (a) the domain
decomposition is used for the inter-node parallelization with MPI and also for
the intra-node parallelization with OpenMP, i.e., in both casesa coarsegrained
parallelization is used. (b) The intra-node parallelization is implemented as a
ne grained parallelization, e.g., mainly asloop parallelization. The secondcase
also allows automatic intra-node parallelization by the compiler, but Amdahl's
law must be consideredindependertly for both parallelizations.

7.2 Comparing hybrid MPI+Op enMP programming schemes

Now we want to compare three dierent hybrid programming schemes:In the
master only scheme, only the master thread communicates and only outside
of parallel regions. The computation is parallelized on all CPUs of an SMP
node and inside of parallel regions.In the funnele d scheme,the communication
on the master thread is done in parallel with the computation on the other
threads. For this, the application has to be restructured to allow the overlap
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of communication and computation. In the multiple sdeme, all threads may
communicate and compute in parallel. If the other application threads do not
sleepwhile the master thread is communicating with MPI then communication
time Thywrig in Tab. 1 courts only the eighth (a node has8 CPUs on the SR8000)
becauseonly oneinstead of 1 (active) plus 7 (idling) CPUs is communicating.
In this hybrid programming style, the factor Thywria=Tmpp must be reduced
to the eighth, i.e. from about 1.6 to about 0.2. This can be implemented by
dedicating one thread for communication and the other threads of a node for
computing, but alsowith full load balancingwith di erent mixes of computation
and communication on all threads.

Wellein et al. comparedin [25] the two hybrid programming schemesmas-
teronly (named vector-mode in [25]) and funneled (task-mode). They show that

the performance ratio = (llumeed o mive y 1 of fynneled (or multiple) to
T master only
masternly execution hasthe bounds1 2 2 1 if nis the number of

threads of each SMP node, and one thread is reserved for communication. In
general,m threads are reserved for communication. Tmaster only iS the wall-clock
executiontime with the masteronly programming scheme.lIt can be divided into
three fractions: f comm Tmaster only iS the communication time consumedby the
master threadr; f comp Tmaster only IS the wall-clock computation time, consumed
by all threads in parallel. Only parts of this fraction can be overlapped with
communication in the funneled or multiple scheme. For this, the computation
fraction must be devided into f comp;non  @nd f comp:ov eriap » @nd the sum is.

fcomm + fcomp;non + fcomp;ov erlap = 1 1)

In the funneled scheme,m = 1 thread is resened for communication andn m
threads are usedfor computation. In the multiple scheme m may be any value,
but based on the results in the last section, m should not be chosen larger
than the number of CPUs neededto saturate the communication network. The
natural lower bound for m is givenby mpyin, =  cormm . If weexpectno

fcompiov e lap *+ T comm

further overheadby usingthe multiple stchemeand if we expectthat the f comp;non
fraction is parallelized on all n threads, while f comp;ov erlap iS parallelized only
on the remaining n  m threads, the the executiontime is

1 n
Tmutiple = [f compnon + Max(f comm E;fcomp;ov erlap W)]Tmaster only (2

Therefore, the performanceratio is

n
n m

)i ®3)

— 1 .
= [f comp;non + max(f comm Eyfcomp;ov erlap

The best performanceratio can be achieved if all CPUs are busy with com-
munication or computation. In this caseboth terms in max(;) in (3) must be
equal,i.e.,

1 n

f —_ =1 . I
comm m comp;ov erlap n

(4)

m
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Then, = [fcompnon + fcomm %] 1 and with (4) and (1) the performanceratio
of the best caseis .
max = L+ ma H) 1 )
1+ fcomp;non m(1 ﬁ)
This bestratio can be achieved if f omm Ssatis es (4) or with (1), if
— . — 1
fcomm - fcomm;best L ﬁ(l fcomp;non ) (6)
m n
max IS an upper bound for , i.e., for any fractions fcomm . fcompnon , and
fcomp;ov erlap s
1+m@ % 1
o) gima 3 ™)
1+ fcomp;non m(1 ﬁ) n

If feomm > fcommbest @ndm  mpin then always the multiple schemeis better
than the mastemonly scheme,i.e., > 1.

The upper bound expressesthe chance of a performance win, if the load
balancing is done in a way that the rst thread(s) is (are) communicating and
computing and the other threads are only computing, and there is no idle time
due to a bad balancing.

On the other hand, what are the risks with the funneled and multiple scheme?
A performancelosscan emerge,if more threads are resened for communication
than needed,i.e., if these threads idle therefore. Then, the term - in (3)
reducesthe performance:

= [f comp;non + fcomp;ov erlap #] ! (8)

= [f comp;non + (1 fcomp;non fcomm )#] !

[f compnon + (1 fcompinon )5 ] !
=1 % =1 fcompnon % = min ()]

15

Both schemeshavethe sameperformance,i.e. = 1,if fcomm = fcommieq uiv :=
21 fcompnon ). The proof is directly basedon (8) and (1).

In reality, the performancewin may be worse, becausenormally the separa-
tion of the computational parts that can be overlappedwith the communication
from those computational parts that needsomeinformation from neighbor pro-
cessegausessomeoverhead. In the caseof vector processing,additional e ort
may be necessaryto achieve a long vector size in the funneled and multiple
programming scheme.

For example,if m = 1, n = 8, and fcompnon = 20%,then max = 1:60 (5)
is achived for f commpest = 43% (6). FOr f commeq uv = 10%, the performance of
both modelsare equal,i.e., = 1. And for smallerf ¢comm , the ratio can decrease
t0 min = 0:90 for feomm = 0% (9). Fig. 3 shows the performance ratio for
di erent parammeters.
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Fig. 3. The performance ratio plotted according Equation (3).

The basicprinciples asdiscussedn Fig. 3 alsohold for real world applications,
e.g. sparsematrix-v ector-multiplication (MVM) on SMP clusters. We selected
the hybrid parallel implementation of sparseMVM as described in Ref. [25]. Of
course, scalability of MVM strongly depends on the sparsity pattern, thus we
considerthe matrix represenation of the sewven point discretisation of the di er-
ertial operator on a three dimensional Cartesian grid (with periodic boundary
conditions). If the conversion of cartesian coordinates (fi; j; kg) to alinear index
| is de ned asfollows

fi,jkg ! I=i+(G 1) ni+(k 1) ni n (10)
(i=L::sn =L k=L nk)

and block-wise parallelisation using nproc MPI processess done along the k-
direction (n{fC = Nk=Npro¢), the communication schemeis independert of prob-
lem sizesand involvesnearestneighbour communication only. Most notably, we
can easily control the communication and computation costs as a function of
problem sizeand MPI processedor the mastemonly scheme:

fcomm Tmaster only = Xcomm N; nj (11)
— loc
fcompnon Tmaster only = XMvM:wmon  Ni  Nj Ny (12)
— loc
f comp:ov erlap Tmaster only = XM VM overlap Ni  Nj Ny (13)

In this approach only the dominant cortributions to the total computing time
are considered, with Xcomm represering the MPI communication costs and
XMV M:overlap (XmvM:non) Measuringthe (non{) overlapping part of the total
MVM computation time. Following equations (1){(3), the performanceration
can easily be calculated as a function of the problem size:

_ Xcomm * XM VM ;non nLOC + XM VM overlap nI?C (14)
- 1 .
XM V M ;non nI?C + max(7 Xcomm ; ﬁ XM V M ;overlap nI?C
Furthermore, for the sparsity pattern described above and the parallel MVM

implemenrtation asintroducedin [25] Xm v M ;non =Xm v M joverlap = 176 holds and
there is only one adjustable parameter (Xcomm =Xm v M overiap ) l€ft in Eq. (14).
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As atestcasewe xed n; = n; = 512 and varied nl at di erent number of
MPI processesij.e. the total communication cost remained constart while the
local workload per processwas changed. Performance measuremets of mas-
teronly schemeand multiple schemewere done with up to 64 SMP nodeson
the Hitachi SR8000-F1(n = 8;m = 1) at LRZ Munich. The corresponding per-
formance ratios are plotted in Fig. 4 as a function of local workload per node.
Consistert with Eq. (14) we nd at xed nl only a weak dependencewith
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Onge=4 Fig. 4. Performance ratio for sparse
16 | 32’"‘“2?6 J MVM algorithm: Measuremerts were per-
Anp.=64 formed with a maximum of Ny oc = 64
14t T Xeomn v overiap=4-67 1 Hitachi SR8000-F1 nodes (n = 8m =

1) using ni = nj = 512. The dotted
line is plotted according to Eq. (14) with
Xcomm =XM VM overlap = 4:67. The matrix
dimension of the sparsematrix usedin the
MVM step is given as follows: Dmat =
0 16 2 48 s 512 512 n®  Nnoge .

oc

the number of nodes used. Moreover, the complex interplay of communication
and computation costs as described above is recovered: The multiple scheme
is favored ( > 1) at low and intermediate local workloads, while a crosswer-
point 1 occurs around nl 32; for higher local workload the (xed)

communication cost is too small to be paid o by a separatethread spent for
communication. To comparethe measuremets in Fig. 4 with the performance
ratio as predicted by EQ. (14) Xcomm =XmM v M overlap = 4:67 has been chosen.
This choice xes the crosswerpoint = 1 at nj° = 32in Eq. (14) and repre-
serts a realistic number, €.9., Xcomm =XM v M overlap ~ 4:17 was estimated from
a proling run with nproc = 4 and Nl = 4. Although the total problem sizes
cover more than two orders of magnitude (D mat 1 10%:::;25 10°) as

nd a very good qualitative agreemen between the theoretical approach and
the measuremetts for the whole range of workloads. Regarding the maximum
performancegain achieved by the multiple mode, the theoretical approac gives
a good approximation for the position but overestimatesthe absolute value. At
this point, a description of communication and computation { going beyond
the simple approadh in Egs. (11){(13) { is required to improve the quartitativ e
agreemer.

7.3 MPI versus Compiler-based Parallelization

Now, we compare the MPI based models with the NUMA or RDMA based
models. To accessdata on another node with MPI, the data must be copied to
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Accessmethod|copiegremarks bandwidth b(messagesize)
2-sided MPI 2 linternal MPI buer by =(1+ 2Ja) eg,
+ application receive buer |[300MB/s / (1 + 3XMB=s 10 9
= 232MB/s
1-sided MPI 1 |application receive bu er sameformula,
but probably better by and Tia
Co-Array 1 |page basedtransfer extremely poor, if only
Fortran, parts of the page are needed
UPC, HPC, 0 |word based access 8 byte / Tt ,
OpenMP with e.g.,8byte / 0.33 s= 24 MB/s
cluster 0 [latency hiding with pre-fetch|b:
extensions 1 |latency hiding with bu ering |seel-sided communication

Table 2. Memory copiesfrom remote memory to local CPU register.

a local memory location (so called halo or shadon) by messagepassing, before
it can be loadedinto the CPU. Usually all necessarydata should be transferred
in onelarge messagdnstead of using seweral short messagesThen, the transfer
speedis dominated by the asymptotic bandwidth of the network, e.g.,asreported
for 3D-cyclic-Lmax in Tab.1 per node (470 MB/s) or per process(192 MB/s).
With NUMA or RDMA, the data canbeloadeddirectly from the remote memory
location into the CPU. This may imply short accessesi,e., the accesss latency
bound. Although the NUMA or RDMA latency is usually 10 times shorter than
the messagepassing latency, the total transfer speed may be worse. E.g., [6]
reports on a ccNUMA systema latency of 0.33{1 s, which implies a bandwidth
of only 8{24 MB/s for a 8 byte data. This e ect canbe eliminated if the compiler
has implemented a remote pre-fetching strategy as described in [16], but this
method is still not usedin all compilers.

The remote memory accesscan also be optimized by bu ering or pipelining
the data that must be transferred. This approach may be hard to automate, and
current OpenMP compiler researd already studies the bandwidth optimization
on SMP clusters [21], but it can be easily implemented as an directive-based
optimization technique: The application thread can de ne the (remote) data it
will usein the next simulation step and the compiled OpenMP code can pre-
fetch the whole remote part of the data with a bandwidth-optimized transfer
method. Table 2 summarizesthis comparison.

7.4 Parallelization and Compilation

Major advantagesof OpenMP basedprogramming are that the application can
be incrementaly parallelized and that one still has a single source for serial
and parallel compilation. On a cluster of SMPs, the major disadvantages are
that OpenMP has a at memory model and that it does not know bu ered
transfersto reach the asymptotic network bandwidth. But, asalready mertioned,
these problems can be solved by tiny additional directives, like the proposed
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migration and memory-pinning directivesin [9], and additional directives that
allow a cortiguous transfer of the whole boundary information between each
simulation step. Those directives are optimization featuresthat do not modify
the basic OpenMP model, as this would be done with directivesto de ne a
full HPF-lik e user-directed data distribution (as in [9,13]). Another lack in the
current OpenMP standard is the absenceof a strategy of combining automatic
parallelization with OpenMP parallelization, although this is implemerted in a
non-standardized way in nearly all OpenMP compilers. This problem can be
solved, e.g., by adding directivesto de ne scopeswhere the compiler is allowed
to automatically parallelize the code, e.g., similar to the parallel region, one can
de ne an auto-parallel region. Usual rules for nested parallelism can apply, i.e.,
a compiler can de ne that it cannot handle nested parallelism.

An OpenMP-basedparallel programming model for SMP-clusters should be
usable for both, ne grained loop parallelization, and coarse grained domain
decomposition. There should be a clear path from MPI to such an OpenMP
cluster programming model with a performancethat should not be worsethan
with pure MPI or hybrid MPI+Op enMP.

It is alsoimportant to have a good compilation strategy that allowsthe devel-
opmert of well optimizing compilers on any combination of processor,memory
accessand network hardware. The MPI basedapproades,especially the hybrid
MPI+Op enMP approad, clearly separateremote from local memory accesop-
timization. The remote accessis optimized by the MPI library, and the local
memory accessmust be improved by the compiler. Such separation is realized,
e.g.,in the NANOS project OpenMP compiler [1,17]. The separationof local and
remote accesoptimization may be more essetial than the chance of achieving
a zero-latency by remote pre-fetching (Tab.2) with direct compiler generated
instructions for remote data accessPre-fetching can also be done via macrosor
library callsin the input for the local (OpenMP) compiler.

8 Conclusion

For many parallel applications on hybrid systems,it is important to achieve
a high communication bandwidth between the processeson the node-to-node
inter-connect. On such architectures, the standard programming models of SMP
or MPP systemsdo not longer t well. The rules for hybrid MPI+Op enMP
programming and the benchmark results in this paper show that a hybrid ap-
proach is not automatically the bestsolution if the communication is funneled by
the master thread and long messagesizescan be used. The MPI basedparallel
programming models are still the major paradigm on HPC platforms. OpenMP
with further optimization features for clusters of SMPs and bandwidth based
data transfer on the node interconnect have a chanceto achieve a similar per-
formancetogether with an incremertal parallelization approac, but only if the
current SMP model is enhancedby featuresthat allow an optimization of the
total inter-nodetrac. Sameimportant is a strategy that allows independertly
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the optimization of the computation (e.g., choosing the best available compiler
for the processorand programming language) and the communication.
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