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1 Intr oduction to Part III

TheWatsonSparseMatrix Package,WSMP, is ahigh-performance,robust,andeasyto usesoftwarepackagefor solving
largesparsesystemsof linearequationsusingadirectmethod.It canbeusedasaserialpackage,or in ashared-memory
multiprocessorenvironment,or asa scalableparallelsolver in a message-passingenvironment,whereeachnodecan
eitherbe a uniprocessoror a shared-memorymultiprocessor. WSMPis comprisedof threeparts. Part I usesdirect
factorizationfor solving symmetricsystemswithout numericalpivoting. Part II sparseLU factorizationwith pivoting
for numericalstabilitytosolvegeneralsystems.Thisdocumentdescribestheiterativesolutionof sparsesystemsof linear
equationsin WSMP. PartsI andII of User’sGuide[6] canbeobtainedfrom http://www.cs.umn.edu/˜agupta/wsmp.html,
alongwith someexampleprogramsandtechnicalpapersrelatedto thesoftware.A currentlist of known bugsandissues
is alsomaintainedat this website.

Note 1.1 Thecurrentversion supportsiterativesolutionof linear systemsonly in theserial/multithreadedmode. The
distributed-memoryparallel solverswill bemadeavailableshortly. Pleasedisregard anyportionsof thisdocumentthat
referto distributed-memory/message-passingparallelism.

Note 1.2 AlthoughWSMPandPWSMPlibrariescontainmultithreadedcode, thelibrariesthemselvesare not thread-
safe. Therefore, thecalling programcannotinvokemultipleinstancesof theroutinescontainedin WSMPandPWSMP
librariesfromdifferentthreadsat thesametime.

Theorganizationof this documentis asfollows. Section2 lists thevariouslibrariesthatareavailableanddescribe
how to obtainandusethe libraries. Section3 describesthe functionalityof themainserial/multithreadedroutinethat
providesanadvancedsingle-routineinterfaceto theentiresoftware.Thissectionalsodescribestheinputdatastructures
for theserialandmultithreadedcases.Section4 describesa few utility routinesavailableto theusers.Section5 givesa
brief descriptionof thedouble-complex datatypeinterfaceof WSMP. Section6 containsthetermsandconditionsthat
all usersof thepackagemustadhereto.

2 Obtaining, Linking, and Running WSMP

Thesoftwarecaneitherbedownloadedfrom IBM’ salphaWorkssiteathttp://www.alphaworks.ibm.com/tech/wsmp. The
maindirectoryof your platformcontainsa file wsmp.lic. This file mustalwaysbepresentin thedirectoryfrom which
you arerunninga programlinked with the WSMPlibraries. You canmake multiple copiesof this file for your own
personaluse.Alternatively, youcanplacethis file in a fixedlocationandsettheenvironmentvariableWSMPLICPATH
to thepathof its location.

If youneedthesoftwarefor amachinetypeor operatingsystemotherthanthoseincludedin thestandarddistribution,
pleasesendane-mailto wsmp@watson.ibm.com.

TheWSMPsoftwareis packagedinto two libraries.Theserialandmultithreadedsingle-noderoutinesarea partof
theWSMPlibrary. This library canbeusedon single-CPUor SMPworkstations.Thesecondlibrary is calledPWSMP
andis meantto beusedin thedistributed-memoryparallelmode.

Note 2.1 On someplatforms,theusers are requiredto supplytheir ownBLASlibrary, which caneitherbeprovidedby
the hardware vendoror can be a third-party code. Theusermustmake sure that any BLAScodelinked with WSMP
runsin serialmodeonly. WSMPperformsits ownparallelizationandexpectsall its BLAScalls to run ona singleCPU.
BLAScalls runningin parallel cancausesubstantialperformancedegradation.

Note 2.2 On manyoperating systems,the user may needto increasethe default limits on stack sizeand data size.
Failure to do somayresultin a hungprogramor a segmentationfault dueto smallstack sizeanda segmentationfault
or an error code(IPARM(64)) of 	�
��� dueto small sizeof the data segment.Oftenthe limit commandcan be used
to increasestacksizeanddatasize. Whenthe limit commandis not available, pleasereferto therelateddocumentation
for your specificsystem.Somesystemshaveseparate hard and soft limits and sometimes(for example, on Tru64),
changingthe limits can be tricky and can require root privileges. You may downloadthe program memchk.cfrom
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http://www.cs.umn.edu/˜agupta/wsmp.html andcompileandrun it as instructedat the top of thefile to seehowmuch
stack anddataspaceis availableto you.

2.1 AIX on IBM pSeriesplatform

Thecurrentversionof WSMPrequiresthatthefollowing beinstalledon yoursystem:

1. XLF Fortrancompiler.

2. XLC C languagecompiler.

3. AIX version5.1or higher.

2.1.1 Linking the libraries

The WSMPlibrary containscodewritten in both C andFortran. The librariescanbe linked with eitherC or Fortran
programsusingeitherxlf r or xlc r command.

Compilingyoursourcefilesin 64-bitmoderequiresthe“-q64” flagandlinking to createa64-bitexecutablerequired
the“-b64” flag. Also, for 64-bit usage,theenvironmentvariable“OBJECT MODE” mustbesetto 64.

Herearesomeexamplesof linking theusersourceor objectfileswith theWSMPlibrariesto createanexecutablefile.
Theusermayneedto useotherflagsandoptionsasrequiredby theuser’s code.Pleasenotethat four systemlibraries,
namely, libpthread.a,libhm.a,libhu.a,andlibm r.aarelinkedvia -lpthread-lhm-lhu -lm r. Thepthreadlibrary provides
the PthreadsAPI, -lhm and -lhu provide fast memoryallocationand deallocationfunctions(which are particularly
importantfor theindefinite,unsymmetric,anditerativesolvers),and-lm r providesthereentrantmathfunctionslibrary.

1. 32-bit serial/SMPmode:

xlc r � source/objectfiles� -o � executabletarget� -lpthread-lhm -lhu -lm r -lxlf90 r -lwsmp-L � pathto parent
directoryof libwsmp.a� -bmaxdata:2000000000

2. 64-bit serial/SMPmode:

xlf r � source/objectfiles� -o � executabletarget� -q64 -b64 -lpthread-lhm -lhu -lm r -lwsmp64-L � pathto
parentdirectoryof libwsmp64.a�

3. In 64-bit message-passingmode:

mpxlf r � source/objectfiles� -o � executabletarget� -q64 -b64-lhm -lhu -lm r -lpthread-lpwsmp-L � pathto
parentdirectoryof libpwsmp64.a�
mpccr � source/objectfiles� -o � executabletarget� -q64 -b64 -lxlf90 r -lhm -lhu -lm r -lpthread-lpwsmp-
L � pathto parentdirectoryof libpwsmp64.a�

Note 2.3 Theuseof -lhm -lhu while linking increasesthe speedof dynamicmemoryallocationand usuallyimproves
theperformanceof thesolver.

Note 2.4 In the 32-bit mode, you will needto usethe -bmaxdata:� membytes� option while linking so that the data
segmentof theprogramcanuseall theavailablememory. Heremembytesis theinteger numberof bytesof memorythat
youwantyourprogramto beableto allocate. If yougetanerror codewhich, modulo1000,is 	�
��� (seedescriptionof
IPARM(64) in Section3.4.9for moredetails)whenyouarenot expectingtheprogramto run out of memory, thenusing
this optionor increasingmembytesmaysolvetheproblem.

Note 2.5 An error codeof 	�
���� in 64-bit modecanalsooftenbefixedby usingan appropriatevalueof membytesin
-bmaxdata:� membytes� while linking.

Note 2.6 Thereentrant versionsof all run-timelibrariesmustbeused,evenif there is only 1 CPU in your workstation
or in each nodeof yourSP. Therefore, only thexlf r, xlc r, mpxlf r, or mpccr commandsshouldbeusedfor linking.
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Note
�

2.7 Notethat theXLF Fortran library mustbelinkedbyusing-lxlf90 r of -lxlf90 if thexlc r commandis usedfor
creatingthe executable. Themathlibrary shouldalso be linked in by adding-lm r to the linking commandas shown
above.

2.1.2 Settingenvir onmentvariablesand running

In a sharedmemoryparallelenvironment,the usermay want to experimentwith settingdifferentvaluesfor YIELD-
LOOPTIME andSPINLOOPTIMEto seewhich valuesyield thebestperformanceon their system.Generallyrecom-
mendedvaluesareYIELDLOOPTIME = 200andSPINLOOPTIME= 200,but optimalvaluesmayvary dependingon
thetypeof machineandthenumberof CPUs. In mostcases,WSMPwill not yield goodperformancewith thedefault
settingon yoursystemandYIELDLOOPTIME andSPINLOOPTIMEmustbesetto appropriatevalues.Theoptimum
valuesof YIELDLOOPTIME andSPINLOOPTIMEmaybedifferentfor thesymmetricandunsymmetricdirectsolvers
andmaybedifferentfor theiterativeanddirectsolvers.

Also in asharedmemoryparallelenvironment,theenvironmentvariablesAIXTHREAD COND DEBUG andAIX-
THREAD MUTEX DEBUG mustbe setto OFF. Their default valueis ON, which may negatively affect the perfor-
manceof theunsymmetricdirectsolver.

Finally, you mustset the environmentvariableRT GRQ to ON to obtainthe bestpossibleparallelspeedupfrom
multithreading.

While usingthe message-passingPWSMPlibrary, the following environmentvariablesmustbesetto get thebest
performanceon a distributed-memorymachine.Themostimportantof theseareMP EUILIB = us, which selectsthe
user-spacemodeandMP EUIDEVICE = css0, which selectsthehigh-performanceswitch for inter-nodecommunica-
tion.

ksh cshor tcsh
exportMP EUILIB=us setenv MP EUILIB us

exportMP EUIDEVICE=css0 setenv MP EUIDEVICE css0
exportMP CSSINTERRUPT=yes setenv MP CSSINTERRUPTyes
exportMP WAIT MODE=nopoll setenv MP WAIT MODE nopoll

exportMP PULSE=0 setenv MP PULSE0

Note that all WSMPandPWSMPlibrariesusePthreadsto exploit possibleSMP parallelismon eachnode. It is
usuallybestto usefewerprocessesoneachnodethanthenumberof CPUspernode.If youareusingmultipleprocesses
pernode,pleasebeawarethateachprocesswill attemptto useall theCPUsona node.SeeSection4.4for moredetails
onselectingthenumberCPU’s to beusedby eachprocess.Also,while runningmultipleMPI processespernode,setting
theenvironmentvariableMP SHARED MEMORY to yesimprovesmessage-passingperformancebetweenprocesses
runningon the samenode. If you areusingPWSSMPon a shared-memorymachinethat doesnot have a high-speed
switchinstalled,thenMP EUILIB andMP EUIDEVICE canbesetto ip anden0, respectively.

Note that the bestvaluesof the MPI relatedenvironmentvariablesmay be different for different solvers. For
example,in additionto the environmentvariablesmentionedin the tableabove, settingMP CSSINTERRUPT to no
improvestheperformanceof thesymmetricsolver, andsettingit to yesimprovestheperformanceof theunsymmetric
solver.

2.1.3 Linking and execution-timeproblems

Pleaserefer to Section2.1.1 for instructionson linking the WSMPlibrary. The most likely causeof any problems
encounteredduringlinking or loadingwouldbeanincompatibleversionof theoperatingsystemor thecompilerlibraries.

2.2 Linux on IA32 platform

The IA32 Linux versionof WSMPrunson Intel Pentium4 andXeonworkstationsandclusters.Either Intel’s Fortran
compilerifort or theGNU C compilergcccanbeusedto link with theWSMPlibraries.
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2.2.1 Linking the libraries

WSMP for IA32 comes with built-in ATLAS BLAS (http://math-atlas.sourceforge.net). The users can
link in an optional faster BLAS library such as GOTO (http://www.cs.utexas.edu/users/flame/goto) or MKL
(http://www.intel.com/software/products/mkl). Examplesof linking with WSMPusingthe Intel Fortrancompiler(use
thelibrary in wsmp-Linux/lib/IA32/Inteldirectory)andgcc(usethelibrary in wsmp-Linux/lib/IA32/GNUdirectory)are
asfollows:

ifort -o � executable��� user source or object files� [ � optional fast BLAS library � ] -lwsmp -L � path of
libwsmp.a� -lpthread

gcc-o � executable��� usersourceor objectfiles� -lwsmp-L � pathof libwsmp.a� -lpthread-lm

Notethat if a fastBLAS library is linked,thentheorderin which theWSMPandtheBLAS librariesappearin the
linking commandis important. If theBLAS library is in theshared-objectform (with a .soextension),thenit usually
mustprecede-l � WSMPlibrary � while linking. If the BLAS library is a static library (with a .a extension),then it
usuallymustappearafter-l � WSMPlibrary� while linking. Also, pleasereadNote2.1carefully.

A singlemessage-passinglibrary libpwsmp.ais availablefor IA32-basedLinux clusters.An exampleof linking on
a clusterwith IA32 nodesis asfollows:

mpif90 -o � executable��� user sourceor object files� [ � optional fast BLAS library � ] -lpwsmp -L � path of
libpwsmp.a� -lpthread

2.2.2 Settingenvir onmentvariablesand running

Onall linux platforms,theenvironmentvariableMALLOC TRIM THRESHOLD mustbesetto -1andtheenvironment
variableMALLOC MMAP MAX mustbesetto 0.

The serial and multithreaded version for Linux generally runs well without any special settings.
For the message-passingversion, please refer to the MPICH documentation available at http://www-
unix.mcs.anl.gov/mpi/mpich/docs.html andothersources.If you have a clusterwith Myrinet or otherhigh-speednet-
work, then you would get much betterscalability with a vendorsuppliedversionof MPICH, suchas MPICH-GM
(http://www.myri.com/scs/).

2.2.3 Linking and execution-timeproblems

SinceMPICH is not thread-safe,while runningon a clusteror message-passingparallelcomputer, you mustuseonly
onethreadperprocess.You canusethe WSETMAXTHRDSroutine(Section4.4) to make surethateachprocessuses
only onethread.

Additionally, pleasereferto Note2.1.

2.3 Linux on IA64 and x86 64platforms

Everythingfrom Section2.2 appliesto the 64-bit mode,except that the relevant library namesare libwsmp64.aand
libpwsmp64.a. On IA64 andx86 64(which includesAMD 64-bitprocessors),theselibrariescanbelinkedusingIntel’s
ifort compiler, andwith Intel’sMKL library for supplyingtheBLAS (pleaseseeNote2.1). An exampleof linking onan
IA64 machineis asfollows:

ifort -o � executable��� user sourceor object files� -L � path to Intel MKL � -lmkl ipf -lguide -L � path of
libwsmp64.a� -lwsmp64-lpthread

Both libwsmp64.a and libpwsmp64.a libraries for linking with gcc are alos available in the wsmp-
Linux/lib/X86 64/GNUdirectoryof thedistribution. An exampleof linking with gcc is asfollows:

gcc-m64-o � executable��� usersourceor objectfiles� -lwsmp64-L � pathof libwsmp64.a� -lpthread-lm
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Note thaton all linux platforms,theenvironmentvariableMALLOC TRIM THRESHOLD mustbesetto -1 and
theenvironmentvariableMALLOC MMAP MAX mustbesetto 0.

2.4 Linux on AMD processors

The IA32 librariescanbe usedon 32-bit AMD processors.Separatelibrariesareprovidedfor 64-bit AMD machines
for usewith PGI (PortlandGroup), Intel, andAbsoft/GNU compilers. The PGI librariesmustbe linked usingPGI
compilersonly. The Intel librariesmustbe linked usingthe ifort compiler. The Absoft/GNU librariescanbe linked
usingeitherthe Absoft compileror gcc. Note that the Absoft/GNU librariesfollow the g77 conventionfor mangling
Fortransubroutineandfunctionnames;i.e.,atrailing underscoreis appendedto eachname,unlessthenamecontainsan
underscoreanywherein it, in whichcase,two trailing underscoresareappended(this is truefor MPI callsaswell). The
PGI andAbsoft/GNUlibrariesfor AMD processorsincludeATLAS BLAS; however, theusersmaybeableto improve
performanceby usingtheACML library or GOTO BLAS (pleaseseeNote2.1).

Whenusingthe PGI libraries,you mustcompileyour partof the codewith the “-tp amd64”option. Examplesof
linking theserial/multithreadedandthemessage-passingPGI librarieson 64-bitAMD machinesareasfollows:

pgf90-o � executable��� usersourceor objectfiles� -lwsmp64-L � pathof libwsmp64.a� -lpthread

pgf90 -o � executable��� usersourceor objectfiles� -lpwsmp64-L � pathof libpwsmp64.a� -lpthread-lmpich
-lfmpich

Note thaton all linux platforms,theenvironmentvariableMALLOC TRIM THRESHOLD mustbesetto -1 and
theenvironmentvariableMALLOC MMAP MAX mustbesetto 0.

2.5 SGI Altix on IA64 processors

The librarieswork just theway they do on Linux on IA64 andtheLinux licensefile workson Altix. In thecontext of
WSMP, themaindifferencebetweenAltix andLinux on IA64 is thattheMPI librariesaredifferent.

2.6 Other platforms

Currently, theserial/multithreadedlibrariesareavailablefor theSUN,HPPA-RISC,andCompaq(HP)Alphamachines.
In addition,the message-passinglibrary is availablefor the Compaq(HP)Alpha machines.If you needthe WSMPor
PWSMPlibraries library for any other platform (with the exceptionof Microsoft Windows), andcan provide us an
accountonamachinewith thetargetarchitectureandoperatingsystem,wemaybeableto compilethelibrariesfor you.
Pleasesende-mailto wsmp@watson.ibm.comto discussthis possibility.

2.6.1 SunOSon UltraSPARC or Opteron

Just like on other platforms,WSMPsoftware detectsthe numberof CPUsautomaticallyandusesthreadsto run in
parallelon all availableCPUs.However, on largeSMPs,you maywant to limit thenumberof CPUsthatWSMPuses
becausethe excessive overheadof usingtoo many threadsmay actuallyslow down the applicationandunnecessarily
increasethe load on the machine,interferingwith otherusers. Pleaserefer to Section4.4 for the descriptionof the
WSETMAXTHRDSfunctionthatcanbeusedto controlthenumberof threads.

Currently, only the 64-bit serial/multithreadedlibrary libwsmp64.ais availablefor SunOSmachines.The library
includesBLAS routinesandno externalBLAS is necessary. In fact,theuseof thesunperflibrary for supplyingBLAS
is not recommendedwhenusingmorethanoneCPUbecauseit doesnotappearto bethreadsafe.

TheWSMPlibrary mustbelinkedwith yourapplicationasfollows:

f90 -o � executable��� usersourceor objectfiles� -xarch=� architecture� -L � pathof libwsmp64.a� -lwsmp64
-lpthread-lm -lrt
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Pleasenotethat theuseof -xarch optionduring linking is important.For UltraSPARC processors,v9 mustbeused
andfor AMD processors,amd64mustbeusedin thearchitecturefield of thisoption. In addition,-xchip=opteron is also
recommendedfor Opteronprocessors.

The message-passinglibrary libpwsmp64.ais available for SunOSon OpteronCPUsonly. It can be linked as
follows:

mpif90 -o � executable��� usersourceor objectfiles� -xarch=amd64-xchip=opteron-L � pathof libpwsmp64.a�
-lpwsmp64-lpthread-lm -lrt

2.6.2 Tru64 Unix on Compaq(HP) Alpha processors

WhenrunningWSMPon Compaq(HP)Alpha processorswith Tru64 Unix, caremustbe taken to avoid underflows,
becauseon this platform, they resultin a floatingexception. Therefore,if thesparsematrix containsentrieswith very
smallmagnitudes,thenthesemustbeexplicitly setto zerobeforepassingthematrix to any of thecomputationalroutines
of WSMP. For example,thematrix invextr1 containsentrieswith exponentsin the rangeof -300. Unlesstheseentries
aresetto 0s,a floatingexceptionwill result.Additionally, for optimumperformanceon largeSMPs,pleasereferto the
descriptionof WSETMAXTHRDSin Section4.4.

Thelibrary libwsmp64.aneedsto belinkedasfollows:

cc -o � executable��� usersourceor objectfiles� -L � pathof libwsmp64.a� -lwsmp64-pthread-ldxml -lpthread
-lm -lfor

It canalsobelinkedusingtheFortrancompilerasfollows:

f90 -o � executable��� usersourceor objectfiles� -L � pathof libwsmp64.a� -lwsmp64-pthread-ldxml -lpthread
-lm

Notethatyoumustuse-nofor mainflagwhile linking usingf90 whenyourmainprogramis in C.
A message-passinglibrary libpwsmp64.ais availablefor multiprocessorTru64machinesfor usewith CompaqMPI.

An exampleof linking with this library is asfollows:
f90 -o � executable��� usersourceorobjectfiles� -L � pathof libpwsmp64.a� -lpwsmp64-pthread-ldxml -lpthread

-lm -lfmpi -lmpi -lrt

Note 2.8 TheMPI implementationon Tru64 is not thread-safe. Therefore, whenusing the message-passinglibrary
libpwsmp64.a, it is mandatoryto call WSETMAXTHRDSto setthenumberof threadsto 1.

3 Description of Functionality

WISMP is the primary routine for iterative solution of sparselinear systemsand relatedcomputations.WISMPcan
work eitheron a singleCPU or on multiple CPUswith a sharedaddressspace.This routinecanbe usedfor solving
sparselinearsystemsusingeitherdirectfactorizationor preconditionedConjugateGradientor GMRESalgorithms,for
performingsparsematrix-vectorandsparsematrix-densematrix multiplication, and for generatingandsolving with
respectto incompletefactorizationbasedpreconditioners.WhenusingWISMP, IPARM(2)and IPARM(3)control the
subsetof thetasksto beperformed(seeSection3.4 for moredetails).

Theresix basictasksthatcanbeperformedby calling theWISMProutinearesummarizedin Table1 anddescribed
below:

1. Task1, SymbolicAnalysis: During this step,WISMPprimarily analyzesthe nonzeropatternof the coefficient
matrix andperformscompression,reordering,andpartitioning. While the emphasisis on the structureof the
matrix, WISMPdoeslook at the currentvaluesof the matrix in order to chooseappropriateheuristicsthat are
usedin this step.This stepcanusuallybefollowedby multiple stepsof solvingsystemswith thesamenonzero
patternbut differentvalues.Dependingon theapplication,eithera singlesymbolicanalysisstepmaysuffice for
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Task1: Analyzestructureanda sampleof valuesof �
Task2: Analyzecurrentvaluesof �
Task3: ComputePreconditioner "!$# suchthat  "!%#'&��(!$#
Task4: Iteratively Solve �*)�+�, (approximatelycomputeX = � !$# , )
Task5: Multiply sparsematrixwith densevector/matrix(compute,-+.�/) )
Task6: Solvew.r.t. preconditioner(compute)0+� "!$#1, )

Table1: ThetasksthatWISMPcanperformdependingon theinputsIPARM(2)andIPARM(3).

all matriceswith thesamestructure,or thisstepmayneedto berepeatedaftercertainintervalsasthevaluesof the
matrix becomemoreandmoredifferentfrom theonesconsideredduringthis analysisphase.Although,theuser
hastheoptionof performingsymbolicanalysisasfrequentlyasdesired,WISMPusuallyautomaticallyreanalyzes
thematrixwhennecessarywithout userintervention.

2. Task2, ValueAnalysis:This stepactuallyloadsthematrix into internaldatastructuresfor subsequentprecondi-
tionergenerationand(Task3) andmatrix-vectormultiplication(eitherasapartof theiterativesolutionin Task4,
or asthestand-aloneTask5).

3. Task3, PreconditionerGeneration:This stepcomputesa preconditioner "!$# that is closeto the inverseof the
original coefficient matrix. This preconditioneris subsequentlyusedeitherasa part of the iterative solutionin
Task4, or asthestand-aloneTask6.

Pleasereferto Note3.4in thedescriptionof IPARM(15)in Section3.4.12for someimportantinformationrelated
to this task.

4. Task4, Solution:This stepcomputesanapproximationto ) for a linearsystem�/)2+3, , where � is an 4�564
nonsingularmatrix and ) and , are47568 matrices,4�9"
;:<8=9"
 . Variationsof eitherGMRESor Conjugate
Gradientalgorithmsareusedfor obtainingthesolution.

5. Task5, SparseMatrix-VectorMultiplication: WISMPcanbeusedto multiply ansparsematrix with a vectoror a
with a densevectoror matrix.

6. Task 6, PreconditioningStep: This task can be usedto computecomputing ) +� !$# , , where  !$# is a
previouslycomputedpreconditionerderivedfrom � (usingTask3).

Thesameroutine,WISMP, canperformany of thesefunctionsor any valid sequenceof thesefunctionsdepending
on theoptionsgivenby theuservia parameterIPARM(seeSection3.4). In addition,acall to WISMPcanbeusedto get
thedefaultvaluesof theoptionswithoutany of thethreebasictasksbeingperformed.Seethedescriptionof IPARM(1),
IPARM(2), andIPARM(3)in Section3.4.12for moredetails.

Whensolvingaseriesof sparsesystemswith graduallyvaryingcoefficientmatrices,asis thecasein many applica-
tions,WISMPpermitstheuseof a completeor anincompletefactorizationof onematrix to beusedasa preconditioner
for subsequentsystemswithout computinga new factorization.This featureoftenresultsin significanttime savings in
many applications.By anappropriatechoiceof IPARM(15),DPARM(14), andDPARM(15), Task3 canusedto generate
anexactdirect factorizationandTask4 canuseusedto solve systemswith respectto eitherthefactoredmatrix (when
thesolutionis obtainedin a singlestep),or iteratively with respectto a previously factorednearbymatrix. Pleaserefer
to thedescriptionof IPARM(2),IPARM(15),DPARM(14),DPARM(15)for moredetails.

Notethat thedata-structuresgeneratedasa resultof theanalysisof � duringTasks1 and2 andthepreconditioner
 generatedduringTask3 arestoredinternallyandarenotdirectly accessibleto theuser.

TheWISMProutineperformsminimal inputargumenterror-checkingandit is theuser’sresponsibilityto call WSMP
subroutineswith correctargumentsandvalid optionsandmatrices.In caseof aninvalid input, it is not uncommonfor a
routineto hangor to crashwith segmentationfault. In theparallelversion,on rareoccasions,insufficient memorycan
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also> causea routineto hangor crashbeforeall the processes/threadshave hada chanceto returnsafelywith an error
report.

3.1 Typesof matricesacceptedand their input format

WISMPacceptsthesparsecoefficientmatricesin thecompressedsparserow (CSR)or compressedsparsecolumn(CSC)
formats.For symmetricmatrices,theuserhastheoptionof eitherproving the full matrix asinput, or just a triangular
portion.Figure1 illustratesboththefull andthetriangularstorageformats.

WISMPsupportsbothC-styleindexing startingfrom 0 andFortran-styleindexing startingfrom 1. Onceanumbering
style is chosen,all datastructuresmustfollow thesamenumberingconventionwhich muststayconsistentthroughall
thecallsreferringto agivensystemof equations.Pleasereferto thedescriptionof IPARM(5)in Section3.4.12for more
details.

3.2 Krylo v subspacesolverssupported

WISMPcurrentlyincludesimplementationsof preconditionedconjugategradientmethodandGMRES.We expectto
includemoresolversin thefuture.WISMP’scurrentfocusis onrobusthigh-performancepreconditioners.As described
in thebeginningof Section3, userscancall WISMP’spreconditionergeneration(Step3) andapplication(Step6) steps,
aswell assparsematrix-vectormultiplication(Step5) in their own implementationsof a solver (they mustbepreceded
by Step1 for eachnew structureandStep2 for eachsetof new valuesof thesparsematrix).

The type of solver caneitherbe chosenby the user(seeIPARM(13)), or canbe picked automaticallyby WISMP
dependingon thetypeof input matrixandthepreconditioner.

3.3 Preconditionersand their parameters

WISMPcurrentlysupportsJacobi(diagonal),Gauss-Siedel(SSORwith relaxation?@+A
 ), IncompleteCholski, and
Schur-complementbasedmultilevel preconditionersfor symmetricpositivedefiniteandmildly indefinite(with veryfew
negativeeigenvalues)matrices.It supportsJacobi,Gauss-Siedel,andincompleteLU factorizationbasedpreconditioners
for generalmatrices.

For preconditionersbasedon incompletefactorization,the choiceof two thresholds,B (drop tolerance)and C (fill
factor),is critical to theperformanceandconvergenceof the solver. WISMPgivesuserstheoption of eitherletting it
determineandtunethesethresholdsautomatically, or usingfixeduser-determinedvalues.Pleasereferto thedescriptions
of IPARM(15),IPARM(34),DPARM(14),andDPARM(15)for moredetails. In an applicationthat involvesrepeated
preconditionergenerationandsolutionw.r.t. graduallyvaryingcoefficientmatrices,WISMP, if giventheoption,WISMP
can automaticallytune theseparametersto suitablevaluesandeven dynamicallyadjustthem to fit shifting spectral
propertiesof thecoefficient matrices.Whensolvingonly onesystemat a time, WISMPoutputssuggestedfixedvalues
of thethresholdsthattheusercanusein subsequentrunsto improveperformance.

3.4 Calling sequenceof the WISMP subroutine

Therearefive typesof arguments,namelyinput (type I ), output (type O), modifiable(type M ), temporary(type T),
and reserved (type R). The input argumentsare readby WISMPand remainunchangedupon execution,the output
argumentsarenot readbut someusefulinformationis returnedvia them,themodifiableargumentsarereadby WISMP
andmodifiedto returnsomeinformation,the temporaryargumentsarenot readbut their contentsareoverwrittenby
unpredictablevaluesduringexecution,andthereserveargumentsarejust like temporaryargumentswhich maychange
to oneof theothertypesof argumentsin thefutureserialandparallelreleasesof this software.

In the remainderof this document,the “system” refersto the sparselinear systemof D equationsof the form
�/)�+., , where � is asparsesymmetriccoefficientmatrixof dimensionD , , is theright-hand-sidevector/matrixand
) is thesolutionvector/matrix,whoseapproximation) is computedby WISMP.
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is shown in the table.

input formats accepted by WISMP

The storage of this matrix in the

A 9 X 9 symmetric sparse matrix.

CSR-UTFormat CSR-full Format
K IA(K) JA(K) AVALS(K) IA(K) JA(K) AVALS(K)

1 1 1 14.0 1 1 14.0
2 5 3 -1.0 5 3 -1.0
3 9 7 -1.0 9 7 -1.0
4 13 8 -3.0 15 8 -3.0
5 17 2 14.0 19 2 14.0
6 21 3 -1.0 23 3 -1.0
7 25 8 -3.0 29 8 -3.0
8 27 9 -1.0 35 9 -1.0
9 29 3 16.0 44 1 -1.0
10 30 7 -2.0 50 2 -1.0
11 8 -4.0 3 16.0
12 9 -2.0 7 -2.0
13 4 14.0 8 -4.0
14 6 -1.0 9 -2.0
15 7 -1.0 4 14.0
16 8 -3.0 6 -1.0
17 5 14.0 7 -1.0
18 6 -1.0 8 -3.0
19 8 -3.0 5 14.0
20 9 -1.0 6 -1.0
21 6 16.0 8 -3.0
22 7 -2.0 9 -1.0
23 8 -4.0 4 -1.0
24 9 -2.0 5 -1.0
25 7 16.0 6 16.0
26 8 -4.0 7 -2.0
27 8 71.0 8 -4.0
28 9 -4.0 9 -2.0
29 9 16.0 1 -1.0
30 3 -2.0
31 4 -1.0
32 6 -2.0
33 7 16.0
34 8 -4.0
35 1 -3.0
36 2 -3.0
37 3 -4.0
38 4 -3.0
39 5 -3.0
40 6 -4.0
41 7 -4.0
42 8 71.0
43 9 -4.0
44 2 -1.0
45 3 -2.0
46 5 -1.0
47 6 -2.0
48 8 -4.0
49 3 16.0

Figure 1: Illustration of the upper triangular CSR and full CSR formats for a symmetric matrix for the se-
rial/multithreadedWISMProutine.
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Note
�

3.1 RecallthatWISMPsupportsbothC-style(startingfrom0) andFortran-style(startingfrom1) numbering. The
descriptionin this sectionassumesFortran-stylenumberingandC users mustinterpretedit accordingly. For example,
IPARM(11) will actuallybeIPARM[10] in a C programcalling WISMP.

Note 3.2 Theoriginal codefor WISMP is in Fortran andexpectstheparameters to bepassedby reference. Therefore,
whencalling WISMP froma C program,theaddressesof theparametersdescribedin Section3.4mustbepassed.

The calling sequenceanddescriptionof the parametersof WISMPis asfollows. Note that all argumentsarenot
accessedin all phasesof thesolutionprocess.Thedescriptionsthat follow indicatewhena particularargumentis not
accessed.Whenan argumentis not accessed,a NULL pointeror any scalarcanbe passedasa placeholderfor that
argument.Theexampleprogramwismpex1.fat theWSMPhomepageillustratestheuseof theWISMPsubroutinefor
thematrix shown in Figure1.

WISMP( N, IA, JA, AVALS,B, LDB, X, LDX, NRHS,RMISC,CVGH,IPARM,DPARM)

3.4.1 N (type I): matrix dimension

INTEGER N

Thisis thenumberof rowsandcolumnsin thesparsematrix � or thenumberof equationsin thesparselinearsystem
�/)�+., .

3.4.2 IA (type I): row/column pointers

INTEGER IA (N + 1)

IA is an integerarrayof sizeonegreaterthan D . IA(I) pointsto thefirst row/columnindex of column/row E in the
arrayJA. Referto Figure1 anddescriptionof IPARM(4)in Section3.4.12for moredetails.

3.4.3 JA (type I or M): column/row indices

INTEGER JA ( * )

TheintegerarrayJA containsthecolumn(row) indicesof theupper(lower) triangularpartof thesymmetricsparse
matrix � . The indicesof a column(row) arestoredin consecutive locations. In addition,theseconsecutive column
(row) indicesof a row (column)mustbesortedin increasingorderuponinput. WSMPprovidestwo utility routinesto
sorttheindices(seeSection4 for details).Thesizeof arrayJA is thetotalnumberof nonzerosin thematrix � or oneof
its triangularportions(includingthediagonal)if � is symmetricandIPARM(4)is 2 or 3.

3.4.4 AVALS (type I or M): nonzero valuesof the coefficientmatrix

DOUBLE PRECISION AVALS ( * )

ThearrayAVALScontainstheactualdoubleprecisionvaluescorrespondingto theindicesin JA. Thesizeof AVALS
is thesameasthatof JA. SeeFigure1 for moredetails.Pleasenotethat,in many cases,AVALSis accessedduringTask
1 (seedescriptionof IPARM(2..3)in Section3.4.12),whoseprimary aim is analyzethe structureof the matrix. The
reasonfor accessingAVALSduring this phaseis to ensurethatWISMPdoesnot performany structuralrearrangement
of thematrix thatmayturnout to benumericallyunstablein subsequentphases.Therefore,AVALSmustbeavailableto
WISMPevenin thestructuralanalysisphase.

Note 3.3 By default,IPARM(14) is 1 (seedescriptionof IPARM(14)), which meansthat AVALS is overwrittenduring
preconditionergeneration andmustbepassedunalteredto thesolutionphasewhenpreconditionertype(IPARM(15))
is greaterthanor equalto 3. Thiscanbeswitchedoff andAVALS canbemaderead-onlyby settingIPARM(14) to 0.
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3.4.5
F

B (type I or O): right-hand sidevector/matrix

DOUBLE PRECISION B ( LDB, NRHS )

The D�5 NRHSdensematrix , (storedin an LDB 5 NRHSarray)containsthe right-handsideof the systemof
equations�/)0+., to besolved. If thenumberof right-handsidevectors,NRHS, is one,then , cansimplybeavector
of length D . Theinput , is accessedonly in thesolutionphase(Task4).

Whencalling WISMPfor multiplying a sparsematrix with a densevectoror matrix (task5), then , is the output
productvectoror matrix.

3.4.6 LDB (type I): leading dimensionof B

INTEGER LDB

LDB is theleadingdimensionof theright-handsidematrix if NRHS��
 . Whenused,LDB mustbegreaterthanor
equalto D . Evenif NRHS+G
 , LDB mustbegreaterthan0.

3.4.7 X (type O or I): solution vector/matrix

DOUBLE PRECISION X ( LDX, NRHS )

The D�5 NRHSdensematrix ) (storedin an LDX 5 NRHSarray)containsthe computedsolutionthe systemof
equations�*)H+�, if task3 is performedby WISMP. If thenumberof right-handsidevectors,NRHS, is one,then )
cansimply bea vectorof length D .

WhenWISMPis calledfor multiplying a sparsematrix with a densevectoror matrix (task5), then ) is the input
vectoror matrix.

3.4.8 LDX (type I): leadingdimensionof X

INTEGER LDX

LDX is the leadingdimensionof thesolutionmatrix if NRHS�I
 . Whenused,LDX mustbegreaterthanor equal
to D . Evenif NRHS+�
 , LDX mustbegreaterthan0.

3.4.9 NRHS (type I): number of right-hand sides

INTEGER NRHS

NRHSis theseconddimensionof , and) ; it is thenumberof right-handsidesthatneedto besolvedfor.

3.4.10 RMISC (type I, O, M): double precisionoutput info

DOUBLE PRECISION RMISC ( N, NRHS )

If IPARM(25) is 0, then RMISC is not accessed.If IPARM(25) is 1, then on return from the solution phase,
RMISC(I,J)is setto to the E -th componentof the residualwhile solving for the J -th RHS. If IPARM(25)is 2 on in-
put, thenthe contentsof RMISCareusedasthe startingapproximationto the solutionof the system.By default, the
startingsolutioncontainsall zeros.However, if theuserhasaccessto agoodapproximation,thenusingthatmayrequire
fewer iterationsfor convergence.If IPARM(25)is 3, thenthe contentsof RMISCareusedasthe startingsolutionon
inputandareoverwrittenby theresidualon output.

Notethattheuserneedsto provideavalid doubleprecisionarrayof size DA5KDML(NMO only if IPARM(25)is setto a
nonzerovalue;otherwise,RMISCcanjust bea NULL pointer.
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3.4.11
F

CVGH (type O): double precisionconvergencehistory output

DOUBLE PRECISION CVGH ( 0 : IPARM(6) )

Pleaserefer to the descriptionof IPARM(27). The userneedsto provide a valid doubleprecisionarray of size
IPARM(6)+ 1 only if IPARM(27)is setto anonzerovalue;otherwise,CVGHcanjust bea NULL pointer.

3.4.12 IPARM (type I, O, M, and R): integer array of parameters

INTEGER IPARM ( 64 )

IPARM is anintegerarrayof size64 that is usedto passvariousoptionalparametersto WISMPandto returnsome
useful informationaboutthe executionof a call to WISMP. If IPARM(1) is 0, thenWISMPfills IPARM(4) through
IPARM(64)andDPARMwith defaultvaluesandusesthem.Thedefault initial valuesof IPARMandDPARMareshown
in Table2. IPARM(1)throughIPARM(3)aremandatoryinputs,whichmustalwaysbesuppliedby theuser. If IPARM(1)
is 1, thenWISMPusesthe usersuppliedentriesin the arraysIPARM andDPARM. Note that someof the entriesin
IPARMandDPARMareof typeM or O. It is possiblefor auserto call WISMPonly to fill IPARMandDPARMwith the
default initial values.This is usefulif theuserneedsto changeonly a few parametersin IPARMandDPARMandneeds
to usemostof the default values. Pleaserefer to the descriptionof IPARM(2)and IPARM(3) for moredetails. Note
that thereareno default valuesfor IPARM(2)and IPARM(3)andthesemustalwaysbe suppliedby the user, whether
IPARM(1)is 0 or 1.

Notethatall reservedentries;i.e., IPARM(37:63)mustbefilled with 0’s.

P IPARM(1), type I or M:

If IPARM(1)is 0, thentheremainderof the IPARMarrayandtheDPARMarrayarefilled with default valuesby
WISMPbeforefurthercomputationandIPARM(1)itself is setto 1. If IPARM(1)is 1 on input, thenWISMPuses
theusersuppliedvaluesin IPARMandDPARM.

P IPARM(2), type M:

As describedin Section3, theWISMProutinecanbeusedto performasubsetof severaltaskslistedin in Table1.
Thissubsetof tasksperformedis controlledby IPARM(2)andIPARM(3).

On input, IPARM(2)mustcontainthenumberof thestartingtaskandIPARM(3)mustcontainthenumberof the
lasttask.All tasksfrom IPARM(2)to IPARM(3)areperformed,providedthatit is a valid tasksequence.Table3
showsall setsof valid groupsof tasksthatcanbeperformedby settingIPARM(2)andIPARM(3)appropriately.

If IPARM(2) Q 0 or IPARM(2) � 6 or IPARM(2) � , thenno tasksareperformed;however, if IPARM(1)is 0, then
IPARM(4)to IPARM(64)andDPARM(4)to DPARM(64)arefilled with defaultvalues.

Onoutput,IPARM(2)contains1 + numberof thelasttaskperformedby WISMP, if any. Thisis to facilitateusersto
restartprocessingonaproblemfrom wherethelastcall to WISMPleft it. Also, if WISMPis calledto performmul-
tiple tasksin thesamecall andit returnswith anerrorcodein IPARM(64), thentheoutputin IPARM(2)indicates
thetaskthat failed. If WISMPperformsno task,then,on output,IPARM(2)is setto max(IPARM(2),IPARM(3)+
1).

WhenusingWISMPto solve a singlesystemof equations,you would performTasks1–4 in sequence.When
solving multiple systemswith the samecoefficient matrix � , but differentRHS vectors/matrices, , you would
performTasks1–3,followedby multiple callsto WISMPto performTask4. Notethat if all theRHSvectorsare
availableat thesametime, thenit is muchmoreefficient to performa singleinstanceof Task4 with all of them
bundledin the matrix , andsettingNRHSto the numberof RHS vectors(which is the numberof columnsin
, ). Whensolvingmultiplesystemswith differentcoefficientmatrices,youwouldperformTasks1–4for thefirst
system,followedby Tasks2–4or just Tasks2 and4 for thesubsequentsystems.If thecoefficientmatricesof the
consecutive systemsto be solved changegradually, thenTask3 may not be neededfor eachsystem.This may
graduallyincreasethenumberof iterationsrequiredby Task4 to solvethesystembecausethestalepreconditioner
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IPARM DPARM
Index Default Description Type Default Description Type

1 mandatoryI/P default/userdefined M - unused -
2 mandatoryI/P startingtask M - unused -
3 mandatoryI/P lasttask I - unused -
4 0 I/P format I - max. fact.diag. O
5 1 numberingstyle I - min. fact.diag. O
6 1000 maxiterations I RTSURWVYX[Z targetrel. resid.norm I
7 0 matrix type I RTSURWV X[\ targetrel. errornorm I
8 0 max.matchinguse I 0.0 terminationcriterion I
9 10 max.matchingfrequency I - unused -
10 1 scalingoption I - unused -
11 2 thresh.pivotingopt. I RTSURWVYX[] pivot thresh. I
12 1 pivot perturb. opt. I ^TSURWV X[Z smallpiv. thresh. I
13 0 solver choice I - no. of supernodes O
14 1 AVALS/JA reuseopt. I 0.0 threshold_ M
15 3 preconditionerchoice I 0.0 threshold̀ M
16 1 orderingoption1 I - unused -
17 0 orderingoption2 I - unused -
18 3 maximbalance I - unused -
19 0 refinementstrategy I - unused -
20 0 matrix characteristics I - unused -
21 0 GMRESrestart I - structuralsymmetry O
22 0 # approx.eigenvecs I ^TSURWVYX[Z smallpiv. repl. I
23 - incompletefact.size O - incompletefact.ops. O
24 40 max.cliquesize I 0.8 min. compressionefficiency I
25 0 RMISC use I - unused -
26 - numberof iterations O - relative residualnorm O
27 0 CVGH use I - relative errornorm O
28 0 maxinneriterations I 0.0 innerresidual I
29 3 innerpreconditioner I - unused -
30 - # diagsreplaced/interchanges O - unused -
31 - # entriesdropped O - unused -
32 1 precond.repeatuse I - unused -
33 - no. of CPU’sused O - unused -
34 2 _ , ` tuning I - unused -
35 1 mat-vectuning I - unused -
36 1 automaticreattempt I - unused -

37-63 0 reserved R 0.0 reserved R
64 - returnerrorcode O - unused -

Table2: Thedefault initial valuesof thevariousentriesin IPARMandDPARMarrays.A ’-’ indicatesthat thevalueis
not readby WISMP. Pleasereferto thetext for detailson orderingoptionsIPARM(16:20).
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IPARM(2) IPARM(3)
0 0, 1, 2, 3, 4
1 1, 2, 3, 4
2 2, 3, 4
3 3, 4
4 4
5 5
6 6

Table3: Valid valuesof IPARM(2)(first column)andthecorrespondingvalid valuesof IPARM(3).

Inputmatrix format IPARM(4)
CompressedSparseRows (CSR);full matrix 1
CompressedSparseColumns(CSC);full matrix 2
Uppertriangularportionof symmetricmatrix in CSRformat 3
Lower triangularportionof symmetricmatrix in CSRformat 4

Table4: Input formatsacceptedfor sparsecoefficientmatricesandthecorrespondingvaluesof IPARM(4).

will beused,but maystill resultsin anoverall fastersolutionbecausethestalepreconditionermaybeonly slightly
worsethanthepreconditionercomputedfrom thecurrentmatrix. TheusermayperformTask3 afterany number
of steps.WISMPalsokeepstrack of the relative amountsof computationin Tasks3 and4, andautomatically
recomputesthepreconditionerat optimum(possiblyvaryingfrom onematrix to another)intervals.

Theability to useapreconditionergeneratedfrom anearliercoefficientmatrixcanalsobeusedin conjunctionwith
WSMP’s directsolversto obtainfastsolutionsto a sequenceof linearsystemswith graduallyvaryingcoefficient
matrices. As describedin Section3, by choosingappropriatevaluesof DPARM(14–15), Task 3 can be used
to performa direct factorization.In this case,Task4 obtainsthe solutionin a singlestepcorrespondingto the
matrix that is factored.However, this factorizationcanserve asa preconditionerfor subsequentsystems,which
(hopefully)canbesolved in a small numberof iterations.After a point, thenumberof iterationsin Task4 may
increaseto a level that it may worthwhile recomputingthe factorsusingTask3. Either the usercanexplicitly
performTask3; however, if theuserdoesnot, thenWISMPcanautomaticallydetectwhere,if at all, it needsto
recomputethepreconditionerwithin a repeatedsequenceof Tasks2 and4.

WISMPalsoprovidesusersstand-aloneaccessto fastparallelsparsematrix-vectormultiplication(or multiplica-
tion of a sparsematrix with a densematrix) andpreconditioning.The userscancall WISMPto provide these
functionsfor their own iterative algorithmsother thanCG andGMREScurrentlyprovided by WISMP. In this
case,the userwould first performTasks1–2 if preconditioningis not used,or Tasks1–3 if preconditioningis
used.Thesestepscanthenbefollowedby multiple callsto WISMPto performTasks5 and6 if theuserchooser
to implementtheir own iterative methodanduseWISMP’s fastparallelsparsematrix-vectormultiplication and
preconditioningalgorithms.

Pleasereferto Note3.4in thedescriptionof IPARM(15)in Section3.4.12for someimportantinformationrelated
to Task3.

P IPARM(3), type I:

IPARM(3)mustcontainthe numberof the last task to be performedby WISMP. In a call to WISMP, all tasks
from IPARM(2) to IPARM(3)areperformed(both inclusive). If IPARM(2) � IPARM(3)or both IPARM(2)and
IPARM(3)is out of the range1–6, thenno taskis performed.This canbe usedto fill IPARMandDPARMwith
defaultvalues;e.g.,by calling WISMPwith IPARM(1)= 0, IPARM(2)= 0, andIPARM(3)= 0.

P IPARM(4), type I:
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Coefficientmatrix type IPARM(7)
Realor complex generalunsymmetric 0
Realor complex unsymmetricdiagonallydominant 1
Realor complex symmetricindefinite 2
Realor Hermitiansymmetricpositive-definite 3
RealsymmetricM-matrix 4

Table5: Typesof sparsecoefficientmatricesandthecorrespondingvaluesof IPARM(7).

IPARM(4)denotestheformatin which thecoefficientmatrix � is stored.Table4 lists thesupportedinput matrix
formatsandthecorrespondinginputvaluesfor IPARM(4).

Thedefault valueof IPARM(4)is 1.

P IPARM(5), type I:

If IPARM(5)= 0, thenC-stylenumbering(startingfrom 0) is used;If IPARM(5)= 1, thenFortran-stylenumbering
(startingfrom 1) is used.In C-stylenumbering,thematrix rowsandcolumnsarenumberedfrom 0 to Da	�
 and
theindicesin IA shouldpoint to entriesin JA startingfrom 0.

Thedefault valueof IPARM(5)is 1.

P IPARM(6), type I:

On input, IPARM(6)shouldbesetto themaximumnumberof iterationsof theKrylov subspacemethodthat the
userwishestoperformbeforeterminatingif therelativeresidualhasnotconvergedto thedesiredlimit (specifiedin
DPARM(6)). Theactualnumberof iterationsrequiredto reachthedesiredconvergenceis returnedin IPARM(26)
afterthesolvephaseof WISMP. Pleasereferto thedescriptionof DPARM(6)for moredetails.

Thedefault inputvalueof IPARM(6)is 1000.

P IPARM(7), type I:

IPARM(7)denotesthethetypeof coefficientmatrix. Table5 lists thetypesof sparsesystemsandthecorrespond-
ing input valuesfor IPARM(7). Thedefault valueof IPARM(7)is 0. It is extremelyimportantthatthematrix type
is indicatedasaccuratelyaspossiblein IPARM(7).

P IPARM(8), type I:

IPARM(8)is ignoredfor matrix types1, 3, and4.

For matrix types0 and2, WISMPcanusea maximumweight matchingon the bipartitegraphinducedby the
sparsecoefficient matrix to permuteits row suchthat theproductof theabsolutevaluesof thediagonalis maxi-
mized[10, 2, 8, 7]. By default, indicatedby IPARM(8)= 0, WSMPdecideswhetheror not to usethis matching
dependingon thestructureandthevaluesof coefficientmatrix. If IPARM(8)is 1, thenthis permutationis always
performedfor nonpositive-definitematrices,andif IPARM(8)is 2, thenthis permutationis not performed.It is
recommendedthat maximumweight matchingbe turnedoff by settingIPARM(8) to 2 for diagonallydominant
symmetricindefinitematrices.

P IPARM(9), type I:

Dependingon the input in IPARM(8), WISMPmayusea maximumbipartitematchingalgorithmto permutethe
rows suchthat the productof the absolutevaluesof thediagonalentriesis maximized.Whenmultiple systems
with coefficient matricesof the samestructurebut graduallyvarying valuesare solved, then it may be more
economicalto not performthe maximummatchingeachtime. The input IPARM(9)canbe usedto control the
frequency atwhichsuchmatchingis performed.Thedefaultvalueof IPARM(9)is 10; i.e., themaximumbipartite
matchingalgorithmis usedfor every10thmatrixandfor theothers,thelastcomputedrow permutationandscaling
is applied.
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P IPARM(10), type I:

An input of IPARM(10)= 0 implies that WISMPwill not scalethe input matrix. IPARM(10)= 1, which is the
default, implies thatscalingis performedin anattemptto improve convergenceandthenumericalpropertiesof
incompletefactorization.

P IPARM(11), type I:

IPARM(11)is ignoredfor matrix types1, 3, and4.

For matrix types0 and2, if a preconditionerbasedon incompletefactorizationis chosen,thenIPARM(11)and
IPARM(12)instructWISMPhow to handlesmall or zeropivots. If IPARM(11)is 0, thenno row exchangesare
performedduring factorization. The computationwill proceedunlessa zerodiagonalentry is encountered,in
whichcase,eitheranartificial nonzerovalueis placedat thediagonaldependingon IPARM(12)andDPARM(12),
or the correspondingrow/columnnumberis reportedin IPARM(64)andfactorizationstops. Pleaserefer to the
descriptionof IPARM(12)for moredetailson theactionsthatWISMPmight take if IPARM(11)is 0.

If IPARM(11)= 1 upon input, then thresholdpivoting is performedusinga pivoting threshold b (�Yc ����b"Q

dc � ). Thepivoting thresholdb is equalto DPARM(11)if DPARM(11) ���Yc � on input (i.e., theusersuppliesthe
threshold). If IPARM(11)= 1 andDPARM(11)= 0.0, thenWISMPchosesan appropriatethreshold,which is
placedin DPARM(11)asoutput. Thresholdpivoting ensuresthat the pivot growth doesnot exceed 
;e�b at any
eliminationstep.Let f betheabsolutevalueof thediagonalentry just beforethe g -th eliminationstep.Let h be
themaximumabsolutevalueamongall entriesin the g -th column.However, if f6�-b[h , thenthe g -th row canbe
exchangedby any row suchthat theabsolutevalueof theentry in the g -th columnof that row is greaterthanor
equalto bYh . If all entriesin columng arezero(i.e., thematrix is singular),thenthefactorizationis terminatedand
g is returnedin IPARM(64). A numberingfrom 1 to D is usedto indicatethis kind of failure,even if the input
usesC-stylenumbering.

If IPARM(11)= 2 uponinput,which is thedefault,thenWISMPdecideswhetheror not to performpivoting,based
on the propertiesof the matrix. It is recommendedthat pivoting be turnedoff by settingIPARM(11)to 0 for
diagonallydominantsymmetricindefinitematrices.

Thetotal numberof row or columninterchangesperformedarereportedin IPARM(30).

P IPARM(12), type I:

IPARM(12)is ignoredfor matrix types1, 3, and4. IPARM(12)is alsoignoredif pivoting is performedduring
incompletefactorization;i.e., either IPARM(11)is 1 or IPARM(11)is 2 andWISMPelectsto performpivoting.
IPARM(12)= 0 hasno effect.

If IPARM(12)is 1, which is the default, andif pivoting is not performedduring incompletefactorization,then
thefollowing actionis taken. Let bi+j�Tklg�:mgon just beforethe g -th stepof incompletefactorizationandlet �(k<pq:mgrn ,
ps�ig , besuchthat tu�Tk<pv:<grnmt[�jtu�Tkxwd:mgrnmt for all w6��g . If tuyzp|{~}~y�t��jtu�Tkmpq:mgonWt�5 DPARM(12), then �Tkxg�:<grn is replaced
by anentrywhosesignis thesameas b andwhosemagnitudeis t��(k<pv:<grnmt<5 DPARM(22).

Thetotal numberof diagonalsperturbedarereportedin IPARM(30).

P IPARM(13), type I:

If IPARM(13)is 0 (default), the WISMPmakesthe choiceof the solver. If IPARM(13)is 1, thenthe conjugate
gradientmethodis used.If IPARM(13)is 2, thena GMRESsolverused.

P IPARM(14), type I:

IPARM(14)canbeusedto reusethespacein thearraysAVALSandJA during thepreconditionergenerationfor
preconditionertypes3 and4 (seedescriptionof IPARM(15)for detailsonpreconditionertypes).Thus,thisoption
canbeusedto save memoryif userdoesnot needaccessto thevalues,or indices,or bothvaluesandindicesof
thecoefficientmatrixaftersolvingthesystem.
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Preconditionertype IPARM(15)
No preconditioning 0
Diagonalpreconditioner 1
SSORpreconditioner 2
Incompletefactorization 3
Multilevel preconditioner 4

Table6: Typesof preconditionersupportedin WISMPandthecorrespondingiput valuesin IPARM(15).

If IPARM(14)is 0, thenAVALSandJA arenot alteredby WISMP. If IPARM(14)is 1, which is the default, then
AVALSis overwrittenduringpreconditionergeneration(Task3). TheAVALSafterpreconditionergenerationmust
bepassedunalteredto thesolve phase(Task4). If IPARM(14)is 2, thenJA is overwrittenduringpreconditioner
generation(Task3). If IPARM(14)is 3, thenbothAVALSandJA areoverwrittenduringTask3 andmustbepassed
unalteredto Task4.

IPARM(14)is ignoredif IPARM(15)is 0, 1, or 2 andAVALSis neveroverwrittenfor thesepreconditionertypes.

NotethatIPARM(14)mustbesetto 0 if apreconditionergeneratedfrom onematrix is usedto solveasystemwith
a differentcoefficient matrix while solving a sequenceof linearsystemsbecausefilling AVALSandJA with the
valuesandindicesof thenew matrix will corruptthepreconditionerstoredin thesearrays.

P IPARM(15), type I:

IPARM(15)indicatesthetypeof preconditioningto beperformed.

Table6 lists thetypesof preconditioningavailablein WISMPandthecorrespondinginputvaluesfor IPARM(15).

If IPARM(15)is 0, thenno preconditioningis used. If IPARM(15)is 1, thenJacobipreconditioning(diagonal
scaling)is used. If IPARM(15)is 2, thenSSORpreconditioningis performed(with a valueof 1.0 for ? ). The
default valuefor IPARM(15)is 3, which resultsin anincompletefactorization.IPARM(15)= 4 resultsin a Schur
complementbasedalgebraicmultilevel preconditioning.

An incompletefactorizationbasedon two thresholds,B andC is usedfor preconditionersof type3 and4. During
incompletefactorization,all entriesin locations klg�:mwYn and kxw;:<grn whosemagnitudesaresmallerthanor equalto
B timesthe diagonalentry kxg�:<grn aredropped,wheregU��w . Furthermore,the incompletefactorswould contain
at most C timestheoriginal numberof nonzerosin eachrow andcolumn,andadditionalfill maybedroppedto
satisfythisconstraint.ThethresholdsB andC areinitially pickedbasedontheuserspecifiedinputsin DPARM(14)
andDPARM(15), respectively. However, duringtheincompletefactorization,B maybereducedand C increased
if thefactorizationalgorithmdetectsthatthatis necessaryto maintainthestabilityandaccuracy of theincomplete
factorization.

Pleaserefer to the descriptionof DPARM(14), DPARM(15), and IPARM(16) for more details. Note that
DPARM(14)andDPARM(15)areignoredif IPARM(15)is 0, 1, or 2.

Whensolvingseveralsystemswith differentcoefficient matrices,theusercanapplydifferenttypesof precondi-
tionersto differentsystems.However, whenever thepreconditioneris changed,theusermustrestartfrom Task1
(i.e.,performthesymbolicanalysisagain)becauseTask1 usespreconditionerdependentheuristics.

Note3.4 Evenif IPARM(15) is 0; i.e., no preconditioningis used,Task 3 mustbe performed,at least once,
becausesomeinternal data structured required in subsequenttasksare allocatedin this step. In other words,
evenif preconditioningis not used,Task3 cannotbe skippedand mustbe performedwith IPARM(15) = 0, at
leastfor thefirst coefficientmatrix.

P IPARM(16), type I:
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WISMPusesa preorderingof the matrix rows andcolumnsto minimize fill during incompletefactorizationfor
preconditionersof type3 and4. This reorderingis performedasapartof Task2.

If IPARM(16)is -1, the orderingis not performedandthe original orderingof columnsis used. Note that the
rows may still be permuteddependingon the input in IPARM(8). If IPARM(16) is -2, then reverseCuthill-
KcKeeordering[3] is performed. If IPARM(16) is 1, 2, or 3, thena graph-partitioningbasedordering[4] is
performed.In addition,whenIPARM(16)is positive, theorderingspeedandquality is determinedby its integer
value.IPARM(16)= 1 resultsin theslowestbut bestordering,IPARM(16)= 3 resultsin fastestbut worstordering,
andIPARM(16)= 2 resultsin anintermediatespeedandqualityof ordering.

Thedefault valueof IPARM(16)is 1. Whenseekingonly oneor a few solutionsperstructuralanalysisstep,it is
advisableto changeIPARM(16)to 3 or 2.

P IPARM(17), type I:

If a multilevel or incompletefactorizationbasedpreconditioneris used,thenIPARM(17)canbeusedto choose
partitioningandorderingheuristicsbasedonthenumericalvaluesin thecoefficientmatrix. WISMPusesacombi-
nationof afew suchheuristics.If IPARM(17)is 0, whichis alsothedefault,thenWISMPchoosesthecombination
of heuristicsautomatically, basedon thecharacteristicsof thematrix.

Threeothercombinationsareavailableandcanbeselectedby settingIPARM(17)to 1, 2, or 3, respectively. In
additionto thedefault, usersareencouragedto experimentwith theotherthreeaswell to determinewhich one
worksbestfor their problems.

P IPARM(18), type I:

WISMPusesmultilevelgraphpartitioningalgorithms[5] todistributedataandcomputationamongmultipleCPUs.
The inputsin IPARM(18:19)control thepartitioningprocess.IPARM(18)specifiesthe maximumpercentageof
tolerableloadimbalance;default is 3%(i.e.,IPARM(18)= 3 by default).Notethatonly wholenumberpercentages
for tolerableimbalancecanbespecifiedbecauseIPARMis anintegerarray. Imbalanceis computedastheratioof
theweightof theheaviestpartto averagepartweight.

P IPARM(19), type I:

IPARM(19)specifiesthe type of refinementto be usedduringmultilevel graphpartitioning. If IPARM(19)is 0,
thenWISMPchoosestherefinementstrategy basedon thenumberof CPU’s andthesizeof thematrix. A value
of 11 resultsin greedyrefinement(GR)andavalueof 12resultsin Kernighan-Lin(KL) refinement.KL is slower
thanGR, especiallyfor moderateto largenumberof CPUs.Fortunately, thebenefitof usingKL over GR is the
maximumfor smallnumberof partitions,wheretherun-timepenaltyis not excessive. For largenumberof parts,
GR doesaswell asKL andis muchfaster. For small numberof partsrelative to the sizeof the graph,KL is
recommended.Pleasereferto [5] for detailson refinementstrategies.

Thedefault valueof IPARM(19)is 0.

P IPARM(20), type I:

The input IPARM(20)lets the usercommunicatesomeknown characteristicsof the sparsematrix to WISMPto
aid it in choosingappropriatevaluesof someinternalparametersandto choseappropriatealgorithmsin various
stagesof partitioningandreorderingthematrix. If theuserhasno informationaboutthetypeof sparsematrix or
if thematrix doesnot fall into oneof thecategoriesbelow, thenthedefaultvalue0 shouldbeused.

Certainsparsematriceshave a very irregular structureandhave a few rows/columnsthat aremuchdenserthan
mostof therows/columns.Many sparsematricesarisingfrom linearprogrammingproblemsfall in this category.
For suchmatrices,the quality andthe speedof partitioningcanusuallybe improved by settingIPARM(20)to
1. This instructsthepartitioningandorderingroutinesto split thegraphbasedon thehigh degreenodesbefore
proceeding.

Sometimes,sparsematricesarisefrom finite-elementgraphsin which many or mostverticeshavemorethanone
degreeof freedom.In suchgraphs,thereareamany smallgroupsof nodesthatsharethesameadjacency structure.
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If thesparsematrixcomesfrom aproblemlikethis,thenavalueof 2 shouldbeusedin IPARM(20). This instructs
WISMPto constructacompressedgraphbeforeproceedingwith thepartitioningor ordering,whichthenrunmuch
fasterasthey work on thesmallercompressedgraphratherthantheoriginal largergraph.

Thesymbolicfactorizationphasebeforeincompletefactorization(relevantonly for preconditionersof type3 or
4) mayfail for somematriceswith very irregularstructure,unlessIPARM(20)is setto 1.

P IPARM(21), type I:

IPARM(21)is ignoredfor theConjugateGradientsolver. For theGMRESsolver, theinput in IPARM(21)is not0,
thenit is usedastherestartparameter;i.e.,GMRESis restartedafterevery IPARM(21)iterations.If IPARM(21)
is 0, thenWSMPchoosesthe restartparameterbasedon certainpropertiesof the matrix. The default valueof
IPARM(21)is 0. A small valueof the restartparametermay slow down the convergenceratebut will reduce
memoryuseandaveragetime per iteration. A higher valuemay increasethe convergencerate at the cost of
additionalmemoryandaverageCPUtimeperiteration.

P IPARM(22), type I:

IPARM(22)is ignoredfor theConjugateGradientsolver. TheGMRESmethodimplementedin theWSMPlibrary
usuallyaddsapproximateeigenvectorscorrespondingto a few smallesteigenvaluesof thematrix to thesubspace
in orderto mitigatethe impactof restartingon convergence[9]. If the input in IPARM(22)is not 0, IPARM(22)
approximateeigenvectorsareused.If IPARM(22)is 0, thenWSMPattemptsto chooseanappropriatenumberof
eigenvectors.If IPARM(22)is -1, thenapproximateeigenvectorsarenot used.Thedefault valueof IPARM(22)is
0.

P IPARM(23), type O:

If anincompletefactorizationor multilevel preconditioneris used,thenafterthepreconditionergenerationphase,
IPARM(23)containsthetotalnumberof doublewordsrequiredto storetheincompletefactors.

P IPARM(24), type O:

In orderto improve theefficiency of sparsematrix-vectormultiplicationandincompletefactorizationprecondi-
tioning (if optedfor), WISMPattemptsto find groupsof rows andcolumnsthathave identicalnonzeropatterns.
Eachsuchgroupis referredto asa supernode. It is oftenbeneficialto groupeventhoserows (andcolumns)into
supernodethatdo not have anidenticalstructure,but whosestructuresarenearlyidentical.This is accomplished
by introducingartificial entrieswith anumericalvalueof zerointo theserowsandcolumnsto maketheirstructures
identical. IPARM(24)andDPARM(24)areuserinputsthat canbe usedto tell WISPhow aggressively it should
introducetheseextra entriesin orderto maximizethesizethesupernodes.

IPARM(24)indicatesthemaximumsizeof any supernodethatwouldbeusedby WISMP. Thenaturallyoccurring
supernodeswill be restrictedin size to a maximumof IPARM(24)andwhen the sizeof a naturallyoccurring
supernodeis lessthanIPARM(24), thennoartificial entrieswill beusedto increaseits sizebeyondIPARM(24).

DPARM(24), whosedefault valueis 0.8, indicatestheminimumfractionof overlapin thenonzeropatternof two
row-columnpairsneededfor themto beapartof thesamesupernode.of any row andcolumnthatmustcomprise
of the original nonzeroentries. In otherwords,the numberof extra entriesaddedto a row or columnwill not
exceed(1.0- DPARM(24)) timestheoriginalnumberof entriesin thatrow or column.

IncreasingIPARM(24)anddecreasingDPARM(24)(whosevalid rangeis from 0.0 to 1.0) increasesthesizeand
reducesthenumberof supernodes,while increasingthetotalnumberof artificial entriesaddedto thematrix.

P IPARM(25), type I:

Pleasereferto thedescriptionof RMISCin Section3.4.10.

P IPARM(26), type O:

Uponreturnfrom thesolutionphase,IPARM(26)containsthetotal numberof iterationsperformed.It is always
lessthanor equalto theinput in IPARM(6).
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P IPARM(27), type I:

IPARM(27)= 0, which is the default, hasno effect. If IPARM(27)= 1 during the solutionphase,thenthe con-
vergencehistory is returnedin CVGH; i.e., it containsIPARM(26)+ 1 doubleprecisionvaluesthat correspond
to therelative residualaftereachiteration.CVGH(0)containsinitial relative normof residualbeforestartingthe
iterations,andis equalto 1.0if IPARM(25)��� . If IPARM(27)= 1, thenCVGHmustpoint to avalid user-supplied
doubleprecisionarrayof sizeIPARM(6)+ 1.

P IPARM(28), type I:

If the preconditionertype in IPARM(15)is 4 (multilevel preconditioner),thenthe input in IPARM(28)indicates
themaximumnumberof inneriterationsto beperformedat any level. Thedefault valueof IPARM(28)is 0. The
inneriterationsareterminatedbeforeIPARM(28)iterationsareperformedif thenormof theresidualat thatlevel
dropsbelow acertainthreshold.This thresholdis chosenbasedon theinputvaluein DPARM(28). If DPARM(28)
is 0.0on input (default)WISMPselectsanappropriatevaluefor this threshold.If DPARM(28)containsanonzero
value,thenthisvalueis usedasthethresholdto terminatetheinneriterations.If IPARM(28)is 0 (default) thenno
inneriterationsareperformedandDPARM(28)is ignored.

P IPARM(29), type I:

IPARM(29)specifiesthetypeof preconditioningto usedin theinneriterationsof amultilevelpreconditionerif the
mainpreconditioner(IPARM(15)) is of type4. All preconditionerslistedin Table6 arevalid choicesfor aninner
preconditioner. Note that if a multilevel preconditioner(type4) is chosenfor the inner iterationsaswell andthe
numberif inner iterationsspecifiedin IPARM(28)is greaterthan0, thenpreconditionediterationsareperformed
recursively at eachlevel, which mayconsumeanimpracticallyhigh CPUtime.

P IPARM(30), type O:

If replacementof very smalldiagonalentriesis selectedby usingIPARM(12)= 1 for incompletefactorizationor
multilevel preconditioners,thenat theendof thepreconditionergenerationstep,IPARM(30)containsthenumber
of suchreplacementsperformed.Alternatively, if pivoting is selectedby usingIPARM(11)= 1 duringincomplete
LU factorization,thenat the endof the preconditionergenerationstep,IPARM(30)containsthe numberof row
andcolumninterchanges.

P IPARM(31), type O:

At theendof thepreconditionergenerationstep,IPARM(31)containsthetotal numberof entriesdroppedduring
incompletefactorizationor multilevel preconditionercomputation.

P IPARM(32), type I:

Theinput in IPARM(32)specifiesthenumberof timesthepreconditioneris expectedto bereused.WISMPuses
this informationto spendtheappropriateamountof effort in generatingthepreconditioner. NotethatIPARM(32)
mustreferto theexpectednumberof timesthatWISMPwould becalledfor aniterativesolutionaftergenerating
apreconditioner, andmustbeindependentof NRHSin thesecalls.

Thedefault valueof IPARM(32)is 1.

P IPARM(33), type O:

On output, IPARM(33) is set to the numberof CPU’s that were usedon the node/workstationin SMP mode.
This is the numberof CPU’s physicallypresenton thenode/workstation,unlessit is overriddenby a call to the
WSETMAXTHRDSroutine(Section4.4).

P IPARM(34), type I:

If both inputs DPARM(14)andDPARM(15)are 0.0, and the preconditionertype (IPARM(15)) is 3 or 4, then
the solver enterswhat we will refer to asthe automaticthresholdtuning modefor solving multiple systemsof
equationsinvolving repeatedpreconditionergenerationanditerative solutioncycles. This scenariois frequently
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encounteredin many applications,includingthosethatinvolvesolvinganon-linearsystem.By default,thismode
is turnedon becausethedefault valuesof DPARM(14)andDPARM(15)are0.0. In this mode,WISMPchooses
appropriatevaluesfor B andC (seedescriptionof IPARM(15)for moredetails)andrefinesthemfrom iterationto
iterationin orderto balancethecostof preconditionergenerationanditerativesolutionsothattheoverallsolution
time is optimized.WISMPusesbothtiming andnumericalcriteriato adjustthethresholdsbetweeniterations.

While this techniqueis quite effective in optimizing the solution time, a somewhat undesirableside-effect of
usingit is thattheresultsmaynotbereplicatablefrom onerun to anotherfor thesameinputdatadueto variation
in the timings of variousstepsin differentruns. Therefore,WISMPprovidesusersthe option to useautomatic
thresholdtuning with varying degreesof aggressiveness.SettingIPARM(34)to 0 forcesWISMPto completely
disregardtiming informationanduseonly numericalcriteriafor theselectionandmodificationof theincomplete
factorizationthresholds.Thus,settingIPARM(34)to 0 guaranteesthe samesolutionfor thesameproblemeach
time. Othervalid valuesof IPARM(34)are1, 2, and3. A highervalueof IPARM(34)resultsin ahigherdegreeof
variationin resultsbetweendifferentruns,but usuallyalsoanoverall fastersolution.

Thedefault valueof IPARM(34)is 2.

P IPARM(35), type I:

WISMPmaychoseanappropriateblockingfactorfor sparsematrix-vectormultiplicationby attemptingdifferent
blocksizesandmonitoringthecomputationtimesduringthefirst few iterations.While thisimprovestheefficiency
of the subsequentiterations,sometimes,this may make it hardto replicatethe exact resultswith the samedata
from one run to another. The reasonis that the variationsin timing betweendifferent runs may result in the
selectionof differentblocksizes.

Thedefaultvalueof IPARM(35)is 1,whichenablesthisoptimization.It canbeswitchedoff by settingIPARM(35)
to 0, in which case,a fixedblock sizewill beused.

P IPARM(36), type I:

IPARM(36)= 0 hasno affect. In input of IPARM(36)= 1 triggersan automaticrecomputationof incomplete
factorizationor multilevel preconditionerwith tighterthresholds(soasto computeamoreaccuratebut expensive
preconditioner)if theestimatednormof theerror if morethan10 timeshigherthanthelimit in DPARM(6)after
IPARM(6)iterations.Thedefaultvalueof IPARM(36)is 1.

P IPARM(37:63), type R:

Thesearereservedfor futureuse.

P IPARM(64), type O:

In theeventof asuccessfulreturnfrom WISMP, IPARM(64)is setto 0 onoutput.A nonzerovalueof IPARM(64)
uponoutput indicatesthat WISMPdid not completeexecutionanddetectedan error condition. Therearetwo
typesof errorcodes—negativeandpositive.

NegativeErr or Codes: If aninputargumenterroris detected,thenIPARM(64)is setto anegative integerwhose
absolutevalueis the numberof the erroneousinput argument. Only minimal input argumentcheckingis per-
formedanda non-negativevalueof IPARM(64)doesnot guaranteethatall input argumentshave beenverifiedto
becorrect.An errorin theinput argumentscaneasilygo undetectedandcausetheprogramto crashor hang.

If dynamicmemoryallocationby WISMPfails thenIPARM(64)is setto 	�
��� on return.This is oneof themost
commonerror codesencounteredby the users. Pleaserefer to Notes2.2 and2.4 if you get this error in your
program.

An outputvalueof 	'����� for IPARM(64)in themessage-passingparallelversionindicatesthattheproblemis too
smallfor thegivennumberof processesandmustbeattemptedon fewerprocesses.An outputvalueof 	����� for
IPARM(64)indicatesaninternalerrorandshouldbereportedto wsmp@watson.ibm.com.

An errorcodeof 	'����� is returnedif thelicenseis expired,invalid, or missing.
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Positive Err or Codes: A positive integervalueof IPARM(64)between1 and D on outputindicatesa computa-
tional error. In this case,IPARM(64)is the index of thefirst pivot thatwaslessthanor equalto DPARM(11)for
incompleteCholesky factorizationor lessthanor equalto DPARM(11)in magnitudefor incompleteLU factor-
ization. If C-style(0-based)indexing is usedandIPARM(64) �"� , thenIPARM(64)is 1 + the index of the bad
pivot.

3.4.13 DPARM (type I, O, M, and R): double precisionparameter array

DOUBLE PRECISION DPARM ( 64 )

The entriesDPARM(37)throughDPARM(63)are reserved. Unlike IPARM, only a few of the first 36 entriesof
DPARMareused.Thedescriptionof only therelevantentriesof DPARM is givenbelow. Notethatall reservedentries;
i.e.,DPARM(37:63)mustcontain0.0.

P DPARM(4), type O:

If anincompletefactorizationof multilevelpreconditioneris used,thenat theendof thepreconditionercomputing
phase,DPARM(4)containstheabsolutevalueof thediagonalentrywith thelargestmagnitudeof theincomplete
factor.

P DPARM(5), type O:

If anincompletefactorizationof multilevelpreconditioneris used,thenat theendof thepreconditionercomputing
phase,DPARM(4)containstheabsolutevalueof thediagonalentrywith thesmallestmagnitudeof theincomplete
factor.

P DPARM(6), type I:

Theinput in DPARM(6)is usedasthetargetrelative normof theresidual.TheGMRESsolver terminateswhen
eithernumberof iterationsreachesIPARM(6), or whenthe relative norm of the residualbecomessmallerthan
DPARM(6). Pleaserefer to the descriptionof DPARM(8) for the detailson the exact stoppingcriteria of the
conjugategradientsolver.

Thedefault valueof DPARM(6)is 
��!�� .
Theactualrelative residualnormat theterminationof iterationsis returnedin DPARM(26).

P DPARM(7), type I:

DPARM(7)is not usedfor theGMRESsolver. For theconjugategradientsolver, WISMPcomputesanestimate
of the Euclideannorm of the error in the solution [1]. The input in DPARM(7) is usedas the target ratio of
the estimatedEuclideannorm of error to the norm of the computedsolution. Pleaserefer to the descriptionof
DPARM(8)for thedetailson theexactstoppingcriteria.

Thedefault valueof DPARM(6)is 
��!�� .
If WISMP is reliably able to computeit, then the actualestimatedrelative Euclideannorm of the error at the
terminationof iterationsis returnedin DPARM(27).

P DPARM(8), type I:

DPARM(8)is notusedfor theGMRESsolver. For theconjugategradientsolver, DPARM(8)is usedto decidethe
terminationcriteria. If DPARM(8)is 0.0,which is thedefault,thentheiterationsterminatewhentherelativenorm
of theresidualbecomessmallerthanDPARM(6)and theestimatedrelative Euclideannormof theerrorbecomes
smallerthanDPARM(7). If DPARM(8) is 1.0, thenthe iterationsterminatewheneither the relative normof the
residualbecomessmallerthanDPARM(6), or theestimatedrelativeEuclideannormof theerrorbecomessmaller
thanDPARM(7). Of course,in eithercase,thenumberof iterationsneverexceedthelimit specifiedin IPARM(6)).
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P DPARM(11), type I:

DPARM(11)is usedandpivoting is optedfor duringthecomputationof apreconditionerbasedonincompleteLU
factorization.This is the lower thresholdon the valueof a gooddiagonalentry. If a pivot valueis lessthanor
equalto DPARM(11), theneitheranerroris flaggedor correctiveactionis takenbasedontheinput in IPARM(11).
DPARM(11)mustbenon-negative.

P DPARM(12), type M:

Seethedescriptionof IPARM(12)for moredetails.DPARM(12)mustbenon-negative.

P DPARM(13), type O:

After theanalysisphase,DPARM(13)containsthenumberof supernodesdetected.A smallnumberof supernodes
relative to thesizeof thecoefficient matrix indicateslargersupernodesandhence,higherpotentialperformance
in thenumericalsteps.

P DPARM(14), type M:

The input DPARM(14)containsthe thresholdB for incompletefactorization(usedonly if IPARM(15)is greater
thanor equalto 3). Pleasereferto thedescriptionof IPARM(15)for moredetails.

If DPARM(14)is 0.0 on input, thenWISMPselectsits own valueof B basedon its analysisof the input matrix
andplacesis in DPARM(14). The default input valueof DPARM(14)is 0.0. Pleaserefer to the descriptionof
IPARM(34)for someimportantdetailson thebehavior of thesolverwhenDPARM(14)is 0.0.

On output,DPARM(14)may have a valuedifferentfrom the input valueof DPARM(14). The new valueis the
suggestedvalueof DPARM(14), which mayresultin a reductionof thetotal time spentin Tasks3 and4. Since
DPARM(14)maybemodifiedon output,its valueneedsto beresetfor subsequentpreconditionergenerationsif
theuserdoesnot wantto usethevaluesuggestedby WISMP.

P DPARM(15), type M:

The input DPARM(15)containsthe thresholdC for incompletefactorization(usedonly if IPARM(15)is greater
thanor equalto 3). Pleasereferto thedescriptionof IPARM(15)for moredetails.

If DPARM(15)is 0.0 on input, thenWISMPselectsits own valueof C basedon its analysisof the input matrix
andplacesis in DPARM(15). The default input valueof DPARM(15)is 0.0. Pleaserefer to the descriptionof
IPARM(34)for someimportantdetailson thebehavior of thesolverwhenDPARM(15)is 0.0.

On output,DPARM(15)may have a valuedifferentfrom the input valueof DPARM(15). The new valueis the
suggestedvalueof DPARM(15), which mayresultin a reductionof thetotal time spentin Tasks3 and4. Since
DPARM(15)may be modifiedon output,its valueneedsto be resetfor subsequentpreconditionergenerationif
theuserdoesnot wantto usethevaluesuggestedby WISMP.

P DPARM(21), type O:

DPARM(21)returnsthestructuralsymmetryof thematrix (after variouspermutationsof theoriginal coefficient
matrix) thatis factored.This is a valuebetween0.0and1.0,where1.0 indicatesperfectstructuralsymmetryand
0.0indicatesthatthereis no off-diagonalcorrespondencebetweenthematrix andits transpose.

P DPARM(22), type I:

DPARM(22)is usedto perturbsmalldiagonalentrieswhenrow-columninterchangesarenot performedandthe
perturbationoptionis turnedonby theuserbysettingIPARM(12)= 1. Pleasereferto thedescriptionof IPARM(12)
for moredetails.DPARM(22)mustbenon-negative.

P DPARM(23), type O:

Thiscontainsthenumberof floatingpoint operationsrequiredfor incompletefactorization.
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P DPARM(24), type I:

Pleaserefer to thedescriptionof IPARM(24). Along with IPARM(24), DPARM(24)determinesthecompression
efficiency while generatingasupernodalmatrix from theoriginal coefficientmatrix.

P DPARM(26), type O:

After thesolutionstep(Task4), DPARM(26)containsthe relative normof the residualat theterminationof the
iterations.

P DPARM(27), type O:

Whentheconjugategradientsolver is used,the therelative estimatednormof theerroruponthe terminationof
theiterationsis returnedin DPARM(27). DPARM(27)is not usedin theGMRESsolver. A returnvalueof 0.0 in
DPARM(27)indicatesthatWISMPwasnotableto estimatetheerrornorm.

P DPARM(28), type I:

If the preconditionertype in IPARM(15) is 4 (multilevel preconditioner),then the input in DPARM(28)gives
a terminationcriterion for the inner iterationsto be performedat any level. Pleaserefer to the descriptionof
IPARM(28)for moredetails.

4 MiscellaneousRoutines

In this section,we describesomeoptionalroutinesavailableto theusersfor managingmemoryallocation,datadistri-
bution,andsomeothermiscellaneoustasks.

Note 4.1 Someroutinesin this sectionhaveunderscores in their names,and due to different manglingconventions
followedbydifferentcompilers,youmaygetan“undefinedsymbol”error whilecalling oneof theseroutines.Placingan
explicit undercoreat theendof theroutinenameusuallyfixestheproblem.For example, if calling WS SORTINDICES I
doesnot work, thentry calling WS SORTINDICES I .

4.1 WS SORTINDICES I ( M, N, IA, JA, INFO) ��� �
This routinecanbeusedto sort the row indicesof eachcolumnor thecolumnindicesor eachrow (dependingon the
type of storage)of an  �5�D sparsematrix. The sizeof IA is  ���
 andthe rangeof indicesin JA is 0 to DA	j

or 1 to D . Only J�� is modifieduponsuccessfulcompletion,which is indicatedby a returnvalueof 0 in INFO. The
descriptionsof IA andJA aresimilar to thosein Section3.4.Thedescriptionof INFO is similar to thatof IPARM(64).

PleasereadNote4.1at thebeginningof this section.

4.2 WS SORTINDICES D ( M, N, IA, JA, AVALS, INFO) ��� �
Thisroutineis similarto WSSORTINDICESI, exceptthatit alsomovesthedoubleprecisionvaluesin AVALSaccording
to thesortingof indicesin JA. Thedescriptionsof IA, JA, andAVALSaresimilar to thosein Section3.4.Thedescription
of INFO is similar to thatof IPARM(64).

PleasereadNote4.1at thebeginningof this section.

4.3 WS SORTINDICES Z ( M, N, IA, JA, AVALS, INFO) ��� �
This routineis similar to WSSORTINDICESD, exceptthatthevaluesin AVALSareof typedoublecomplex.

PleasereadNote4.1at thebeginningof this section.
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4.4 WSETMAXTHRDS ( MAXTHRD )

If the underlyinghardwareis an SMP platform, thenWSMPautomaticallyspawns threadsto utilize all the available
CPU’s. The numberof threadsspawnedis a function of the the numberof CPU’s on the given nodeor workstation.
TheroutineWSETMAXTHRDScanbeusedto setthenumberof threadsthatarespawnedto correspondto MAXTHRD
CPUs.For example,if you arerunningtwo processeson thesamenodethathasfour CPU’s, you maywant to setthe
maximumnumberof threadsthateachprocessusesto 2 in orderto reducetheoverheads.If youdonotsetthemaximum
numberof threadsto 2 in thisscenario,thenseveral(many morethanfour) threadswill becompetingfor only 4 CPU’s.

WSETMAXTHRDSis alsousefulwhenworkingon largeSMPmachines,whereyouwouldwantto limit thenumber
of CPUsthatyouwantto use.For example,ona64-CPUmachine,WSMPwill try to useall theCPUsby defaultwhich
will resultin excessiveoverhead.

If this routineis used,it mustbecalledbeforethefirst call to any WSMPor PWSMPcomputationalroutineor the
initialization routines(Section4.10). OnceWSMP/PWSMPis initialized, thenumberof threadscannotbechangedfor
a givenrun.

If WSETMAXTHRDSis calledwith MAXTHRD= -1, thenWSMPtries to useasmany CPUsasareavailablein the
hardware,which is thedefaultmode.

4.5 WSSYSTEMSCOPE and WSPROCESSSCOPE

The default contentionscopeof the threadson AIX, Linux, SunOS,and Tru64 is PTHREADSCOPESYSTEM
and is PTHREADSCOPEBOUND NP on IRIX. WSSYSTEMSCOPEcan be called to change the contention
scopeto PTHREADSCOPESYSTEMand WSPROCESSSCOPEcan be called to changethe contentionscopeto
PTHREADSCOPEPROCESS. If theseroutinesare used,they mustbe called beforethe first call to any WSMPor
PWSMPcomputationalroutineor theinitialization routines(Section4.10).

4.6 WSETMAXSTACK ( FSTK )

All threadsspawnedby WSMPare,by default,assigneda 1 Mbyte stackin 32-bit mode(4 Mbytesin 64-bit mode).In
rarecase,for very largematrices,this maynot beenoughfor oneor morethreads.Theusercanincreaseor decrease
the default stacksizeby calling WSETMAXSTACK prior to any computationalor initialization routineof WSMP. The
doubleprecisioninputparameterFSTKdeterminesthefactorby which thedefault stacksizeof eachthreadis changed;
e.g., if FSTK is 2.d0, theneachthreadis spawnedwith a 2 Mbyte stackin 32-bit modeand4 Mbyte stackin 64-bit
mode. If this routineis used,it mustbecalledbeforethefirst call to any WSMPor PWSMPcomputationalroutineor
theinitialization routines(Section4.10).In thedistributed-memoryparallelversion,this routine,if used,mustbecalled
by all processes(it is effectiveon only thoseprocesseson which it is called).

Note that this routinedoesnot affect the stacksizeof the main thread,which, on AIX, canbe controlledby the
-bmaxstack optionduringlinking.

Onsomesystems,theusermayneedto increasethedefaultsystemlimits for stacksizeanddatasizeto accommodate
thestackrequirementsof thethreads.

4.7 WSETLF ( DLF )��� �
TheWSETLFroutinecanbeusedto indicatetheloadfactorof aworkstationto WSMPto bettermanageparallelismand
distributionof work. ThedoubleprecisioninputDLF is avaluebetween0.d0and1.d0(0.0and1.0,passedby reference
in C). Thedefaultvalueof zero(which is usedif WSETLFis not called)indicatesthattheentiremachineis availableto
WSMP; i.e., the loadfactorof themachinewithout the applicationusingWSMPis 0. An input valueof oneindicates
that the machineis fully loadedeven without the WSMPapplication. For example,if a 2-way parallel job is already
runningon a 4-CPUmachine,thentheinput DLF shouldbe0.5andif four serial,or two 2-way parallel,or one4-way
paralleljob is alreadyrunningon suchamachine,thentheinputDLF shouldbe1.0.

If this routineis used,thenit mustbecalledbeforethefirst call to any WSMPor PWSMPcomputationalroutineor
theinitialization routines(Section4.10).
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4.8 WSETNOBIGMAL ()

Onmostplatforms,WSMPattemptsto allocateaslargeachunkof memoryaspossibleandfreesit immediatelywithout
accessingthismemory. ThisgivesWSMPanestimateof theamountof memorythatit candynamicallyallocate,andon
somesystems,speedsupthesubsequentallocationof many smallpiecesof memory. However, thissometimesconfuses
certaintoolsfor monitoringprogramresourceusageinto believing thatanextraordinarilylargeamountof memorywas
usedby WSMP. This largemalloc canbe switchedoff by calling the routineWSETNOBIGMALbeforeinitializing or
calling any computationalroutineof WSMPor PWSMP.

4.9 WSMP VERSION ( V, R, M )

This routinereturnstheversion,release,andmodificationnumberof of theWSMPor PWSMPlibrary beingusedin the
integervariables� , L , and  , respectively.

PleasereadNote4.1at thebeginningof this section.

4.10 WSMP INITIALIZE ()�s� � and PWSMP INITIALIZE ()�
Theseroutinesare usedto initialize WSMPand PWSMP, respectively. Their useis optional, but if used,a call to
oneof themmustprecedeany computationalroutine. However, if any of WSETMAXTHRDS(Section4.4), WSSYS-
TEMSCOPE, WSPROCESSSCOPE(Section4.5),WSETMAXSTACK (Section4.6),WSETLF(Section4.7),andWSET-
NOBIGMAL(Section4.8) routinesareused,they mustbe calledbeforeWSMPINITIALIZE or PWSMPINITIALIZE.
PWSMPINITIALIZE, if used,mustbecalledon all nodesin themessage-passingparallelmode.WSMPandPWSMP
performself initializationwhenthefirst call to any user-callableroutineis made.

PWSMPINITIALIZE also performs a global communication using its current communicator, which is
MPI COMM WORLDby default, unlessit hasbeensetto somethingelseusingtheWSETMPICOMMroutine. There-
fore, PWSMPINITIALIZE must be called on all the nodesassociatedwith the currently active communicatorin
PWSSMP.

PleasereadNote4.1at thebeginningof this section.

4.11 WSMP CLEAR ()�s� � and PWSMP CLEAR ()�
Both theserialandtheparallelversionsof thesolver have thecontext storedinternally, which enablesthemto perform
a desiredtaskat any time while usingthe informationfrom tasksperformedearlier, providedthat thenecessaryinfor-
mationwasgeneratedat leastonce.For example,severalcalls to matrix-vectormultiplicationor iterative solutioncan
bemadewith differentnumericaldata(but thesameindices)afteronestepof structuralanalysis.Thesolversareable
to performtheseoperationsbecausethey rememberthe resultsof the last structuralanalysis.Similarly, they remem-
ber thepreconditionerfor any numberof iterative solvesstepsuntil a new preconditioneris generatedor a new matrix
structureis analyzedto replacethe previously storedinformation. As a result, the solver routinesoccupy storageto
rememberall theinformationthatmightbeneededfor afuturecall to performany legal task.Theusercancall a routine
WSMPCLEAR()in theserial/multithreadedmodeandPWSMPCLEAR()in themessage-passingparallelmodeto free
this storageif required.After a call to any of theseroutines,thesolverdoesnot rememberany context andthenext call
mustbefor performinga structuralanalysis(Task1) to startanew context.

WSMPCLEARand PWSMPCLEARundo the effects of WSMPINITIALIZE and PWSMPINITIALIZE, respec-
tively.

PleasereadNote4.1at thebeginningof this section.

4.12 WISFREE ()��� � and PWISFREE ()�
WISFREEandPWISFREEreleaseall thememoryallocatedby the iterative solver at the time of thecall. If you need
to solvemoresystemsiteratively aftera call to WISFREEor PWISFREE, you muststartwith analyzingthestructureof
thematrix (Task1).



c
�

IBM Corporation1997,2007.All RightsReserved. 30

5
�

Support for Double ComplexData Type

The doublecomplex (complex*16) versionof the iterative solver canbe accessedvia routineZISMP. This routineis
identicalto its doubleprecisionrealcounterpartwith theexceptionthatthedatatypeof AVALS, B, X, andRMISCin this
routineis doublecomplex or complex*16. TheWSMPwebpageat http://www.cs.umn.edu/˜agupta/wsmp.htmlcontains
exampleprogramsillustratingtheuseof this routine.

6 Notice: Termsand Conditions for Useof WSMP and PWSMP

Pleasereadthelicenseagreementin theHTML file of theappropriatelanguagein the licensedirectorybeforeinstalling
andusingthesoftware.The90-dayfreetrial licenseis meantfor educational,research,andbenchmarkingpurposesby
non-profitacademicinstitutions.Commercialorganizationsmayusethesoftwarefor internalevaluationor testingwith
thetrial license.Any commercialuseof thesoftwarerequiresa commerciallicense.

TheHP-UX andsomeLinux versionsof WSMPincorporatesATLAS BLAS (http://math-atlas.sourceforge.net). The
following copyright notice,list of conditions,andthedisclaimerappliesto ATLAS.

* Automatically Tuned Linear Algebra Software v3.6.0
* (C) Copyright 1998 R. Clint Whaley
*
* Redistribution and use in source and binary forms, with or without
* modification, are permitted provided that the following conditions
* are met:
* 1. Redistributions of source code must retain the above copyright
* notice, this list of conditions and the following disclaimer.
* 2. Redistributions in binary form must reproduce the above copyright
* notice, this list of conditions, and the following disclaimer in the
* documentation and/or other materials provided with the distribution.
* 3. The name of the ATLAS group or the names of its contributers may
* not be used to endorse or promote products derived from this
* software without specific written permission.
*
* THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS
* ‘‘AS IS’’ AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED
* TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR
* PURPOSE ARE DISCLAIMED. IN NO EVENT SHALL THE ATLAS GROUP OR ITS CONTRIBUTORS
* BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR
* CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO, PROCUREMENT OF
* SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS
* INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN
* CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE)
* ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE
* POSSIBILITY OF SUCH DAMAGE.
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