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Abstract

An MPI probling library is a standard mechanism for intercepting MPI calls by
applications. Probling libraries are sonamedbecausehey are commonly usedto gather
performancedata on MPI programs. Here we presen a probling library whosepurpose
is to detect user errors in the use of MPIOscollective operations. While some errors
can be detected locally (by a single process),other errors involving the consistency of
argumerts passedto MPI collective functions must be tested for in a collective fashion.
While the idea of using such a probling library doesnot originate here, we take the idea
further than it has beentaken before (we detect more errors, including those involving
datatype inconsistencies)and presert an open-sourcelibrary that can be usedwith any
MPI implementation. We describe the tests carried out, provide some details of the
implementation, illustrate the usageof the library, and presert performancetests.
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Introduct ion

One measureof the quality of a software systemis its ability to identify user errors at an
early stageand provide sulcien t information for the userto correct the error. To this end,
all high-quality implementations of the MessagePassing Interface (MPI) Standard [10, 4]
provide for runtime chedking of argumerts passedto MPI functions to ensurethat they
are appropriate and will not causethe function to behave unexpectedly or even causethe
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application to crash. The MPI collective operations, however, preseri a special problem:
they are called in a coordinated way by multiple processesand the Standard mandates
(and common senserequires) that the argumerts passedon ead processbe consistert with
the argumerts passedon the other processes.Perhapsthe simplest exampleis the caseof
MPLBcast:

MPI_Bcast(buff, count, datatype, root, communicator)

in which ead processmust passthe samevalue for root . In this case,OconsistetO means
Oiderical,O but more complex types of consistencyexist. No single processby itself can
detect inconsistency;the error ched itself must be a collective operation.

Fortunately, the MPI probling interface allows one to intercept MPI calls and carry
out sud a collective chedk before carrying out the OrealCrollective operation speciPedby
the application. In the caseof an error, the error can be reported in the way specibedby
the MPI Standard, still independertly of the underlying MPI implementation, and without
accesdo its sourcecode.

The MPI probling interface consistsprimarily of arequiremert in the MPI Standard that
all MPI functions (normally called by application programsusing function namesemploying
the QMPLO prebx) be also callable with a name using the corresppnding (PMP1O prebx as
well. This simple requiremert allows a library writer, without accessto the source code
of the MPI implementation, to intercept all MPI calls by interposing at link time his own
library of OMPLOfunctions, which carry out someuseful specializedoperation devisedby the
library writer. The specializedfunctions call PMPOfunctions required by the application.
Sud a special library of MPLOfunctions is called a probling library.

The probling library we describe here is freely available as part of the MPICH2 MPI-2
implementation [7]. Sincethe library is implemented ertirely asan MPI probling library,
however, it can be usedwith any MPI implementation. For example,we have tested it with
the IBMOsMPI implementation for Blue Gene/L [1] and OpenMPI [8].

The idea of using the MPI probling library for this purposewas brst preserted by Jes-
per Tra" and Joachim Worringen in [11], where they describe the error-chedking approad
takenin the NEC MPI implementation, in which evenlocal chedks are donein the probling
library, somecollective cheds are done portably in a probling library aswe describe here,
and someare done by making NEC-specibccalls into the proprietary MPI implementation
layer. The datatype consistencyched in [11]is only partial, however; the sizesof commu-
nication bu"ers are cheded, but not the details of the datatype argumerts, where there is
considerableroom for user error. Moreover, the consistencyrequiremerts are not on the
datatypesthemseles,but on the datatype signatures we say more about this in Section3.1.

To addressthis area, we use a Odatatpe signature hashingOmedanism, devised by
William Gropp in [5]. He describesthere a family of algorithms that can be usedto assign
a small amount of data to an MPI datatype signature in such a way that only small mes-
sagesneedto be sernt in order to catch most user errors involving datatype argumerts to
MPI collective functions. In this paper we describe a specibcimplementation of datatype
signature hashing and presert an MPI probling library that usesdatatype signature hash-
ing to carry out more thorough error cheding than is done in [11]. Since extra work (to
calculate the hash) is involved, we also presert some simple performance measuremets,
although one can of course use this probling library just during application developmert
and remove it for production use.



An earlier, compact version of this paper appearedin [2]. In this revision we describe
the idea of MPI probling library in general (above) and report on further portabilit y and
performance experimerts, including tests using OpenMPI. We have expandedthe section
on datatype hashingto increaseclarity and referenceother work that has appeared since
the original version of this paper was written. In addition, we describe how the library is
usedasa part of the MPE library distributed with MPICH, and provide more examplesof
usageand sampleoutput. We have also added a section describing future work.

In Section 2 we describe the nature and scope of the error cheks we carry out and
compare our approadh with that in [11]. Section 3 lays out details of our implementation,
including our implementation of the hashing algorithm given in [5]; we also describe how
usageof the library is madecornveniert in the MPICH2 ernvironment and shonvw someexample
output. In Section 4 we present some performance measuremets. Section 5 describes
areasin which we intend to extend and improve the capabilities of the library. Section 6
summarizesthe paper.

2 Scope of Checks

In this section we describe the error cheding carried out by our probling library. We give
debnitions of each ched and provide a table assa&iating the chedks made on the argumerts
of ead collective MPI function with that function. We also compare our collective error
cheding with that describedin [11].

2.1 Debnitions of Checks

The error cheds for each MPI collective function are shown in Tables1 and 2. There are
Pve categoriesof tests; these are described below:

Thesecheds apply to most collective routines:

call cheds that all processesn the communicator have called the same collective func-
tion in a given event, thus guarding against the error of calling MPLReduceon some
processesfor example, and MPLAllreduce on others.

root meansthat the sameargumert was passedfor the root argumert on all processes.

datat yp e refersto datatype signature consistency This test ensuresboth that the counts
and the datatypes are consistert in the collective call. This is explained further in
Section 3.1.

The following appliesonly to collective computation and somecollective communication
routines:

MPLIN_PLACEmeans that every processes either did or did not provide
MPLIN _PLACEHnNstead of a bu"er.

op chedks operation consistency for collective operations that include computations. For
example, ead processin a call to MPLReducemust provide the sameoperation.

The following apply only to intercommunicator create and merge:
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local leader and tag test consistencyof the local _leader and tag argumerts. They are
usedonly for MPLIntercomm_create .

high/lo w tests consistencyof the high argument. It is usedonly for
MPLIntercomm_merge

The following apply only to collective topology routines:

dims cheds for dims consistencyacrossthe communicator.

graph tests the consistency of the graph supplied by the argumeris to
MPLGraph.create and MPLGraph.map

The following apply only to collective I/O operations:

amo de testsfor amodeconsistencyacrossthe communicator for the function MPLFile _open.
size, datarep, and Rag verify consistencyon these argumerts, respectively.
etyp e is an additional datatype signature ched for MPI ble operations.

order chedks for the collective ble read and write functions, therefore ensuring the proper
order of the operations. According to the MPI Standard [4], a begin operation must
follow an end operation, with no other collective ble functions in between.

One ched that is not included in this table is that the samecommunicator is passedby
ead of the processesnaking the collective call, and that all processesn the communicator
are making the call. An approacd to handling this is proposedin Section5.

2.2 Compari son with Previ ous Work

This work can be viewed as an extension of the NEC implementation of collective error
cheding via a probling library preserted in [11]. The largest di"erence betweenthat work
and this is that we incorporate the datatype signature hashing medanism described in
Section 3, which makesthis paper also an extension of [5], where the hashing mecanism is
described but not implemerted. In the NEC implementation, only messagdengths, rather
than datatype signatures,are chedked. We do not ched length consistencysinceit would be
incorrect to do soin a heterogeneousrvironment. We alsoimplement our library asa pure
probling library. This precludesus from doing someMPI-implementation-dependen chedks
that are provided in the NEC implementation, but allows our library to be usedwith any
MPI implementation. In this paper we also presert some performancetests, showing that
the overhead, even of our unoptimized version, is acceptable. Finally, the library described
hereis freely available.

3 Impl ementation

In this sectionwe describe our implemerntation of the datatype signature matching presened
in [5]. We also show how we use datatype signaturesin coordination with other cheds on
collective operation argumerts.



MPLBarrier call

MPLBcast call, root, datatype
MPLGather call, root, datatype
MPLGatherv call, root, datatype
MPLScatter call, root, datatype
MPLScatterv call, root, datatype
MPLAllgather call, datatype, MPLIN_PLACE
MPLAllgatherv call, datatype, MPLIN_PLACE
MPLAlltoall call, datatype

MPLAlltoallw call, datatype

MPLAlltoallv call, datatype

MPLReduce call, datatype, op
MPLAIIReduce call, datatype, op, MPLIN_PLACE
MPLReducescatter call, datatype, op, MPLIN_PLACE
MPLScan call, datatype, op

MPLEXxscan call, datatype, op
MPLCommlup call

MPLCommreate call

MPLCommsplit call

MPLIntercomm_create | call, local leader, tag
MPLIntercomm_merge | call, high/low

MPLCart _create call, dims

MPLCart _map call, dims

MPLGraph.create call, graph

MPLGraph.map call, graph

Table 1: Chedks performed on MPI-1 functions

3.1 Dat atype Signature Mat ching

In MPI, the amount of data to sendor receiwe is described by the tuple (count, datatype )
that indicates count copies of the datatype are used to describe the data. Because
datatypesin MPI may be built from combinations of basicdatatypes(such asMPLINT), the
number of basicitems that are communicated cannot be determined from the count alone.
Instead, the number and type of basic types must be compared (basic types are just the
MPI counterparts of the basictypesin the language;e.g., MPLINT correspondsto the C int
type). The basic typeswithin an MPI| datatype are called the MPI datatype signature of
that MPI datatype. More formally, an MPI datatype signature for a datatype constructed
from n di"erent basic datatypestypg is simply

Typesig = {typer, typey,...,typen}. 1)

(In MPI, the type map combines the information on the basic typesand the displacemert
in memory that is to be used in reading or writing the data from or to memory; the
displacemen information is not relevant in our cheds.)

A datatype hashing medanism was proposedin [5] to allow e!cient comparison of
datatype signature over any MPI collective call. Esserially, it involves comparison of



MPLCommpawn call, root
MPLCommpawnmultiple call, root
MPLComnaonnect call, root
MPLCommdisconnect call
MPLWin.create call
MPLWinfence call
MPLFile _open call, amode
MPLFile _set _size call, size
MPLFile _set _view call, datarep, etype
MPLFile _set _automicity call, Bag
MPLFile _preallocate call, size
MPLFile _seek_shared call, order
MPLFile _read_all _begin call, order
MPLFile _read _all call, order
MPLFile _read_all _end call, order
MPLFile _read_at _all _begin call, order
MPLFile _read_at _all call, order
MPLFile _read_at _all _end call, order
MPLFile _read_ordered _begin | call, order
MPLFile _read_ordered call, order
MPLFile _read_ordered _end call, order
MPLFile _write _all _begin call, order
MPLFile _write _all call, order
MPLFile _write _all _end call, order
MPLFile _write _at _all _begin call, order
MPLFile _write _at _all call, order
MPLFile _write _at_all _end call, order
MPLFile _write _ordered _begin | call, order
MPLFile _write _ordered call, order
MPLFile _write _ordered _end call, order

Table 2: Chedks performed on MPI-2 functions

a tuple (! ,n), where! is the hash value and n is the total number of basic predebned
datatypescontained in it. A tuple of form (! ,1) is assignedfor ead basic MPI predebned
datatype (e.g. MPLINT), where! is somechosenhashvalue. The tuple for an MPI derived
datatype consisting of n basic predebPneddatatypes (! ,1) becomes(! ,n). The combined
tuple of any two MPI deriveddatatypes,(! ,n) and (", m), is computed basedon the hashing
function:

¢,n" Com)# (S #n),n+ m), 2)

where $ is the bitwise exclusive or (xor) operator, # is the circular left shift operator, and +
is the integer addition operator. The noncommnutativ e nature of the operator " in equation
(2) guaranteesthe ordered requiremert in datatype signature debnition (Equation 1).

One of the obvious potential hash collisions is causedby the # operatorOgircular shift
by 1 bit. Let us say there are four basic predebPneddatatypesidentibed by tuples (! , 1),
(",1),($,1), and (%,1) andthat ! = %#1land$=" #1. Forn = m = 1 in equation (2),



we have
¢, " (".1) ('$("#1),2
("#1$!.,2) 3)
($% (%#1),2)
($,1)" (%)),

H HHH

If the hash valuesfor all basic predebPneddatatypes are assignedconsecutiwve integers,
there will be roughly a 25 percert collision rate asindicated by equation (3). The simplest
solution for avoiding this problem is to choose consecutive odd integers for all the basic
predebPneddatatypes. Also, there are composite predebPneddatatypesin the MPI standard
(e.g., MPLFLOATINT), whosehash valuesare chosenaccording to equation (2) such that

MPI_FLOAT.INT = MPI_FLOAT " MPI_INT

The tuples for MPLUBand MPLLB are assigned(0, 0), so they are essetially ignored.
MPLPACKEIS a special case,as described in [5].

More complicated derived datatypes are decaded by using MPLType_get _envelope()
and MPLType_get content() and their hashedtuple computed during the process.Com-
puting the hashvalue in the casewhere there OcounO value is greater than one exploits the
log(n) algorithm described in [5].

While the simple hash function above is adequate for detecting mismatches of the ba-
sic datatypes, more sophisticated hash functions can be usedthat are more accurate for
commonderived datatypes. For example, see[6] where computationally e!cien t hashfunc-
tions basedon Galois Fields are described and tested against a collection of MPI derived
datatypes.

3.2 Collective Dat atyp e Checking

Becauseof the di"erent comunication patterns and the di"erent specibcationsof the send
and receiwe datatypesin various MPI collective calls, a uniform method of collective datatype
cheding is not attainable. Hencebwe di"erent proceduresare usedto validate the datatype
consistency of the collectives. The goal here is to provide error messagesat the process
where the erroneousargumern hasbeenpassed.To achieve that goal, we tailor ead proce-
dure to match the communication pattern of the probled collective call. For corvenience,
eat procedureis named by one of the MPI collective routines being probled.

Collectiv e Scatter Check

1. At the root, compute the senderOdatatype hash tuple.
2. UsePMPIBcast() to broadcastthe hashtuple from the root to other processes.

3. At eat process,compute the receiverOslatatype hash tuple locally and compare it
to the hashtuple received from the root.



A special case of the collective scatter ched is when the senderOslatatype signature
is the same as the receiverOs. This special case can be refered to as a collective bcast
che. It is usedin the probled version of MPLBcast() , MPLReduce(), MPLAllIreduce() ,
MPLReducescatter() , MPLScan(), and MPLExscan() .

The generalcollective scatter ched is usedin the probled version of MPLGather() and
MPLScatter()

Collectiv e Scatterv Check

1. At the root, compute the vector of the senderOdatatype hash tuples.

2. Use PMPIScatter() to broadcast the vector of hash tuples from the root to the
corresponding processin the communicator.

3. At eat process,compute the receiverOslatatype hash tuple locally and compare it
to the hashtuple received from the root.

The collective scatterv ched is usedin the probledversionof MPLGatherv() and MPLScatterv()

Collectiv e Allgather Check

1. At ead process,compute the senderOdatatype hash tuple.

2. Use PMPlAllgather()  to gather other senders@atatype hash tuples as a local hash
tuple vector.

3. At ead process,compute the receiverOslatatype hash tuple locally, and compare it
to eat elemen of the hashtuple vector received.

The collective allgather ched is used in the probled version of MPLAllgather() and
MPLAIltoall()

Collectiv e Allgatherv  Check

1. At ead process,compute the senderOdatatype hash tuple.

2. Use PMPIlAllgather()  to gather other senders@atatype hash tuples as a local hash
tuple vector.

3. At ead process,compute the vector of the receiverOglatatype hash tuples locally,
and comparethis local hashtuple vector to the hashtuple vector received elemert by
elemer.

The collective allgatherv ched is usedin the probled version of MPLAllgatherv()



Collectiv e Alltoallv/Alltoallw Check

1. At ead process,compute the vector of the senderOdatatype hash tuples.

2. Use PMPIAlltoall() to gather other senders@atatype hash tuples as a local hash
tuple vector.

3. At ead process,compute the vector of the receiverOglatatype hash tuples locally,
and comparethis local hashtuple vector to the hashtuple vector received elemert by
elemen.

The di"erence betweencollective alltoallv and collective alltoallw cheds is that alltoallw is
more generalthan alltoallv; in other words, alltoallw acceptsa vector of MPLDatatype in
both the senderand receiwer.

The collective alltoallv ched is usedin the probled version of MPLAlltoallv() , and
the collective alltoallw ched is usedin the probled version of MPLAlltoallw()

3.3 Usage

In this section we illustrate how usersenablethe collective and datatype cheding library
when linking their applications in the caseof MPICH; for other MPI implementations, they
would follow the appropriate proceduresfor linking in probling libraries.

The collective and datatype cheding library is freely available as part of MPICH2 [7]
in the MPE subdirectory, along with other probling libraries. MPE provides convenient
compiler wrappersto allow for easyaccessof di"erent probling libraries. When MPE is in-
stalled separatelywith non-MPICH2 MPI implemertation, e.g. IBMOsMPI for BlueGene/L
or OpenMPI, two compiler wrappers, OmpeccCor C program and OmpefcOfor Fortran pro-
gram, are created. Available MPE probling options for OmpeccCand OmpefcQare asfollows;
the option -mpicheck invokesthe cheds described in this paper.

-mpilog : Automatic MPI and MPEuser-defined states logging.
This links against -llimpe -Impe.

-mpitrace : Trace MPI program with printf.
This links against -ltmpe.

-mpianim . Animate MPI program in real-time.
This links against -lampe -Impe.

-mpicheck  : Check MPI Program with the Collective & Datatype
Checking library. This links against -Impe_collchk.

-graphics : Use MPEgraphics routines with X211 library.
This links against -Impe <X11 libraries>.

-log . MPEuser-defined states logging.
This links against -Impe.



-nolog : Nullify  MPEuser-defined states logging.
This links against -Impe_null.

-help . Print this help page.

To invoke the collective and datatype cheding library, one can do
mpecc -mpicheck -0 mpi_pgmmpi_pgm.c

SinceMPICH2 providesa more comprehensie setof compiler wrappers, (mpicc, mpicxx,
mpif77, and mpif90) than MPEOs,the MPE proPling options are available through a -
mpe=[MPE option] switch provided by thesewrappers, e.g. the following commmand will
link the user program with the collective and datatype cheding library.

mpicc -mpe=mpicheck -0 mpi_pgmmpi_pgm.c

3.4 Exam ple Out put

We showv here sample output (that would appear on stderr) from the collective and
datatype cheding library to indicate an incorrect use of MPI collective call.

Example 1. In this example, run with four processeswith MPICH2, all but the last
processcall MPLBcast; the last processcalls MPLBarrier

Starting MPI Collective  and Datatype Checking
[cli_3]: aborting job:
Fatal error in MPI_Comm_call_errhandler:

Collective  Checking: BARRIERRank 3) --> Collective call (BARRIER)is Inconsistent with Rank 00s (BCAST).

rank 3 in job 4 jloginl_42089 caused collective  abort of all ranks
exit status of rank 3: return code 1

Example 2. In this example, run with four processeswith MPICH2, all but the last
processgive MPLINT; but the last processgivesMPLBYTE

Starting MPI Collective  and Datatype Checking
[cli_3]: aborting job:
Fatal error in MPI_Comm_call_errhandler:

Collective  Checking: BCAST(Rank 3) --> Inconsistent datatype signatures detected between rank 3 and rank O.

rank 3 in job 3 jloginl_42089 caused collective  abort of all ranks
exit status of rank 3: return code 1

Example 3. In this example, run with four processeswith OpenMPI, all but the last
processgive MPLINT; but the last processgivesMPLBYTE

Starting MPI Collective  and Datatype Checking

Collective  Checking: BCAST--> no error

Collective  Checking: BCAST--> no error

[jlogin1:09505] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:09505] *** on communicator MPI_COMM_WORLD
[ilogin1:09505] **  MPI_SUCCESSho errors

[ilogin1:09505]  ** MPI_ERRORS_ARE_FATddodbye)

10



Collective  Checking: BCAST--> Inconsistent datatype signatures detected between rank 3 and rank O.

[jlogin1:09513] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:09513] *** on communicator MPI_COMM_WORLD
[jlogin1:09513] *»**  MPI_SUCCESSho errors

[ilogin1:09513] **  MPI_ERRORS_ARE_FAT{dgdodbye)

Collective  Checking: BCAST--> no error

[jlogin1:09509] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:09509] *** on communicator MPI_COMM_WORLD
[jlogin1:09509] ***  MPI_SUCCESSho errors

[ilogin1:09509] **  MPI_ERRORS_ARE_FAT{dgdodbye)

[jlogin1:09501] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:09501] *** on communicator MPI_COMM_WORLD
[jlogin1:09501] ***  MPI_SUCCESSho errors

[ilogin1:09501] **  MPI_ERRORS_ARE_FAT{dgdodbye)

[jlogin1:09492] [0,0,0]-[0,1,0] mca_oob_tcp_msg_recv: readv failed with errno=104
3 additional  processes aborted (not shown)

Example 4. In this example, run with four processeswith MPICH2, all but the last
processuse0 asthe root parameter; the last processusesits rank.

Starting MPI Collective  and Datatype Checking

rank 3 in job 2 jloginl_42089 caused collective  abort of all ranks
exit status of rank 3: kiled by signal 9

[cli_3]: aborting job:

Fatal error in MPI_Comm_call_errhandler:

Collective  Checking: BCAST(Rank 3) --> Root Parameter (3) is inconsistent with rank 0 (0)

Example 5 In this example, run with four processeswith OpenMPI, all but the last
processuse0 asthe root parameter; the last processusesits rank.

Starting MPI Collective  and Datatype Checking

Collective  Checking: BCAST--> no error

[jlogin1:07718] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:07718] ***  on communicator MPI_COMM_WORLD
[jlogin1:07718] ***  MPI_SUCCESSho errors

[login1:07718]  ** MPI_ERRORS_ARE_FATdgdodbye)

Collective  Checking: BCAST--> no error

[jlogin1:07725] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:07725] *** on communicator MPI_COMM_WORLD
[jlogin1:07725] *»**  MPI_SUCCESSho errors

[ilogin1:07725] **  MPI_ERRORS_ARE_FAT{d¢dodbye)

Collective  Checking: BCAST--> no error

[jlogin1:07729] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:07729] *** on communicator MPI_COMM_WORLD
[jlogin1:07729] ***  MPI_SUCCESSho errors

[ilogin1:07729] **  MPI_ERRORS_ARE_FAT{dgdodbye)

Collective  Checking: BCAST--> Root Parameter (3) is inconsistent with rank 0 (0)
[jlogin1:07734] *** An error occurred in MPI_Comm_call_errhandler
[jlogin1:07734] *** on communicator MPI_COMM_WORLD
[jlogin1:07734] ***  MPI_SUCCESSho errors

[ilogin1:07734] **  MPI_ERRORS_ARE_FAT{dgdodbye)

3 additional  processes aborted (not shown)

4 EXxp eriences

Here we describe our experienceswith the collective error cheding probling library in the
areasof usage,porting, and performance.

After preliminary debugging tests gave us some conbdencethat the library was func-
tioning correctly, we applied it to the collective part of the MPICH2 test suite. This set
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of tests consists of approximately 70 programs, many of which carry out multiple tests,
that test the MPI-1 and MPI-2 Standard compliancefor MPICH2. We were surprised (and
strangely satisbed,although simultaneously embarrassed)to bnd an error in one of our test
programs. One casein one test expected a datatype of one MPLINT to match a vector of
sizeof(int) MPLBYTE. That is, part of the code to test the use of datatypes corntained
the fragment:

sendtype->datatype = MPI_INT;

sendtype->count =1;
recvtype->datatype = MPI_BYTE;
recvtype->count = sizeof(int);

This is incorrect, although MPICH2 allowed the program to execute.

Totest areal application, welinked FLASH [9], a large astrophysicsapplication utilizing
many collective operations, with the probling library and ran one of its model problems. In
this caseno errors were found.

A probling library should be automatically portable among MPI implementations. The
library we describe here was dewveloped under MPICH2. To ched for portabilit y and to
obtain separateperformancemeasuremets, we also usedit in conjunction with IBMOsMPI
for BlueGene/L [1] and OpenMPI [8, 3], without encourtering any problems. However, we
noticed that incorrect MPI collective programs sometimesbehaved di"erently on di"erent
implemenrtations This is perfectly acceptable,sincethe MPI Standard doesnot specify the
behavior of erroneousprograms. But it does make it particularly useful to identify and
report such errors before the actual collective call takesplace.

We carried out performancetests on three platforms. On BlueGene/L, the collective
and datatype cheding library and the test codes were compiled with xlc of version 8.0
and linked with the IBMOsMPI implementation (V1R3M1_400.2006-061024)available on
BlueGenel/L.

| TestName | court%Nj | No CollChk | With CollChk |

MPI _Bcast 1%10 0.000028 0.001543

MPI _Bcast 1K%1 0.000031 0.000424

MPI _Bcast 128K%1 0.003121 0.032495
MPI _Allreduce 1%10 0.000063 0.001898
MPI _Allreduce 1K%1 0.000136 0.000543
MPI _Allreduce 128K%1 0.0091& 0.03852
MPI _Alltoallv 1%10 0.000423 0.002264
MPI _Alltoallv 1K%1 0.00015 0.000812
MPI _Alltoallv 128K%1 0.015522 0.074069

Table 3: The maximum time taken (in seconds)among all the processesn a 32-process
MPI job on BlueGene/L. Where court is the number of MPI _Double in the datatype, and

Nir refersto the number of times the MPI collective routine was called in the test. The

underlined digits indicates that the corresponding digit could be lessin one of the processes
involved.

The performance of the collective and datatype cheding library of a 32-processjob is
listed in Table 3, where ead test caseis linked with and without the collective and datatype
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cheding library.

Similarly on a IA32 Linux cluster, the collective and datatype cheding library and
the test codeswere compiled with gcc of version 4.0.2 and linked with MPICH2-1.0.5 and
OpenMPI-1.1.2. The performanceresults of the library are tabulated in Table 4 and 5.

| TestName | court%Nj | No CollChk | With CollChk |

MPI _Bcast 19010 0.040800 0.178053
MPI _Bcast 1K %1 0.011457 0.045029
MPI _Bcast 128K%1 0.197951 0.240698
MPI _Allreduce 1%10 0.006159 0.111160
MPI _Allreduce 1K%1 0.005569 0.047161
MPI _Allreduce 128K%1 0.304521 0.341304
MPI _Alltoallv 19610 0.001572 0.093878
MPI _Alltoallv 1K%1 0.003105 0.042199
MPI _Alltoallv 128K%1 0.270906 0.293240

Table 4: The maximum time taken (in seconds)on a 32-processMPICH2 job on Jazz, an
IA32 Linux cluster. Where court is the number of MPI _Double in the datatype, and Ni
refersto the number of times the MPI collective routine was called in the test.

Tables, 3, 4 and 5, shaw that the relative cost of the collective and datatype cheding
library diminishes asthe sizeof the datatype increases.The cost of collective chedking can
be signibcant when the datatype sizeis small. One would like the performance of such
a library to be good enoughthat it is conveniert to use and does not a"ect the general
behavior of the application it is being applied to. On the other hand, performanceis not
absolutely critical, sinceit is basically a debug-time tool and is not likely to be usedwhen
the application is in production. Our implemertation at this stage does still presen a
number of opportunities for optimization, but we have found it highly usable.

| TestName | court%Ny | No CollChk | With CollChk |

MPI _Bcast 1%10 0.043394 0.157876
MPI _Bcast 1K%1 0.009069 0.044477
MPI _Bcast 128K%1 0.160046 0.181880
MPI _Allreduce 1%10 0.051406 0.176388
MPI _Allreduce 1K%1 0.230335 0.274223
MPI _Allreduce 128K%1 1.624644 1.660873
MPI _Alltoallv 1%10 0.010516 0.207629
MPI _Alltoallv 1K%1 0.010338 0.046493
MPI _Alltoallv 128K%1 0.348700 0.357958

Table 5: The maximum time taken (in seconds)on a 32-processOpenMPI job on Jazz, an
IA32 Linux cluster. Where court is the number of MPI _Double in the datatype, and Ni
refersto the number of times the MPI collective routine was called in the test.
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5 Future Work

We are pursuing a number of extensionsand enhancemets to this collective error-cheding
library With respect to the current implementation, we needto forward any error returns
from the MPI library to the user when the error handler is not MPLERRORSBORTthis is
particularly true when MPLERRORBETURNas been selectedas the error handler for MPI
routines.

In an MPI-2 ervironment, we can reducethe cost of comparing datatype signatures by
making use of the attribute caching functions to save the hashvalue on the MPI datatype;
thus we only needto compute the hash function oncefor a derived datatype. This can be
done when the datatype is commited with MPLType_.commit, reducing the cost within the
collective routines.

A similar approach for detecting datatype mismatchescan be applied to point-to-p oint
operations. In this case,we would also like to enable the option of an implementation-
specibcapproac, asit is relatively easyto include the datatype hashvalue in the message
envelope usedwithin the MPI implementation. Of course,we will provide a fully portable
versionthat doesnot rely on interfacing with the internals of the MPI implementations.

One weaknessof our approad is that it assumeghat all processesn the communicator
are calling a collective operation. While we do ched for the error of calling di"erent
collective operations on the same communicator, we do not ched for calling collective
operations on di"erent communicators. For example, consider this code fragmert in a
single-threadedprogram:

MPI_Comm_split( ..., &commJ);

MPI_Comm_split( ..., &comm3;

if (rank < size/2) {
MPI_Bcast( ..., comml);
MPI_Bcast( ..., commb2);

}

else {
MPI_Bcast( ..., comm2);
MPI_Bcast( ..., comml);

}

While something so clearly wrong is unlikely to occur so obviously in a code, this set of
collective operations could occur as a result of complex (and erroneous)logic in managing
seweral communicators, sud as communicators for row and column computations in a ma-
trix. Our library will not catch these;instead, a deadlock will occur within the collective
operations that we useto implement the cheds. To catch theseerrors, it is necessaryto
use point-to-p oint operations on a private communicator. In MPI-1 programs, this can be
accomplishedby creating a dup of MPLCOMMORLEBNd using a point-to-p oint implemen-
tation of an Allreduce operation to compare a communicator id, also maintained by the
colched library, to ensurethat collective operations are properly orderedin the MPI code.
By using nonblocking operations and implemerting a time-out, we can also handle errors
where someprocessesio not make a collective call at all, asin this example:

if (rank == 0) MPI_Bcast( .., 0, MPI_COMM_WORLD
else MPI_Recv( .., 0, MPI_COMM_WORLD
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(This error is seenwhen a user usesMPLBcast asif it is a OSendAllGnstead of an MPI
collective operation.)

Multithreaded programsintro duceadditional complexity. For example,the above med-
anism for detecting mismatched use of communicators in collective calls is no longer valid
becausedi"erent threads are permitted (and in fact are encouraged)to make MPI collective
calls on di"erent communicators. Detecting user errors, such as the use of MPLBcast as
a SendAll, will require either a timeout ched (with an arbitrary, user-corirollable time-
out period) or more sophisticated deadlock detection, such as determining that every MPI
thread (not just process)is in a blocking wait.

Finally, while the performanceoverheadfor this probling library is probably acceptable
for usein testing rather than production runs, the current implementation admits of op-
timizations that have not yet been carried out. The optimizations with the most impact
are those which will reducethe number of OextraCcollective operations carried out by the
cheding library.

6 Summary

In this paper we have described an e"ective technique for MPI programmers to use for
detecting easy-to-male but hard-to-Pnd mistakes that often lead to deadlock, incorrect
results, or worse. The technique demonstrates an important use of the MPI OproPling
libraryO idea. We have demonstrated the libraryOsportabilit y by running it with three
di"erent MPI implementations and measuringits performance. We have implemented the
datatype hashing algorithm preserted elsewhereand demonstrated its e"ectiveness. Our
Pnal section outlines future improvemerts that are under way.

Refer ences

[1] G. Almasi, C. Archer, J. G. Castanos, M. Gupta, X. Martorell, J. E. Moreira, W. D.
Gropp, S. Rus, and B. Toonen. MPI on BlueGene/L: Designing an elcient general
purpose messagingsolution for a large cellular system. In Jadk Dongarra, Domenico
Laforenza, and Salvatore Orlando, editors, Recent Advanaes in Parallel Virtual Ma-
chine and MessagePassingInterface, number LNCS2840in Lecture Notesin Computer
Science,pages352D361Springer Verlag, 2003.

[2] Chris Falzone, Anthony Chan, Ewing Lusk, and William Gropp. Collective error de-
tection for MPI collective operations. In dieter Kranzimuller Beniamino di Martino
and Jack Dongarra, editors, Recent Advanaes in Parallel Virtual Machine and Mes-
sage Passing Interface, 12th European PVM/MPI UsersOGroup Meeting, Sorrento,
Italy, Septemier 18-21, 2005, Proceedings, number 3666in Lecture Notesin Computer
Science,pages138D147Springer, 2005.

[3] Edgar Gabriel, Graham E. Fagg, George Bosilca, Thara Angskun, Jack J. Dongarra,
Je"rey M. Squyres, Vishal Sahg, Prabhanjan Kambadur, Brian Barrett, Andrew
Lumsdaine, Ralph H. Castain, David J. Daniel, Richard L. Graham, and Timothy S.
Woodall. Open MPI: Goals, concept, and designof a next generation MPI implemen-

15



tation. In Proceedings, 11th European PVM/MPI  Users@Group Meeting, pages97D104,
Budapest, Hungary, Septenber 2004.

[4] William Gropp, Steven Huss-Lederman, Andrew Lumsdaine, Ewing Lusk, Bill
Nitzb erg, William Saphir, and Marc Snir. MPINThe Complete Reference: Volume
2, The MPI-2 Extensions MIT Press,Cambridge, MA, 1998.

[5] William D. Gropp. Runtime cheding of datatype signaturesin MPI. In Jack Dongarra,
Peter Kacsuk, and Norbert Podhorszki, editors, Recent Advanaes in Parallel Virutal
Machine and MessagePassing Interface, number 1908 in Springer Lecture Notes in
Computer Science,pages160D167 Septenber 2000.

[6] Julien Langou, GeorgeBosilca, Graham E. Fagg, and Jadk Dongarra. Hash functions
for datatype signaturesin MPI. In Beniamino Di Martino, Dieter Kranzlmuiller, and
Jack Dongarra, editors, PVM/MPI , volume 36660f Lecture Notesin Computer Sciene,
pages76b83.Springer, 2005.

[7] MPICH2 Web page. http://www.mcs.anl.gov/mpi/mpich2
[8] OpenMPI Web page. http://www.open-mpi.org

[9] R. Rosner, A. Calder, J. Dursi, B. Fryxell, D. Q. Lamb, J. C. Niemeyer, K. Olson,
P. Ricker, F. X. Timmes, J. W. Truran, H. Tufo, Y. Young, M. Zingale, E. Lusk, and
R. Stewvens. Flash code: Studying astrophysical thermonuclear Rashes. Computing in
Sciene and Engineering, 2(2):33, 2000.

[10] Marc Snir, Steve W. Otto, Steven Huss-Lederman,David W. Walker, and Jack Don-
garra. MPINThe Complete Reference: Volume 1, The MPI Core, 2nd edition. MIT
Press,Cambridge, MA, 1998.

[11] Jesper LarssonTra" and Joachim Worringen. Verifying collective MPI calls. In Dieter
Kransimuiller, Peter Kacsuk, and Jack Dongarra, editors, Recent Advanesin Parallel
Virutal Machine and MessagePassing Interface, number 3241 in Springer Lecture
Notes in Computer Science,pages18b27,2004.

16



The following notice is required by DOE as part of the manuscript submission;it would
not appear in the Pnal version of the paper.

The submitted manuscript has beencreated by the University of Chicago as Operator
of Argonne National Laboratory (OArgonneO)under Contract No. DE-AC02-06CH11357
with the U.S. Department of Energy. The U.S. Governmert retains for itself, and others
acting on its behalf, a paid-up, nonexclusiw, irrevocable worldwide licensein said article to
reproduce, prepare derivative works, distribute copiesto the public, and perform publicly
and display publicly, by or on behalf of the Governmert.

17



