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Chapter 1

Intr oduction to the DDL

This documentis the User Guide to Version 2.1 of the DDL library. The specification of the Li-
brary is still under review and the implementation is far from complete. In particular, only the
DDL_PCK_ROW sparsedistrib uted data format is fully implementedand thereis little error check-
ing. You have beenwarned!

Any commentswill be gratefully received..and maybeevenactedupon!

The Distributed Data Library (DDL) is a library systemthat permitsa userto exploit the power of
a distributedmemoryparallelcomputerfrom a single-threadedrortran program. This dataparallel pro-
grammingmodelis achieved by letting the usercall library routineswhich create manageandoperateon
distributedobjectssuchasmatricesandvectors.

This documentdescribed/ersion2.1 of the Library. In this documentve describethe DDL from a
Users perspectie. Programmersvho areinterestedn developingtheir own DDL procedure®r delving
deepeiinto the designof theDDL shouldalsoreadthe DDL TechnicalGuide[2].

The documentis arrangedasfollows. The next chaptergivesa summaryof the corventionsused
in the document. The following two chaptersdescribethe distributed objectssupportedoy the Library
(Chapter3) andthe basicproceduredor objectmanagemenfChapterd) suchas creationanddeletion.
Chapter5 definesthe Level 1 BLAS operationghat have beenimplementedand Chapter6 definesthe
matrix operationscurrently supported. File I/O proceduresre definedin Chapter7. Low-level access
to the underlyingdatastructuress discussedn Chapter8. Finally, Chapter9 describeghe high level
preconditioner$or sparsdinearequationsolversbuilt ontop of thebaseLibrary.

TheAppendicesncludeacompleteexampleprogram(AppendixA). AppendixB containdnformation
abouterrorhandlingin theLibrary.

A bibliographyandanindex to the DDL proceduradescriptionsaregivenatthe endof this document.



Chapter 2

DDL terms and corventions

This chapterexplainsthetermsandcorventionsusedby theDDL. Mary of thesearederivedfrom theM Pl
standard1].

2.1 Distrib uted objects

TheDDL usegheconcepbf opaqueobjectsfor thedistributeddatastructureghatit supportsThismeans
that,in generaltheuserdoesnothave directaccesso DDL data,but insteadmanipulateshe datathrough
callsto DDL proceduresThis hidesthe detailsof the implementatiorof the datastructuresallowing the
implementatiorto be changedht a later date,andalsohelpsto avoid errorsdueto userprogramming.The
userpasses DDL objectto a procedurdy providing a handleto thatobject.

TheDDL supportsseveraldifferenttypesof distributedobjectsandallows new typesto beadded.In C
eachobjecttypehasa differenthandle:densevectorsareof type DDL Vec, andsparsematricesareof type
constDDL Spa. The generictype DDL_Object is usedto referto anobjectof eithertype. In FORTRAN
all handlesareof typeINTEGER.

The DDL managesystemmemory allocatingspacefor new objectsand deallocatingunwantedob-
jects. Whena new objectis createdhe creationprocedurewill returna handlefor the new object. When
thatobjectis deallocatedhe handlebecomesnvalid.

A userwill oftenwantto accesshe raw datavaluesof a distributedobject. In this casethe DDL
includesprocedureshatreturna pointerto the partof anobjects raw datathatis allocatedto the calling
processilt istheusersresponsibilityto ensurehatall changedso theraw dataareconsistentvith theDDL
specification.

2.2 Constants

The DDL makesconsiderableiseof specialvaluesof thetypeINTEGER. Thesevaluesareusedto repre-
sentsuchthingsaserrorconditions datatypes,anddistributedobjectformats.Thesevaluesaredefinedin
headeffiles which shouldbeincludedin eachuserprogram.For FORTRAN use:

i ncl ude "ddl f.h"
andfor C use:
#i ncl ude "ddl . h"

2.3 Procedure specification

Thisdocumenusesa languagendependentotationto specifyeachDDL procedure.
Theusageof eachprocedureagumentis specifiedasoneof IN, OUT or INOUT with thefollowing mean-
ings:
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IN Theamgumentis usedby the procedurébut notchanged.
ouT Theamumentis notusedby the procedurébut maybe changed.
INOUT | Theamgumentis bothusedandchangedy theprocedure.

A specialinterpretatioris usedfor objecthandles.If anamgumentis a handleon anobject,andthe objectis usedbut
notchangedy the proceduretheargumentis markedN. If theobjectis changedut notused theargumentis marked
OUT. Finally, if the objectis bothusedandchangedy the procedurdhenit is markediINOUT.

A shortdescriptionof eachargumentis alsogivenfollowed by the type of the agument. The agumenttype will
beoneof integer, float, double, logical, handle, choice orarray. Thehandle typerepresentiandledor ary object
typeor DDL typesandconstantsThe choice type representanamgumentthatcanhave oneof a numberof different
types,suchasdifferentfloating point precisions.

The languageindependentlescriptionis followed by languagespecificbindingsfor C and FORTRAN. These
bindingsspecifythe exactlanguageypesfor eachargument. The choice amumentsaremarkedvoi d * in C and
<type> in FORTRAN.

2.4 Languagebinding

In C all procedurefiave nameseginningwith MPI_, andcaseis significant.Almostevery procedurgeturnsaninteger
indicatingtheerrorconditionof theprocedurenexit. DDL constantsindtypesalsohave nameseginningwith MPI_.
Therearespecificdatatypesfor handlego eachobject. Arraysareindexedfrom 0. Thechoice amgumentsarepointers
of typevoi d *.

In FORTRAN all procedursnamesarein uppercaseandbegin with MPI_. Thelastagumentof every procedure
is aninteger, IERR, indicatingthe errorconditionof theprocedurenexit. DDL constanhamesarealsoin uppercase
andbegin with MPI_. Handlesfor objectsandDDL typesand constantsarerepresentetby | NTECERS. Arraysare
indexedfrom 1. Choiceargumentsnaybe oneof severaldifferenttypes.

2.5 Error handling

Every Library procedurereturnsan errorvalueto indicatewhetherthe procedurevassuccessfubr not. TheLibrary
recognizesa numberof different error conditionsand representsheseby the integer valueierr. In FORTRAN
programserr is thelastparametein theLibrary procedureall. In C programserr is theresultof theLibrary function
call.

It is goodpracticeto checkthe valueof ierr afterevery procedurecall. If the valueis DDL_SUCCESS thenthe
procedureexecutedsuccessfullyandthe programmay be continued.Any othervalueindicatesthatan erroroccurred
in the procedureandthe usershouldthendecidewhetherfurtherexecutionis possibleor whetherthe programshould
beterminated.

Thenormalbehaviour of the Library on encounterin@nerroris to exit the proceduremmediatelyanddisplayan
errormessage The stateof ary OUT or INOUT parameter®n exit with an erroris not defined. In mostinstances
theseparametersvill be unchangedbut this is not guaranteedAny IN parametersvill beunchangedThe safestuser
responséo anerroris to terminatethe program.

More informationabouterrorhandlingcanbefoundin AppendixB.



Chapter 3

Distrib uted objects

The distributed objectsin the DDL supportl- and 2-dimensionalmatrices,the most commonlyuseddimensions.
Objectsbelongto one of two classesdensedataobjectsor sparsedataobjects. A denserepresentatiocanbe used
for objectswhich are1-d vectorsor 2-d matrices.The sparseepresentatiois for 2-dimensionamatrix objects.Each
classis composedf a numberof objecttypes. Eachof thesedifferenttypesspecifiesthe particulardatastructure
thatshouldbe usedto representhe object. Thefeaturesof the differentdatastructuresnay makeonestructurebetter
thananotherfor a particularapplication. Thusthe choiceof datastructurels left to the user sothathe canselectthe
optimal structurefor his application.However, oneof the aimsof the DDL is to hide the detailsof the datastructure
andthe datamanipulationgequiredto performan operation. HenceDDL procedureshouldacceptobjectsof ary
type compatiblewith the specifiedoperation As examples)/O procedureshouldbeableto readandwrite ary of the
objecttypes,anda matrix-vectormultiply procedureshouldacceptothdenseandsparsenatricesof ary type.

3.1 Distribution

All theobjectsthatthe DDL supportshave the samegeneradistribution pattern(seeFigure3.1). Thisdistributionis a
subsebf thedistributionsprovidedby HPE

The distribution of a vectorof lengthn from a programrunningon p,,.. processess asfollows. The vectoris
partitionedinto blocks of contiguouselementswith all processesut the lasthaving the samenumberof elements.
Thismightmeanthatnotall of thep,. processesanbeused.Thesizeof theseblocksis b = [n/pmas |. Theactual
numberof processethatcanbeusedis thenp = n/b. Thelastprocesdlockis of sizen — b(p — 1).

A matrix may bedistributed by eitherrows or columns.Therows (or columns)of the matrix arepartitionedinto
contiguousblocksin the samemannerasfor avector

Theblock sizeusedby this distribution doesnot provide the mostevenbalanceacrosghe processedNeitherdoes
it alwaysmakeuseof all the availableprocessedHdowever, in mary instancest is theeasiespartitioningto work with
sinceyou know thatall usedprocessesxceptthelasthave the sameblock size.

n 1 2 3 4
1 1
2 2
n n n
3 3
4 4 [ |
n
(a) matrix by rows (b) matrix by columns (c) vector

Figure3.1: Distribution of matricesandvectors
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Objectscanalsobedistributedusinga parametetblock, which specifieghatblocksof block contiguouslements
areindivisible. This forcesthe distribution mechanisnto partitionthe dimensiorinto blockswhich area multiple of
block in size.

3.2 Permutations

The DDL allows the userto specifya permutationof an objects data. This permutationspecifiesa 1-to-1 mapping
betweertheindicesof anobjectsdatain physicalstorageandthelogicaldataindices.Thephysicalindex of anelement
is theindex usedto locatethatelementn distributedmemory Thelogicalindex of an elements the “mathematical”
index for that element. For example, the elementof a vector »(z), hasa logical or mathematicalndex i, but this
elementmight be mappedo a physicalstoragelocationwith index j, i.e., v(j). A permutatioris representetby a
vectorp suchthatp(:) specifieghelogicalindex of physicalindex :.

Currently only the sparsematrix objectmakesuseof this property allowing the userto specify a row and/or
columnpermutatiorfor the matrix. Permutingthe rows and/orcolumnsof a sparsematrix is oftenusefulto getthe
nonzerosnto a structurethatis moresuitedto the application.

Note that specifyinga permutationpropertydoesnot causethe objects datato be redistrituted usingthe new
indices.Thephysicalstorageemainghe samewith the permutatiorpropertyspecifyingthe new logical indices.This
avoids a potentiallyvery costly communicatioroperation.It would be usefulto have proceduresvhich redistrituted
thedataaccordingo a givenpermutatiorbut thesehave notbeenimplementedset.

Notealsothatnotall DDL proceduresisethelogicalindicesgivenby the permutatiorproperties The mathemat-
ical proceduressuchasmatrix-vectormultiply andtriangularsolve, do usethelogical indices,but thel/O procedures
still usethe physicalindices.

Permutationsnay increasehe costof anoperationsuchasthe matrix-vectormultiply or triangularsolve. Thisis
becausehe regular alignmentof elementgiven by theinitial distribution maybelost oncea permutationis applied.
Thus more communicationmay well be requiredto fetch all the datathat a procedureneeds. The increasein cost
whenpermutationsareappliedwill vary from procedurdo procedureandbetweerdifferentpermutationsin view of
this, it maybeworth consideringpermutingthe entireinput dataset. Thusthe datais distributedin its permutedorm
andno additionalpermutationpropertiesarerequired. Now the proceduresanusethe moreefficient non-permuted
algorithms. If differentpermutationsarerequiredat differentpointsin an applicationthe permutatiorpropertiescan
be changedccordingly

3.3 Object properties

Eachdistributedobjecthasa numberof propertiesassociatedavith it. The valuesof thesepropertieslefineaninstance
of anobject. Theuserspecifieghe objectpropertiesvhenthe objectis createdandhe canlaterretrieve the properties
of an objectthrougha collectionof queryfunctions. Propertiesare of two types: eitherglobal propertiesor local

properties. Global propertieshave the samevalue on all processe®f the objects communicatar Local properties
may have differentvalueson eachprocessn the communicatar The rangeof propertiessariesfrom oneobjecttype

to anotheybut thereare core propertiescommonto all objects. Thesecorepropertiesaregivenbelov. The language
independentype of eachpropertyis givenin bracketswith the propertydescription. The language-specifitype can

befoundby referringto Sectior2.4.

objecttype (handle, global)
Thebasetype of everydistributedobjector objectproperty Thisis storedsothatDDL procedurespr theuser
cancheckon thetype of the objectreferencedy anobjecthandle.This basetype will determinewhich other
propertiesanobjecthas.objecttype canhave thefollowing values:

DDL_PROP_VECTOR | densevector

DDL_PROP_SPARSE | sparsematrix

DDL_PROP_GLOB communicationpattern(procesrdered)
DDL_PROP_IND communicationpattern(index ordered)

tag (handle, global)
This is usedto give a uniqguenameto eachpropertyof an object. This is neededsincean objectmay have
several propertiesof the sameobjecttype eachrepresentinglifferentpropertiesof the object. For examplea
sparsamatrix mayrequiretwo DDL_PROP_VECTOR propertiego specifythe row andcolumnpermutations
of thematrix. Currentlysupportedraluesare:
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DDL_SPARSE highestlevel sparsematrix object

DDL_VECTOR highestlevel vectorobject

DDL_PX row permutatiorfor a matrix

DDL_PY columnpermutatiorfor a matrix

DDL_IPX inverserow permutatiorfor a matrix

DDL_IPY inversecolumnpermutatiorfor a matrix

DDL_COMM_PX row communicatiorpatternfor matrix-vectormultiply

DDL_COMM_PY columncommunicatiorpatternfor matrix-vectormultiply
andlinearequationsolver

format (handle, global)
The format of the object. format specifiesthe exact distributed datastructureof an object. The valuesfor
format aretypedependentSeethefollowing sectiondor details.

comm (handle, global)
The MPI communicatorcomm specifiesthe processgroup over which an objectis distributed. The com-
municatorincludesinformation aboutthe numberof processesthe rank (or number)of eachprocessn the
group and logical configurationof the processes.The communicatorsf all objectsinvolved in an oper
ation must be compatible. For most operationsthis meansthat the communicatoramust be identical, i.e.,
MPI_COMM_COMPARE returnsMPI_IDENT. A typical valuefor comm is MPI_COMM_WORLD.

gsize (arrayof integer, global)
Theglobalsizeof anobject. The sizeof this arrayandthe interpretatiornf eachelementaretype dependent.
Seethefollowing sectiondor details.

type (handle, global)
Thedatatype of eachelementbof the distributedobject.type maytakea subsebf the MPI datatypesasvalues:

C FORTRAN Description

MPI_FLOAT MPI_REAL singleprecisionfloating point
MPI_DOUBLE | MPI_.DOUBLE_PRECISION | doubleprecisionfloatingpoint
MPIINT MPI_LINTEGER integer

Seethe MPI documentatiofor full detailsof MPI datatypes.

size (arrayof integer, local)
Thesizeof thelocal sgmentof anobject. The sizeof this arrayandtheinterpretatiorof eachelementaretype
dependentSeethefollowing sectiondor details.

offset (arrayof integer, local)
Theoffsetof thelocal segmentof anobjectwithin theglobalobject. Thesizeof this arrayandtheinterpretation
of eachelementaretypedependentSeethefollowing sectiondor details.

3.4 Densevectors

Densel-D vectorobjectsareof type DDL_Vec.

A vectoris partitionedby blocksacrossthe processesf the MPI communicatar Eachprocessholdsa block of
consecutie elementf the vectordeterminedoy the rank of the processwithin the communicatar The local size
propertyof the vectorobjectis an arraywith a singleelementwhich is the numberof elementsn the block on this
process.Similarly the offset propertyis anarraywith a singleelementwhich is the offset of thefirst elementin the
block on this processrom the startof the vector In FORTRAN the offset propertyis indexed from 1 following
standardFORTRAN practiceandsois 1 greatetthanthe C value. Theglobal propertygsize is anarraywith a single
elementwhichis thesize,n, of theglobalvectorobject.

3.5 Sparsematrices

3.5.1 Singleprocesssparsematrices

Onasingleprocesshreevectorsareusedto represeni sparsematrix, i a, j a anda. i a andj a arevectorsof type
integer anda is avectorof typereal or double. Thesethreevectorsareusedfor threemaindatastructuredor sparse
datacalledthetriad, row packedandcolumnpackeddatastructures.
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With triadformat,elements a(j ) andj a(j ) containthex andy indicesof thematrixcoeficientvalueina(j )
(seeFigure3.2). Theelementsareunordered.

In therow packedformat (seeFigure 3.3), i a containsa setof pointers,onefor eachrow of the sparsematrix.
Thesepointerspointinto thej a anda vectorsto the startof matrix elementsn thatrow of thematrix. a againcontains
the coeficientvaluesfrom the matrix andj a containsthe columnindicesfor the coeficients. Elementswithin each
row areorderedfrom lowestcolumnnumberto highest.

In thecolumnpackedormatj a containsasetof pointersto thestartof eachcolumnini a anda, andi a contains
therow indicesof the coeficientsstoredin a. Elementswithin eachcolumnareorderedfrom lowestrow numberto
highest.

In the row (and column) packedformats,for a matrix with n rows (columns)andnel t non-zeroelementghe
pointervectorhaselemenin+1 settonel t +1.

Thesesingleprocessparsdormatsmay be specifiedby thefollowing format values:

DDL_ROW_FMT singleprocessow packedformat
DDL_COL_FMT singleprocessolumnpackedormat
DDL_TRIAD_FMT | singleprocesgriad format

3.5.2 Distrib uted sparsematrices

Distributed sparsematrix objectsareof type DDL_Spa.
Thedistributedsparsematrix formatsarebasednthe singleprocessparsenatrix formats.
A list of proposedsparsdormatsis givenbelow by valuesfor theformat property:

DDL_PCK_ROW distributedrow packedormat
DDL_PCK_COL distributedcolumnpackedormat
DDL_PAD_ROW distributedrow paddedormat
DDL_PAD_COL distributedcolumnpaddedormat
DDL_TRIAD_ROW | row distributedtriad format
DDL_TRIAD_COL | columndistributedtriad format
DDL_TRIAD distributedtriad format

Thedistributedrow packedsparsdormat,DDL_PCK_ROW, is basedn therow packedformat(seeFigure3.4).
Thesparsematrixis distributedover the processeby wholerows, with eachprocessoldingablock of adjacentows.
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Figure3.4: Distributedrow packedormat

Therows : allocatedto a processarethe sameasthe elements of a densevectorthatis partitionedover the same
processesOn eachprocesghe rows are storedin the single processow packedformat with minor changes.The
variablesn andnel t now referto the numberof rows held on a processandthe numberof elementon thatprocess
respectiely. i a only haspointersfor rows held by a processwith therows renumberedocally from one.

The distributed column packedsparseformat, DDL_PCK_COL, is similar to DDL_PCK_ROW exceptthat pro-
cessesoldblocksof columnsstoredocally in the columnpackedormat.

The paddedormatsaresimilarto the packedormats.For example the DDL_PAD_ROW distribution is thesame
asDDL_PCK_ROW exceptthateachrow is givenanequal-sizedblock of storageontheprocesgseeFigure3.5). Thus
eachrow maybepaddedutfrom the previousrow by a numberof emptystoragdocations.i a now containgpointers
to thenext emptyelemenin eachrow. It is mucheasieto addextraelementgo thisformatthanto the packedormats.

Thetriad formatsareagainsimilar. In the DDL_TRIAD formatdatais storedin triad formaton eachproceswith
no orderingto the elementsat all. The DDL_TRIAD_ROW andDDL_TRIAD_COL formatspartition the matrix by
blocksof rows or columns.Within eachprocesshowever, theelementsrestoredin triad formatwith no ordering.

Thedistributedsparsenbjectshave the samepropertiesasthe distributed denseobjects.The type-specifiqproper
tiesaredefinedbelow for the sparsematrix objecttype:

gsize (arrayof integer, global)
Thegsize propertyof asparsebjectis anarrayof 3 integers with thefollowing interpretations:

1. thenumberof rows of the matrix,
2. thenumberof columnsof the matrix,
3. thetotal numberof non-zercelementghatthe objectcanhold.

type (handle, global)
Thetype propertygivesthe datatype of the coeficientarraya. Thearraysi a andj a arearraysof integers.

size (arrayof integer, local)
Thelocal size propertyfor a sparsenbjectis anarrayof 2 elementswith thefollowing interpretations:

1. thenumberof rows (or columns)of the matrix storedon this process,

2. thetotal numberof non-zercelementghatthis processanhold.
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offset (arrayof integer, local)
The offset propertyis an array of 1 elementwhich givesthe offsetto the first row (or column) held by this
processin FORTRAN theoffset propertyis indexedfrom 1, andin Cit is indexedfrom 0.

In addition,the sparsematrix objecttype hasthe following extra properties:subtype, permx, permy, nelt and
gnelt.

subtype (handle, global)
The subtype propertyof a sparseobjectspecifiesa specialmatrix type for the object. Currentlythis property
cantakethefollowing values:

DDL_UPPER | thematrixis uppertriangular
DDL_LOWER | thematrixis lowertriangular

If this propertyis not setthenthe matrix is assumedo begenerakparse.

permx, permy (handle, global)
Thesepropertiesspecifypermutatiorvectorsfor the matrix. permx (DDL_Vec) specifieghe row permutation
for thematrix,andpermy specifieghe columnpermutation(SeeSectior3.2.)

nelt (integer, local)

Thenelt propertyof a sparsepbjectis thetotalnumberof non-zercelementseldon the calling process.
gnelt (integer, global)

Thegnelt propertyof a sparseobjectis thetotal numberof non-zercelementsn thedistributedobject.



Chapter 4

Object management

Thischapteidescribesiow theusercanmanagdDL objectsin hisprogram.Managemenbperationsncludecreating
anddestroyingobjects,andqueryingandsettingthe propertiesof objects.All theseoperationsareachiezedthrough
DDL procedurecalls.

4.1 Object creationand deletion

A DDL objectis createdy callingatypespecificDDL creationprocedureTheseproceduresreDDL _Create_vector
andDDL _Create_sparse. Dependingon thetype of the objectto be createddifferentinformationmustbe provided
by theuser

DDL_Create_vector(size, type, format, block, comm, vector)

IN size arrayof size 1 specifyingthe size of the vector(arrayof inte-
ger)

IN type thetype of eachelementhandle)

IN format theformatof thevector(handle)

IN block the sizeof indivisible blocks. Eachnodehasa whole number
of blocks.(integer)

IN comm communicatofhandle)

ouT vector thenew vectorobject(handle)

int DDL_Create.vector(int size[l], M°l_Datatype type, int format, int block,
MPI _Conm comm DDL_Vec *vector)

DDL_CREATE.VECTOR( S| ZE, TYPE, FORMAT, BLOCK, COMM VECTOR, |ERR)
| NTEGER SI ZE( 1)
| NTEGER TYPE, FORMAT, BLOCK, COMM VECTOR, |ERR

DDL_Create_sparse(size, type, format, block, comm, sparse)

IN size array of size 3 specifyingthe size of the sparsematrix. The
elementsave thefollowing meanings:

1. numberof rows in the matrix

2. numberof columnsin the matrix

12
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3.  maximumnumberof non-zercelementsn matrix

(arrayof integer)

IN type thetype of eachelementhandle)

IN format theformatof the sparsematrix (handle)

IN block the sizeof indivisible blocks. Eachnodehasa whole number
of blocks.(integer)

IN comm communicatofhandle)

ouT sparse thenew sparsematrix object(handle)

int DDL_Create_sparse(int size[3], Ml _Datatype type, int format, int block,
MPI _Conm comm DDL_Spa *sparse)

DDL_CREATE_SPARSE( S| ZE, TYPE, FORMAT, BLOCK, COMM SPARSE, | ERR)
| NTEGER S| ZE( 3)
| NTEGER TYPE, FORMAT, BLOCK, COMM SPARSE, |ERR

All the creationprocedureseturna handleon the newly createdbject. The usermustusethis handleto referto
theobjectthroughtherestof his program.
Whenanobjectis nolongerrequiredit canbe deallocatedisingagenericprocedurddDL _Free.

DDL_Free(object)
ouT object theobjectto bedeallocatedhandle)

int DDL_Free(DDL_Cbject object)

DDL_FREE( OBJECT, | ERR)
I NTEGER OBJECT, |ERR

This procedureeclaimsthe memoryallocatedo the objectsothe objecthandleshouldnot be usedagainto refer
to thedeletedobject. Also ary handlego sub-object®r pointersto raw datavaluesbecomdnvalid andshouldnotbe
used.

4.2 Property query procedures

If the userprogramneedsto find out ary propertyof an existing object, thereis a setof proceduresor queryingan
object.Most propertieshave a genericqueryproceduravhich canbe usedfor any objecttype. Theexactspecification
of thereturnedvaluesmaybetype dependentfull detailsof the objectpropertieds givenin Sectior3.2.

The objecttype of anobjectcanbe foundby calling DDL_Objecttype.

DDL_Objecttype(object, type)

IN object theobjectto query(handle)
ouT type theobjecttype (handle)

int DDL_Cbjecttype(DDL_Ohj ect object, int *type)

DDL_OBJECTTYPH OBJECT, TYPE, |ERR)
I NTEGER OBJECT, TYPE, |ERR

Otherprocedureso find global propertiesof anobjectareDDL_Tag to find the objecttag; DDL_Format to get
the objectformat; DDL_Gsize to return the global size of the object, gsize; DDL_Comm to get the object MPI
communicatocomm; andDDL_Type to retrieve thetype of objectelements.
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DDL_Tag(object, tag)

IN object theobjectto query(handle)
ouT tag theobjecttag (handle)

int DDL_-Tag(DDL_Cbhject object, int *tag)

DDL_FORMAT( OBJECT, TAG, | ERR)
I NTEGER OBJECT, TAG |ERR

DDL_Format(object, format)

IN object theobjectto query(handle)
ouT format theobjectformat(handle)

int DDL_Format (DDL_Obj ect object, int *format)

DDL_FORMAT( OBJECT, FORMAT, | ERR)
I NTEGER OBJECT, FORMAT, |ERR

DDL_Gsize(object, size)

IN object theobjectto query(handle)
ouT size theglobalsizeof theobject(arrayof integers)

int DDL_Gsize(DDL_Obj ect object, int *size)

DDL_GSI ZE( OBJECT, SI ZE, |ERR)
| NTEGER(*) Sl ZE
| NTEGER OBJECT, |ERR

Thelengthof size in DDL_Gsize depend®ntheobjecttype (seeSectior3.3).

DDL_Comm(object, comm)

IN object theobjectto query(handle)
ouT comm the MPI communicatofor theobject(handle)

int DDL_Comm( DDL_Cbj ect object, MPI_Comm *conm)

DDL_TYPE( OBJECT, COW | ERR)
I NTEGER OBJECT, COW | ERR

DDL_Type(object, type)

IN object theobjectto query(handle)
ouT type thedatatype of objectelementghandle)

int DDL_Type(DDL_Cbject object, Ml _Datatype *type)

DDL_TYPE( OBJECT, TYPE, |ERR)
I NTEGER OBJECT, TYPE, |ERR
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Local propertiesof an object, which may returndifferentvalueson differentprocesseszanbe found by calling
DDL_Size to find the size of thelocal segmentof anobjectandDDL_Offset to find the offset of thelocal sggment.

DDL_Size(object, size)

IN object theobjectto query(handle)
ouT size thelocal sizeof the object(arrayof integers)

int DDL_Si ze(DDL-Obj ect object, int *size)

DDL_SI ZE( OBJECT, Sl ZE, |ERR)
| NTEGER(*) Sl ZE
| NTEGER OBJECT, |ERR

Thelengthof size in DDL_Size depend®ntheobjecttype (seeSectior3.3).

DDL_Offset(object, offset)

IN object theobjectto query(handle)
ouT offset theoffsetof thelocal segmentof the object(arrayof integers)

int DDL.OFfset (DDL_Obj ect object, int *offset)

DDL_OFFSET( OBJECT, OFFSET, |ERR)
| NTEGER(*) OFFSET
| NTEGER OBJECT, |ERR

Thelengthof offset in DDL_Offset depend®n the objecttype (seeSectior3.3).
Theadditionalpropertieof theDDL _Spa objecttype,gused andused, canbefoundby callingDDL_Gused_sparse
andDDL_Used_sparse respectiely.

DDL_Gused_sparse(sparse, nelt)

IN sparse thesparseobjectto query(handle)
ouT nelt the numberof non-zercelementaisedby the object(integer)

int DDL_Gused_sparse(DOL_Spa sparse, int *nelt)

DDL_GUSED_SPARSE( SPARSE, NELT, |ERR)
I NTEGER SPARSE, NELT, |ERR

DDL_Used_sparse(sparse, nelt)

IN sparse thesparseobjectto query(handle)
ouT nelt thenumberof non-zercelementsisedby theobjectonthecall-

ing procesginteger)
int DDL_.Used_sparse(DDL_Spa sparse, int *nelt)

DDL_USED_SPARSE( SPARSE, NELT, |ERR)
I NTEGER SPARSE, NELT, |ERR

DDL_Subtype_sparse returnsthe subtype of thesparsematrix (seeSectior3.£).
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DDL_Subtype_sparse(sparse, type)

IN sparse thesparseobjectto query(handle)
ouT type the sparseobjectsubtypehandle)

i nt DDL_Subt ype_sparse(DDL_Spa *sparse, int *type)

DDL_SUBTYPE_SPARSE( SPARSE, TYPE, |ERR)
I NTEGER SPARSE, TYPE, |ERR

4.3 Property setting procedures

Mostobjectpropertiesareseton creationandcannotbe changedhereafterHowever somepropertieanaybechanged
afteranobjecthasbeencreated Changingmostobjectpropertiesaftercreationis consideredo bealow-level function
of the DDL, greatcareis neededandthe usershouldbe avareof the possibleoverheadsncurredby changingsome
properties.

The DDL_Spa type suppportghe following propertysettingfunctions: DDL_Setformat setsthe format of the
sparsamatrix; DDL_Setsubtype setsthe subtype of the sparsenatrix (seeSectiori3.5); DDL_Setperm_sparse sets
thepermutatiorvectorsfor thesparsematrix; andDDL_Setused setsthelocal propertyused, the numberof elements
usedonthecalling process.

DDL_Setused_sparse(sparse, nelt)

INOUT sparse thesparseobjectto changghandle)

IN nelt thenew numberof non-zercelementsisedby theobjectonthe
calling procesginteger)

int DDL_Setused_sparse(DDL_Spa sparse, int nelt)

DDL_SETUSED_SPARSE( SPARSE, NELT, |ERR)
I NTEGER SPARSE, NELT, |ERR

DDL_Setformat_sparse(sparse, format)

INOUT sparse thesparseobjectto changghandle)
IN format thenew sparseobjectformat(handle)

int DDL_Setfornmat_sparse(DDL.Spa sparse, int format)

DDL_SETFORVAT_SPARSE( SPARSE, FORVAT, | ERR)
I NTEGER SPARSE, FORMAT, |ERR

DDL_Setsubtype_sparse(sparse, type)

INOUT sparse thesparseobjectto changghandle)
IN type thenew sparseobjectsubtype(handle)

i nt DDL_Set subtype_sparse(DOL_Spa sparse, int type)

DDL_SETSUBTYPE_SPARSE( SPARSE, TYPE, |ERR)
I NTEGER SPARSE, TYPE, |ERR
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DDL_Setperm_sparse(sparse, permx, permy)

INOUT sparse the sparseobjectto changghandle)

IN permx the row permutatiorvectorfor the sparseobject,or NULL if
no permutationhandle)

IN permx the columnpermutatiorvectorfor the sparseobject,or NULL

if no permutationhandle)

i nt DDL_Set per mspar se(DDL_Spa sparse, DDL_Vec permnx, DDL_Vec permny)

DDL_SETPERM SPARSE( SPARSE, PERMX, PERMY, | ERR)
I NTEGER SPARSE, PERMX, PERMY, |ERR

Theseproceduresnay be used,for example,while initializing a sparsematrix object. The usercould updatethe
underlyingvectorsi a, j a anda directly, andtheninform the DDL of the changesisingtheseprocedures.

4.4 Copying and transforming objects

As well assimply creatinganobjectandfilling it with datathe usermaywantto copydatafrom oneobjectto another
Simplecopy operationsould involve two objectsof identicaltypes,formatsandsizes. Theseoperationsvould not
involve ary communicatiorand could be implementedefficiently. However, the usermay alsowantto copy data
betweenobjectswith different properties,suchas differentformats. Thesetransformatioroperationswill probably
requirecommunicatiorandhencewill becostly.

TheDDL usedifferentprocedureso provide simpleobjectcopyingandmorecomplicatebjecttransformations.
A genericcopy procedureDDL_Copy allows the userto copy databetweerpbjects,provided the objectsare similar
enoughsuchthat no communicatioris requiredto performthe datacopy, andthatno datamanipulationis required,
suchasreordering.ThetransformatiorprocedurddDL_Transform_sparse allows the userto transformsparsenbjects
from onedataformatto anotherwhich mayrequirecommunication.

DDL_Copy(src, dest)

IN src thesourceobject(handle)
ouT dest thedestinatiorobject(handle)

int DDL_Copy(DDL_Cbject src, DDL_-Ohject dest)

DDL_COPY( SRC, DEST, |ERR)
I NTEGER SRC, DEST, |ERR

Notethatall objectsmustusethe samecommunicatolandthusthe samenumberof processesln orderto copy
objectdatabetweerobjectsusingdifferentnumbersf processetheusermustwrite thedatato file andre-readt. This
restrictionto identicalcommunicatorss a generalrestrictionin all DDL proceduresindmeanghatprogramswill in
practiceusea singlecommunicatare.g.MPI_COMM_WORLD, throughout.
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Level 1 BLAS

Someof the operationglefinedby the level 1 BasicLinear AlgebraSubprogram¢BLAS1) areavailablefor manipu-
lating DDL_Vec objects.The DDL proceduresio not supportstrides.Both singleanddoubleprecisionfloating point
valuesaresupportedAll the parametersnustbe of the sametype, i.e., MPI_FLOAT or MPI_DOUBLE.

DDL_Dot(x, y, dot)

IN X vectorx (handle)
IN y vectory (handle)
ouT dot thedot productof x andy (choice)

int DDL_Dot (DDL_-Vec x, DDL_Vec y, void *dot)

DDL_DOT( X, Y, DOT, |ERR)
I NTEGER X, Y, |IERR
<type> DOT

DDL_Scal(alpha, x)

IN alpha the constanscalefactor(choice)
INOUT X vectorx (handle)

int DDL_Scal (doubl e al pha, DDL_-Vec x)

DDL_SCAL( ALPHA X, | ERR)
<type> ALPHA
I NTEGER X, | ERR

DDL_Nrm2(x, nrm2)

IN X vectorx (handle)
ouT nrm2 the2-normof thevectorx choice)

int DDL_.Nrnm2(DDL_Vec x, void *nrnR)

DDL_.NRM2( X, NRM2, | ERR)
I NTEGER X, |ERR
<type> NRM2

18



5. Level 1 BLAS 19

DDL_Axpy(alpha, X, Y)

IN alpha theconstanscalefactorfor x (choice)
IN X vectorx (handle)
INOUT y vectory (handle)

int DDL_Axpy(doubl e al pha, DDL_-Vec x, DDL_Vec y)

DDL_AXPY( ALPHA X, Y, 1ERR)
<type> ALPHA
INTEGER X, Y, |ERR

The copyoperationis describedn Sectioré.4.
Two otherusefuloperationsareDDL_Rand which initialisesthe elementf a vectorwith randomnumbersand
DDL_Fill whichinitialisesthe elementof a vectorwith a constant.

DDL_Rand(alpha, x)

IN alpha theseed(double)
ouT X vectorx (handle)

i nt DDL_Rand(doubl e al pha, DDL_Vec x)

DDL_RAND( ALPHA X, | ERR)
DOUBLE PRECI S| ON ALPHA
I NTEGER X, |ERR

DDL_Fill(alpha, x)

IN alpha theinitialization constan{double)
ouT X vectorx (handle)

int DDL_Fill (doubl e al pha, DDL_-Vec x)

DDL_FI LL(ALPHA X, | ERR)
DOUBLE PRECI SI ON ALPHA
I NTEGER X, | ERR
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Sparsematrix operations

6.1 Sparsematrix vector multiply

Thereis a sparsematrix, densevectormultiply routineDDL_Smv. Thisroutinetakesa sparsematrix A anda pair of
densevectorsz andy andperformsthefollowing operation:

y = aAx + By.

Thematrix vectormultiply algorithmmustcommunicatelatabetweerprocessesThecommunicatiorpatterrwill
dependbn the sparsitypatternof the sparsematrix. To improve efficiency whenrepeatednatrix vectormultipliesare
performedwith the samematrix, the communicatiorpatternis calculatedbeforethe computationis performed.The
communicatiorpatternis thensaved for re-usein subsequentatrix vectormultiplies. This is achieved by the user
insertingacallto DDL_Smv_comm afterthe sparsedatahasbeendistributedbut beforeDDL_Smv is called.Repeated
callsto DDL_Smv canthenbe madewithout recalculatingthe communicatiorpatternunlessthe sparsitypatternis
changedy updatingthe sparsematrix. If the sparsitypatternis subsequentlghangedor if the userhaschangedhe
sparsematrix but doesnt know whetherthe sparsitypatternhaschangedjhe usershouldcall DDL_Smv_comm again
to recalculatehe communicatiorpattern.

If the useronly performsa single matrix vector multiply or if the sparsematrix is not changedhen calls to
DDL_Smv_comm are not hecessarginceDDL_Smv will automaticallycalculatethe communicatiorpatternfor a
sparsamatrixif the patternhasnot beencalculatedbefore.

This proceduresupportgpermutationvectorsfor the sparsematrix.

DDL_Smv(a, X, Y, alpha, beta)

IN a sparsamatrix (handle)
IN X densevector(handle)
INOUT y densevector(handle)
IN alpha scalar(choice)

IN beta scalar(choice)

int DDL_Snv(DDL_Spa a, DDL_Vec x, DDL_Vec y, doubl e al pha, doubl e beta)

DDL_SMV(A, X, Y, ALPHA, BETA, |ERR)
INTEGER A, X, Y, IERR
<type> ALPHA, BETA

DDL_Smv_comm(sparse)

IN sparse sparsamatrix (handle)

i nt DDL_Snv_conm( DDL_Spa spar se)

20
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DDL_SMW_COWM SPARSE, | ERR)
I NTEGER SPARSE, | ERR

6.2 Sparsetriangular solve

Thereis a sparsdriangularsolve routineDDL _Trisolve. This routinetakesa sparsdriangularmatrix A anda pair of
densevectorsz andb andsolvesthetriangularsystemof equationgor x:

Ax = b.

The sparsematrix mustbe eitheruppertriangularor lower triangular This routineusesthe propertysubtype to
determinevhethetthematrixis upperor lowertriangular Hencetheusermustcall DDL_Setsubtype (seeSectioré.3)
to setthis propertybeforecalling DDL _Trisolve_comm or DDL_Trisolve.

Thetriangularsolwe algorithmmustcommunicatelatabetweerprocessesThecommunicatiompatternwill depend
onthe sparsitypatternof the sparsamatrix. To improve efficiency whenrepeatedolvesareperformedwith the same
matrix, the communicatiorpatternis calculatedbeforethe computationis performed. The communicatiorpattern
is thensaved for re-usein subsequersolves. This is achieved by the userinsertinga call to DDL _Trisolve_comm
after the sparsedatahasbeendistributed but before DDL_Trisolve is called. Repeatedtalls to DDL_Trisolve can
thenbe madewithoutrecalculatinghe communicatiorpatternunlessthe sparsitypatternis changedy updatingthe
sparsamatrix. If the sparsitypatternis subsequentlghangedor if the userhaschangeadhe sparsematrix but doesnt
know whetherthe sparsitypatternhaschanged}he usershouldcall DDL_Trisolve_.comm againto recalculatethe
communicatiorpattern.

If theuseronly performsasingletriangularsolve orif thesparsematrixis notchangedhencallsto DDL _Trisolve_comm
arenotnecessarginceDDL_Trisolve will automaticallycalculatethe communicatiorpatternfor asparsematrixif the
patternhasnot beencalculatechefore.

This proceduresupportgpermutationvectorsfor the sparsematrix.

DDL_Trisolve(a, x, b)

IN a sparsamatrix (handle)
ouT X densesolutionvector(handle)
IN b denseright handside(RHS)vector(handle)

int DDL_Trisol ve(DDL_Spa a, DDL_Vec x, DDL_Vec b)

DDL_-TRI SCLVE(A X, B, 1ERR)
INTEGER A, X, B, IERR

DDL_Trisolve_comm(sparse)

IN sparse sparsamatrix (handle)

int DDL_Tri sol ve_.conm( DDL_Spa spar se)

DDL_TRI SOLVE.COMM SPARSE, | ERR)
I NTEGER SPARSE, | ERR

6.3 Conversion betweensparseformats

The distributed sparseobjecttype supportsseveral differentformatswhich may be usefulin differentcircumstances.
TheDDL providesa numberof procedureso corvertdatafrom oneof theseformatsto another

Implementation note. It is relatively simpleto corvertbetweercertaindistributedformats but to provide general
corversionbetweerary formatsmight requireconsiderableommunicationThusthe procedureprovidednow
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aresequentiahndmay only be usedto operateuponlocal sparsedatastructures.They may be usefulfor 1/0O
andfor convertinglocal datato theformatrequiredby new userwritten procedures.

Fully distributedconversionproceduresanbe developedif thereis aneedfor them.
The sequentialproceduresare DDL _Triadtorow, DDL_Triadtocol and DDL_Rowtotriad, DDL_Coltotriad. These
proceduresorvertbetweersingleprocesdriadformat(DDL_TRIAD_FMT) andsingleprocessow- or column-packed

formats(DDL_ROW_FMT and DDL_COL_FMT). After theseroutineshave beenusedto corvert local sparsedata
structuredrom oneformatto anotherDDL_Setformat_sparse mustbe calledto inform the DDL of thechange.

DDL_Coltotriad(n, nelt, ia, ja, a, type, isym)

IN n sizeof sparsematrix (integer)

IN nelt numberof non-zercelementsn matrix (integer)

INOUT ia vectorof row indices(arrayof integer)

INOUT ja on entry, vectorof columnpointers;on exit, vectorof column
indices(arrayof integer)

INOUT a vectorof coeficientvalues(arrayof choice)

IN type thetype of the coeficientvalues(handle)

IN isym aninteger specifyingwhetherthe matrixis symmetricor non-

symmetric(integer)

int DDLColtotriad(int n, int nelt, int ia[], int ja[], void *a,
WPl _Dat at ype type, int isym

DDL_.COLTOTRI AN, NELT, 1A JA A TYPE [|ISYM I|ERR
I NTEGER N, NELT, |A(NELT), JA(NELT), TYPE, I1SYM I|ERR
<type> A(NELT)

DDL_Rowtotriad(n, nelt, ia, ja, a, type, isym)

IN n sizeof sparsematrix (integer)

IN nelt numberof non-zercelementsn matrix (integer)

INOUT ia on entry, vectorof row pointers;on exit, vectorof row indices
(arrayof integer)

INOUT ja vectorof columnindices(arrayof integer)

INOUT a vectorof coeficientvalues(arrayof choice)

IN type thetype of thecoeficientvalues(handle)

IN isym aninteger specifyingwhetherthe matrixis symmetricor non-

symmetric(integer)

int DDL.Rowtotriad(int n, int nelt, int ia[], int ja[], void *a,
WPl _Dat at ype type, int isym

DDL_ROAMTOTRI AOCN, NELT, A JA A TYPE, |ISYM |ERR)
I NTEGER N, NELT, |A(NELT), JA(NELT), TYPE, |ISYM |ERR
<type> A(NELT)
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DDL _Triadtocol(n, nelt, ia, ja, a, type, isym)

IN n sizeof sparsematrix (integer)
IN nelt numberof non-zercelementsn matrix (integer)
INOUT ia vectorof row indices(arrayof integer)
INOUT ja on entry, vectorof columnindices;on exit, vectorof column
pointers(arrayof integer)
INOUT a vectorof coeficientvalues(arrayof choice)
IN type thetype of the coeficientvalues(handle)
IN isym aninteger specifyingwhetherthe matrixis symmetricor non-
symmetric(integer)
int DDL_Triadtocol (int n, int nelt, int ia[], int ja[], void *a,
MPI _Dat at ype type, int isym
DDL_TRI ADTOCOL(N, NELT, 1A, JA A TYPE [|ISYM I|ERR
I NTEGER N, NELT, |A(NELT), JA(NELT), TYPE, I1SYM I|ERR

<type> A(NELT)

DDL _Triadtorow(n, nelt, ia, ja, a, type, isym)

IN n sizeof sparsematrix (integer)
IN nelt numberof non-zercelementsn matrix (integer)
INOUT ia on entry, vectorof row indices;on exit, vectorof row pointers
(arrayof integer)
INOUT ja vectorof columnindices(arrayof integer)
INOUT a vectorof coeficientvalues(arrayof choice)
IN type thetype of the coeficientvalues(handle)
IN isym aninteger specifyingwhetherthe matrixis symmetricor non-
symmetric(integer)
int DDL_Triadtorowmint n, int nelt, int ia[], int ja[], void *a,
MPI _Dat at ype type, int isym
DDL_TRI ADTORONN, NELT, 1A JA A TYPE [|ISYM I|ERR
I NTEGER N, NELT, |A(NELT), JA(NELT), TYPE, I1SYM I|ERR

<type> A(NELT)
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File I/0

The DDL providestwo setsof I/O proceduresonesetperformsdirectparallell/O betweenthe file systemandthe
processgroup; the other set performsordinary I/O betweenthe file systemandthe processon the hostnode. The
operationgrovidedin eachsetincludefile openingandclosing,objectreadingandwriting, andfile querying.

7.1 Parallel 1/0O

Thedirectparallell/O procedureareDDL_Open, DDL_Close, DDL_Read, DDL_Write andDDL _Fileformat. These
procedureprovide parallell/O operationdor a groupof processesefinedby an MPI communicatar All processes
in the groupmustcall theseprocedureshput the userdoesnot needto makeary distinctionbetweenprocesseshat
have I/O capabilityandthosewithout that capability The physicallocationof thefile systemis hiddenfrom the user
program.Theonly requirements thatoneprocessn the procesgrouphasl/O capability

Theseproceduresillow the userto write distributed objectsto file andlater readthe objectdatabackfrom file to
adistributedobject. Theusercanusetheseprocedureso readin initial dataandwrite outresultdata,or to implement
a simpleform of checkpointingwhere,underusercontrol, all the distributed objectscanbe dumpedto file for later
retrieval.

The datafile formatimplementedn the DDL is intendedto supportcheckpointingn a simplemanner All the
essentiainformationabouta distributed objectis recordedn a singlefile. This informationincludesthe following
objectpropertiesthe objectDDLtype, format, gsize andtype alongwith theraw datavaluesfor the object. Thefile
formatis independenof the sizeof the procesgyroupfor anobject,so programsausingdifferentnumbersof processes
canreadandwrite the samedatafiles.

Distributed objectscanbe written oneafteranotherto a singledatafile, andlater readbackin thesameorder To
facilitate readingobjectsfrom file the proceduredDDL _Fileformat findsthe objectpropertiesof the next objectin the
givendatafile. Thisinformationcanthenbeusedto createa compatibledistributedobjectandthatobjectfilled with
datafrom thefile usingDDL_Read.

Implementation note. Currently the setof pairs of formats of the datafile objectand the distributed object
thatare acceptedy the DDL_Read procedurds limited. For example,if arow packedsparsematrix object
is written to file, it canonly be readbackinto arow packed row paddedor row distributedtriad object. This
restrictionmayberelaxedin futureif thereis ademandor moreflexible I/O.

The specificationdor theseparallell/O proceduregregivenbelow.

24
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DDL_Open(file, fname, mode, comm)

ouT file ahandleon the newly openedile (handle)
IN fname thenameof thefile (arrayof character)
IN mode themodefor file accessThis canhave anumberof values:

DDL_READ_MODE | Openfile for readingfrom the beginning.
DDL_WRITE_MODE | Openfile for writing, deletingary previous contentof file.
(handle)

IN comm the communicatorspecifyingthe processgroup which needs
accesdo thefile (handle)

int DDL_.Open(FILE **file, char *fnane, int node, MPI_Conmm comm)

DDL_OPEN( FI LE, FNAME, MODE, COMM | ERR)
CHARACTER*(*) FNAVE
| NTEGER FI LE, MODE, COMM | ERR

DDL_Close(file, comm)

IN file ahandleon the openedile (handle)

IN comm the communicatospecifyingthe procesgroupwhich hasac-
cesgo thefile (handle)

int DDL.Cl ose(FILE *file, MPI_Comm conm)

DDL_CLOSE(FI LEE COW | ERR)
I NTEGER FI LE, COW | ERR

DDL _Fileformat(file, format, type, info, comm)

IN file ahandleonthefile (handle)

ouT format theformat of the next objectin thefile (handle)

ouT type thetype of thenext objectin thefile (handle)

ouT info anarrayof extra informationaboutthe next objectin thefile.
The size of this arrayandthe interpretatiorof its elementds
objecttypedependent.

For DDL_Vec objects:

1. thenumberof elementsn thevectorobject.
For DDL_Spa objects:

1. thenumberof rows of the sparsematrix,

2. thenumberof columnsof the sparsematrix,

3. thetotal numberof non-zeroelementsn the sparsema-
trix.

(arrayof integers)

IN comm the communicatospecifyingthe procesgroupwhich hasac-
cesgo thefile (handle)

int DDL_Fileformat(FILE **file, int *format, MPI_Datatype *type, int *info,
VPl _Conm comm)

DDL_FI LEFORVAT( FI LE, FORVAT, TYPE, |NFO, COW | ERR)
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| NTEGER(*) | NFO
| NTEGER FI LE, FORMAT, TYPE, COW |ERR

DDL_Read(object, file)

IN object theobjecttofill from file (handle)
IN file thefile from which to getdata(handle)

int DDL_Read(DDL_Cbject object, FILE *file)

DDL_READ( OBJECT, FILE, |ERR)
I NTEGER OBJECT, FILE, |ERR

DDL_Write(object, file)

IN object theobjectto write to file (handle)
IN file thefile to whichto write data(handle)

int DDL.Wite(DDL_Object object, FILE *file)

DDL_VRI TE( OBJECT, FILE, |ERR)
I NTEGER OBJECT, FILE, |ERR

7.2 Hostl/O

Thesetof hostl/O proceduresnirror the directparallell/O proceduresThehostl/O proceduresnustbe calledfrom
a processhaving /O capability a host process. The datato be reador written is transferredoetweerthe hostfile
systemanddatastructuresn the hostprocess.Theseprocedureganbe usedin sequentiaprogramsindependently
of the otherDDL proceduresno DDL or MPI initialization is requiredfor theseprocedureso work. This makesthe
proceduresisefulfor takingdatafrom otherprogramsandmassagingt into aformatcompatiblewith the DDL parallel
1/0 procedurespr vice versa.

The host /0 procedures are DDL_Open_host, DDL_Close_host, DDL_In_sparse, DDL._In_vector,
DDL_Out_sparse, DDL_Out_vector, andDDL _Fileformat_host.

DDL_Open_host, DDL _Close_host andDDL _Fileformat_host aresimilarin specificatiorio theequialentparal-
lel I/O procedureslescribedn Sectiori7.1. DDL_In_sparse, DDL_In_vector, DDL_Out_sparse andDDL_Out_vector
provide readingandwriting of DDL formatdatafiles from datastructureon thehhostprocessFinally, DDL_Inhb can
input the commonHarwell-Boeingformat datafiles. The hostdatastructuresusedby theseproceduresre simple
arraysfor DDL_Vec objectsandthe datastructuresiescribedn Sectiori3.5.1for DDL_Spa objects.

The specificatiorfor theseproceduresollows.

DDL_Open_host(file, fname, mode)

ouT file ahandleon the newly openedile (handle)

IN fname thenameof thefile (arrayof character)

IN mode themodefor file accessFor full detailsseeSectiori7.1 (han-
dle)

int DDL_.Open_host (FILE **file, char *fnane, int node)

DDL_OPEN.HOST(FI LE, FNAME, MODE, |ERR)
CHARACTER*(*) FNAVE
| NTEGER FI LE, MODE, |ERR
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DDL_Close_host(file)

IN file ahandleon theopenedile (handle)

int DDL_Cl ose_host (FILE *file)

DDL_CLOSE_HOST( FI LE, | ERR)
I NTEGER FI LE, |ERR

DDL _Fileformat_host(file, format, type, info)

IN file ahandleonthefile (handle)

ouT format theformat of the next objectin thefile (handle)

ouT type thetype of thenext objectin thefile (handle)

ouT info anarrayof extrainformationaboutthe next objectin thefile.

For full detailsseeSectiori7.1 (arrayof integers)

int DDL_Fil eformat_host(FILE **file, int *format, MPI_Datatype *type,
int *info)

DDL_FI LEFORVAT_HOST( FI LE, FORMAT, TYPE, INFO, |ERR)
| NTEGER(*) | NFO
I NTEGER FI LE, FORMAT, TYPE, |ERR

DDL_In_sparse(file, n, nelt, ia, ja, a, type, isym, format)

IN file ahandleon thefile from whichto read(handle)

ouT n the numberof rows/columnsof the sparsematrix (integer)

ouT nelt thenumberof non-zercelementsn the sparsenatrix (integer)

ouT ia anarrayholdingtherow pointersor row indicesof the sparse
matrix (arrayof integers)

ouT ja anarrayholdingthe columnpointersor columnindicesof the
sparsamatrix (arrayof integers)

ouT a anarrayholdingthecoeficientvaluesof the sparsematrix (ar
ray of choice)

ouT type thetype of coeficientelementof the sparsematrix (handle)

ouT isym aninteger specifyingwhetherthe matrixis symmetricor non-
symmetric(integer)

ouT format theformat of the sparsematrix (handle)

int DDL.In_sparse(FILE *file, int *n, int *nelt, int ia[], int ja[], void *a,

WPl _Dat at ype *type, int *isym int *format)

DDL_| NSPARSE( FILE, N, NELT, IA, JA A TYPE, |ISYM FORNAT, |ERR)
I NTEGER(*) A JA
(<type>) A
I NTEGER FILE, N, NELT, TYPE, |ISYM FORMAT, |ERR
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DDL_Out_sparse(file, n, nelt, ia, ja, a, type, isym, format)

IN file a handleon thefile to which to write (handle)

IN n the numberof rows/columnsof the sparsematrix (integer)

IN nelt thenumberof non-zeraelementsn thesparsamatrix (integer)

IN ia anarrayholdingtherow pointersor row indicesof the sparse
matrix (arrayof integers)

IN ja anarrayholdingthe columnpointersor columnindicesof the
sparseamatrix (arrayof integers)

IN a anarrayholdingthecoeficientvaluesof the sparsematrix (ar
ray of choice)

IN type thetype of coeficientelement®f the sparsematrix (handle)

IN isym anintegerspecifyingwhetherthe matrixis symmetricor non-
symmetric(integer)

IN format theformat of the sparsematrix (handle)

int DDL_Qut_sparse(FILE *file, int n, int nelt, int ia[], int ja[], void *a,
WPl _Dat at ype type, int isym int format)

DDL_OUT_SPARSE( FI LE, N, NELT, IA JA A TYPE, |ISYM FORNMAT, |ERR)
I NTEGER(*) A JA
(<type>) A
I NTEGER FILE, N, NELT, TYPE, |ISYM FORMAT, |ERR

DDL_In_vector(file, vec, type, n)

IN file ahandleon thefile from whichto read(handle)

ouT vec an array holding the elementvaluesof the vector (array of
choice)

ouT type thetype of thevectorelementghandle)

ouT n thenumberof elementsn thevector(integer)

int DDL.In_vector(FILE *file, void *vec, MPI_Datatype *type, int *n)

DDL_| NVECTOR(FILE, VEC, TYPE, N, |ERR)
(<type>) VEC
I NTEGER FILE, TYPE, N, |ERR

DDL_Out_vector(file, vec, type, n)

IN file ahandleon thefile to which to write (handle)

IN vec an array holding the elementvaluesof the vector (array of
choice)

IN type thetype of thevectorelementghandle)

IN n thenumberof elementsn thevector(integer)

int DDL_CQut _vector(FILE *file, void *vec, MPl_Datatype type, int *n)

DDL_QUT_VECTOR( FI LE, VEC, TYPE, N, |ERR
(<type>) VEC
I NTEGER FILE, TYPE, N, |ERR
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DDL_Inhb(file, n, nelt, ia, ja, a, isym, soln, rhs, xinit, job)

IN file a handleon thefile from whichto read(handle)

ouT n the numberof rows/columnsof the sparsematrix (integer)

ouT nelt thenumberof non-zeraelementsn thesparsamatrix (integer)

ouT ia anarrayholdingthe row indicesof the sparsematrix (arrayof
integers)

ouT ja anarrayholdingthecolumnpointersof thesparsematrix (array
of integers)

ouT a anarrayholdingthecoeficientvaluesof the sparsematrix (ar
ray of double)

ouT isym aninteger specifyingwhetherthe matrixis symmetricor non-
symmetric(integer)

ouT soln an array holding the solution vector, if requestedand found
(arrayof double)

ouT rhs an array holding the right handside vector, if requestedand
found (arrayof double)

ouT xinit an array holding the initial x-vector, if requestedand found
(arrayof double)

INOUT job A flagindicatingon entrywhatl/O operationgo perform:

0 Readonly thematrix.
3 Readmatrix, rhs, xinit andsoln (if present).

On exit the flag indicateswhat operationswvere actually per
formed:

-3 Unableto parsematrix “code” from input file to deter
mineif only thelower triangleof matrixis stored.

-2 Numberof non-zerognelt) toolarge.
-1 Systensize(n) toolarge.

1 Readn onlythematrixstructure, butnononzercentries.
hencea is notreferencedndhasthesamereturnvalues
asoninput.

Readin only the matrix.
Readin thematrix andrhs.
15 Readin thematrix, rhs, andxinit.
23 Readin thematrix,rhs, andsoln.
31 Readin thematrix,rhs, soln andxinit.

(integer)

int DDLInhb(FILE *file, int *n, int *nelt, int ia[], int ja[], double a[],
int *isym double soln[], double rhs[], double xinit[], int *job)

DDL_I NHB(FILE, N, NELT, 1A JA A ISYM SOLN, RHS, XINIT, JOB)
I NTEGER(*) 1A, JA
DOUBLE PRECI SION(*) A, SOLN, RHS, XINIT
INTEGER FILE, N, NELT, I1SYM JOB

DDL_Inhb canonly input Harwell-Boeingformat datafiles which specifyfloating point valuesusing E for the
exponenthotD.



Chapter 8

Directaccesgo object data

The functionality provided by the DDL procedureswill often not be sufficient for the users application. In this
casethe DDL allows the userto getdirect accesdo the objectdatavalues. Thusthe usercanimplementary data
manipulationgequiredby his application.The DDL providesthe userwith ameango acces®bjectdatavaluesheld
onthelocal processlf the datamanipulationgsequiredataheld on otherprocessethenthe usermustincludeexplicit

communicationsisingMPI. It is alsothe users responsibilityto makesurethatthe datastructureshe accesseare
maintainedn a DDL-consistenstate. For example,if the useraddsfill-in elementgo a sparsematrix usingdirect
accesso theobjectdata,he mustmaintainthe objectformat andinform the DDL of his change$y updatingtheused

propertyto reflectthe new numberof elementsnelt, heldlocally oneachprocess.

8.1 Accessprocedures

The DDL accesgroceduresll returnpointersto the arraysof datavaluesthat constitutethe object. The procedure
DDL_Get_vector returnsa pointerto the array of datavalueswhich constitutesthe local part of a vector object.

Similarly, DDL_Get_ia, DDL_Get_ja andDDL_Get_a returnpointersto the local partsof theia, ja anda vectorsof a

sparseamatrix, respectiely.

DDL_Get_vector(vector, ptr)

IN vector avectorobject(handle)
ouT ptr apointerto thelocal vectordatavalues(handle)

int DDL_Get _vector(DDL_Vec vector, void **ptr)

DDL_GET_VECTOR( VECTOR, PTR, | ERR)
I NTEGER VECTOR, PTR, | ERR

DDL_Get_ia(sparse, ia)

IN sparse asparsamatrix object(handle)
ouT ia apointerto thelocalia datavalues(handle)

int DDL_Get_i a(DDL_Spa sparse, int **ia)

DDL_GET.I A(SPARSE, | A, |ERR
I NTEGER SPARSE, | A, |ERR

30
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DDL_Get_ja(sparse, ja)

IN sparse asparseamatrix object(handle)
ouT ja apointerto thelocaljja datavalues(handle)

int DDL_Get_ja(DDL_Spa sparse, int **ja)

DDL_GET_JA( SPARSE, JA, |ERR)
I NTEGER SPARSE, JA, |ERR

DDL_Get_a(sparse, a)

IN sparse asparseamatrix object(handle)
ouT a apointerto thelocal a datavalues(handle)

int DDL_Get_a(DDL_Spa sparse, void **a)

DDL_GET_A(SPARSE, A, |ERR)
I NTEGER SPARSE, A, | ERR

8.2 Accessnethods

The methoddor usingthe returnpointerarelanguage-dependé andare describedbelon with examplecodefrag-
ments.

8.21 C

In C thereturnpointeris anormalC pointer Thus,the pointercanbe usedin the usualmannetto referenceelements
of thearray

Example 8.1 Initialise a distributed vector object to zero. Notice the agreement in type between the pointer doubl e
*dat a and the type property of the vector object MPI_DOUBLE.

DDL_Vec v,

doubl e *dat a;

MPI _Dat atype type;

y = DDL_VECTOR_NULL;
type = MPI _DOUBLE
ierr DDL_Create vector(n, type, block, comm &y);

/* initialize vector y */

ierr = DDL_Get _vector(y, &data);
ierr = DDL_Si ze_vector(y, &size);
for (i=0;i<size;i++) data[i] = 0.0;

Example 8.2 Initialise a distributed sparse matrix object to a diagonal matrix. The matrix is initially generated in
triad format, which is usually the easiest format to generate. But notice that the matrix is then converted to row packed
format to be consistent with the DDL format property for the object. Note al so that the code updatesthe used property.

DDL_Spa m

doubl e *a;

int *ia, *ja;

int sizes[3];

int format, i, size, offset;
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/* create DDL sparse matrix */
format = DDL_PCK_RON
ierr = DDL_Create_sparse(sizes, type, format, block, comm &m;

/* update sparse matrix vectors directly */
ierr = DDL_Get _ia(m & a);

ierr = DDL_Get _ja(m & a);

ierr = DDL_Get _a(m &a);

ierr = DDL_Si ze_sparse(m sizes);
size = sizes[0];

ierr = DDL_Ofset_sparse(m &offset);

/* remenber FORTRAN indexi ng and | ocal */
/* row ordered triad format */
/* just create diagonal matrix */
for (i=0;i<size;i++) {
ia[i] = i+1;
ja[i] = offset+i+1;
a[i] = offset+i+1;
}
/* convert to row packed format as specified at creation */
ierr = DDL_Tri adtorow(size, size, ia, ja, a, type, 0);
/* updat e sparse object properties */
ierr = DDL_Setused_sparse(m size);

8.2.2 F77

In F77 thereturnpointeris heldin anINTEGER sincethe F77 standaraioesnotsupportpointers.Thus,the program
cannotdirectly accesghe arrayreferencedy the pointer Two accessnethodsare supportedoy the DDL, both of
which requirenon-standardr77.

Usingthe POINTER data type

Thesimplestaccessnethodmakesuseof the POINTER datatype supportedy mary F77 compilersincludingthose
from IBM, SUN andSGl. This datatype associatea FORTRAN arrayvariablewith a pointerby usingthe pointer
valueasthe basefor all accesseto the array The pointervariableis passedisa parameteto the accesgprocedure,
e.g.,DDL_Get_vector, andtheassociatedrrayvariableis usedto acces®lement®f the DDL object. (Referto your

compilerdocumentatiotio checkwhetherthis extensionto F77 is supportedy your compiler)

Example 8.3 Initialise a distributed vector object to a value. Notice the agreement in type betweenthe array doubl e
preci sion vec(10) andthetype property of the vector object MPI_DOUBLE_PRECISION.

program deno

integer i, y, n, type
doubl e precision vec(10)
pointer (vecptr, vec)
doubl e precision val

c create vector object
type = MPI _DOUBLE_PREC!I SI ON
call DDL_Create_vector(n, type, block, conm vy, ierr)

c initialize vector
call DDL_Get_vector(y, vecptr, ierr)
call DDL_Size vector(y, n, ierr)

val = 0.0

do i=1, n
vec(i) = val

end do

end
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Usingthe DDL_Access procedure

Thesecondnethodfor accessingheDDL objectarrayin F77 usesauserwritten subroutine This subroutings passed
asaparameteto DDL_Access, alongwith the pointerandotherrelevantdata. DDL_Access in turn callsthe users
subroutingpassinghearrayin asanormal F77 array

The procedureDDL_Access doesnot conformstrictly to the F77 standardsinceit allows a variablenumberof
amguments However, mostF77 compilersallow this use.Theagumentgo DDL_Access areasfollows:

1 users F77 accessubroutinename,

2 thenumbern, of DDL pointertypeamgumentsn thiscall,
3ton + 2 then pointeraguments,

n+3 thenumberm, of standard=77 agumentsn thiscall,
n+4ton+m+3 them standard=77 aguments,

n+m+4 theierr erroragument.

Theusersaccessubroutinenamedn thefirstagumento DDL_Access, musthave anargumentist thatmatches
theargumentgpassedo DDL_Access. Theagumentgpassedo DDL_Access arein turn passedo theusers subrou-
tinein thefollowing order:

1ton then arraysreferencedy the pointeraguments,
n+1ton+m them standard=77 amguments,
n+m+1 theierr errorargument.

Thearrayspassedo theusers subroutinearestandard=77 arraysandcannow beaccessedsingnormalFORTRAN
statements.
Thismethods moreclearlyillustratedby thefollowing examplesvhicharesimilarto the C examplegjivenabove.

Example 8.4 Initialise a distributed vector object to a value. Notice the agreement in type betweenthe array doubl e
preci si on dat a(n) and thetype property of the vector object MPI_DOUBLE_PRECISION.

program deno
c user access procedures must be decl ared external
external initvec
integer y, data, n, type
doubl e precision val

c create vector object
type = MPI _DOUBLE_PRECI SI ON
call DDL_Create_vector(n, type, block, conm vy, ierr)

call DDL_Get_vector(y, data, ierr)
call DDL_Size vector(y, n, ierr)

val = 0.0

c call access procedure to initialize vector
call DDL_Access(initvec, 1, data, 2, n, val, ierr)
end

c access raw data val ues of vectors

subroutine initvec(ierr, data, n, val)
integer n, ierr
doubl e precision data(n), val

do i=1, n
data(i) = val

end do

end

Example 8.5 Initialise a distributed sparse matrix object to a diagonal matrix. The matrix is initially generated in
triad format, which is usually the easiest format to generate. But notice that the matrix is then converted to row packed
format to be consistent with the DDL format property for the object. Note also that the code updatesthe used property.
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program deno

c user access procedures must be decl ared external
external initsparse
integer sparse, ia, ja, a, type, ierr
integer maxnelt, numrows, offset
c create DDL sparse nmatrix
type = MPI _DOUBLE_PRECI SI ON
call DDL_Create_sparse(sizes, type, format, block, conm
& sparse, ierr)
c updat e sparse nmatrix vectors directly
call DDL_GCet_ia(sparse, ia, ierr)
call DDL_GCet_ja(sparse, ja, ierr)
call DDL_GCet_a(sparse, a, ierr)
call DDL_Size sparse(sparse, sizes, ierr)
maxnelt = sizes(2)
numrows = sizes(1)
call DDL_Of fset_sparse(sparse, offset, ierr)
c call worker procedure to initialize sparse matrix
call DDL_Access(initsp, 3, ia, ja, a, 5, nmaxnelt, num.rows,
& of fset, type, sparse, ierr)
end
c access raw data val ues of sparse matrix
subroutine initsparse(ierr, ia, ja, a, maxnelt, num.rows,
& of fset, type, sparse)
integer maxnelt, ierr, numrows, offset, type, sparse
integer ia(maxnelt), ja(maxnelt)
doubl e precision a(maxnelt)
c renenber | ocal indexing
c row ordered triad fornat
c just create diagonal matrix
do i =1, numrows
ia(i) =i
ja(i) = offset+i-1
a(i) = offset+i-1
end do
c convert to row packed as specified at creation
call DDL_Triadtorow humrows, numrows, ia, ja, a, type, O,
c conpl ete sparse object entries
call DDL_Setused_sparse(sparse, numrows, ierr)
end
8.2.3 F90

F90 supportghe pointerdatatype,soprogramsanaccesshe arraysreferencedy the DDL returnpointersdirectly.
F90 codedealingwith returnpointersis very similarto C code.

Example 8.6 Initialise a distributed vector object to a value. Notice the agreement in type between the array pointer
doubl e precision, pointer, dinmension(:) :: data andthetype property of the vector object

MPI_DOUBLE

_PRECISION.

program deno

integer y, n, type

doubl e precision val

doubl e precision, pointer, dinension(:) :: data
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c create vector object

type = MPl _DOUBLE_PRECI SI ON

call DDL_Create_vector(n,

c initialise array

type,

cal | DDL_Get_vector(y, data, ier

call DDL_Size vector(y, n,

val = 0.0

do i=1, n
data(i) = val

end do

end

ierr)

bl ock,

r

conm vy,

ierr)



Chapter 9

High-level operations

This chapterdescribessomehigh level routinesto supportthe solution of sparsesystemsof linear equations. A
completeDDL programusingtheseroutinesandillustratingthe useof the DDL is givenin AppendixA.

9.1 Preconditioningfor linear equation solvers

Theseroutinesareintendedto be usedin conjunctionwith iterative linear equationsolversaspreconditioningtech-
niques.They work by convertingtheoriginalrow packedsparsematrixinto afactorizedblock diagonalmatrix. During
theiterative solve, this preconditioningmatrix canbeusedto improve the performancef the solver.

Only FORTRAN callableversionsof the proceduresreprovided.

9.1.1 ILU preconditioning

IncompleteLU preconditionings supportedy two routinesDDL _llu_block andDDL _llu_solve.

DDL _llu_block formstheincompleteLU factorizationof a block diagonalmatrix. Theinputmatrix, a, is in row-
packedformat. The outputmatrices) andu, arein a specialinternalformat (the SLAP columnformat)whichis only
understoodby the LU proceduresSincethefactorizationis incompleteno fill-ins will occur

DDL_llu_block(a, I, u, dinv)

IN a matrix to factorize(handle)

ouT | factoredlower triangularmatrix (handle)
ouT u factoreduppertriangularmatrix (handle)
ouT dinv vectorfor inversediagonalof a (handle)

DDL_I LUBLOCK(A, L, U DNV, |IERR
INTEGER A, L, U DNV, |ERR

DDL_llu_solve solvesthe equationL.Uz = b wherelLU is the factorizedblock diagonalmatrix formed by
DDL _llu_block.

DDL_llu_solve(l, u, dinv, b, x)

IN | factoredlower triangularmatrix (handle)

IN u factoreduppertriangularmatrix (handle)

IN dinv vectorwith inversediagonalof unfactorednatrix (handle)
IN b RHSvector(handle)

ouT X solutionvector(handle)

DDL_I LUSOLVE(L, U, DNV, B, X, |ERR

36
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INTEGER L, U, DINV, B, X [|ERR

9.1.2 ILUnc preconditioning

IncompleteLU preconditionings supportedy two routinesDDL_llunc_block andDDL _llunc_solve.

DDL_llunc_block formsthe incompleteLU factorizationof a block diagonalmatrix. Theinput matrix, a, is in
row-packedformat. The outputmatrices) andu, arein a specialinternalformat(the SLAP columnformat)which is
only understoody thelLU proceduresSincethefactorizationis incompleteno fill-ins will occur

DDL_llunc_block(a, d, ivec, nc, expinv)

IN a matrix to factorize(handle)

DDL_I LUNC.BLOCK(A, D, IVEC, NC, EXPINV, |ERR)
INTEGER A, D, I VEC, NC, |ERR
LOG CAL EXPI NV

DDL._llunc_solve solvesthe equation.Uz = b whereLU is the factorizedblock diagonalmatrix formed by
DDL _llunc_block.

DDL llunc_solve(a, d, ivec, x, b, nc, expinv)

IN b RHSvector(handle)
ouT X solutionvector(handle)

DDL_I LUNC.SOLVE(A, D, IVEC, X, B, NC, EXPINV, |ERR)
INTEGER A, D, IVEC, NC, B, X [|ERR
LOG CAL EXPI NV



Appendix A

Example DDL program

Thefollowing completeprogramgivesan exampleof the useof someof the distributed sparsematrix routines. The
sourcefor this programis includedaspartof the sparseDDL distribution.

A.1 Description of the exampleprogram

A Transposd-ree QuasiMinimal Residualalgorithmis implementedn orderto illustrate someof the featuresof
the DDL library, with particularregardto sparsematrix support. TFQMR is a hon-stationanjterative methodwhich
attemptgo remedythe problemof irregular convergencebehaiour associateavith Bi ConjugateGradientBCG) and
ConjugateGradientSquaredCGS). Theiteratesof a TFQMR solwve arecharacterizethy a quasiminimizationof the
residuahorm,thusleadingto asmoothecorvemgencecurve. Unlike QMR, TFQMR (asthenamesuggestsiequiresno
matrixvectormultiplicationswith A”, whichmakest amoreattractie algorithm,especiallyin aparallelervironment.
Onemorepoint of noteis that,like CGS, TFQMR canbe proneto breakdevn undercertaincircumstancesTherefore,
for a robustimplementationof the method,look aheadstepsshouldbe incorporatednto the algorithm. None of
the Harwell-Boeingdatasetstestedproducedbreakdavn, thoughsomecorvergedvery slowly, whensolved without
preconditioners.

Thetwo block preconditioningechniquesntroducednto this versionof the demonstratioenhancesorvergence
ratesconsiderably Thesemethoddirstly form a block diagonalmatrix by reducingthe allocatedrows of the original
matrixto theblock diagonalon eachprocessarAn incompletel U factorizationthentakesplaceoneachblockin order
to form the preconditioningmatrix. In the currentdemonstrationthe programautomaticallyallocatesone block per
processarFuturesolverswill allow theuserto specifythenumberof blocksindependentlypf thenumberof processors
required.

For a discussionof the theory behind TFQMR, and a listing of the algorithm seeFreunds papel. It canbe
seernthatthe sourcecodereadsexactly like a sequentiafortranimplementationapartfrom the creationof distributed
objectsandcallsto DDL ratherthanBLAS routines. The demonstratiotis provided with the COSI001 testproblem
t est 4001. hbf (now in Harwell-Boeingformat).

A.2 Listing

1 c $ld: tfgnrnc.f,v 1.2 1995/06/05 10:49:52 timExp tim$
2

3 ¢ MPl sparse DDL denp in FORTRAN (Andy’s tfqgnrnc)

4

5 ¢ Copyright 1994 | ASC

6

7 ¢ DESCRI PTI ON DDL based iterative solver for Ax=b.
8 ¢ Bl ock preconditioning techniques are
9 c incorporated into this version.

10

1R. W. FreundA Transpose-Free Quasi-Minimal Residual Algorithm for non-Hermitian Linear Systems, SIAM J. Sci. Comput,
14, No. 2, pp.470-4821993.
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11 programtfqgnrnc

12

13 implicit none

14 include "mpif.h

15 include "ddlf.h

16

17 character hbfilename*(100), ddlfil enane*(100), datadir*(100)
18 character sol nfil enare*(100), summaryfil ename*(100)

19 data hbfilenane /' test4001. hbf\ 0’/

20 data datadir /’../parsimdatal/’/

21 data ddlfilenane /' tfqgnrdata\0’/

22 data sol nfilename /' soln\0’'/

23 data sunmaryfilenanme /' sunmary\ 0’/

24

25 ¢ Wor kspace for ilu blocks & solves 9/1/95

26 i nteger maxiwork, maxrwork

27 par aret er (maxi wor k=1000000, maxrwor k=1000000) ! | ocal size
28 i nt eger iwork(maxi worKk)

29 doubl e precision rwork( maxrwork)

30

31 integer i,n,iter,itmax,| oop

32 doubl e precision error,tol (10), gamma, del t a, epsi | on

33 doubl e precision epsilon2

34 integer nelt, tolno, nc

35 | ogi cal rhsexist,ilu,ilunc,expinv

36 | ogi cal nopc

37 character*80 ans

38

39 integer infile, outfile

40 integer ierr

41 i nteger bl ock, format

42 i nteger comm

43 integer a_ddl, x_ddl, b_ddl, xtrue_ddl, tnp_ddl

44 integer type, fformat, sizes(3), len, precon

45

46 c initialise MPI, DDL

47 call MPI _Init(ierr)

48 call DDL_Init_sparse(MPl_COMM WORLD, comm ierr)

49

50 if (DDL_Ishost()) then

51 print *, '’

52 print *,’ TFQVR SPARSE DDL SOLVER

53 prlnt *” kkhkkhkhkkkkhkkhkhkkhkhkkkhkkhhkhkhkkhkhkhkkkhkhxkx?

54

55 C********************************************************************
56 c* *
57 c* READ | TERATI ON PARAMVETERS

58 c* *

59 C********************************************************************

60

61 wite(*,*) 'lnput denonstration options’

62 wite(*,*) '(for default [in brackets] just press RETURN)’
63 wite(*,*) '’

64

65 wite(*,*) ’Input name of data file [test4001. hbf]’

66 read(*,’ (a)’) ans

67 if (ans .eq. ' ') then

68 hbfil enane =
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69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126

dat adi r (1: i ndex(datadir,’

"y-1) // ’test4001. hbf’

el se
hbfil enane = datadir (1 index(datadir,” ')-1) // ans
end if
formC file nanme string for DDL procedures
| en=i ndex( hbfil enanme,’” ')
hbfil ename(len:len) ="'\0

print *,’1s the problemsupplied with right hand’
print *,’side and solution vectors y/n? [Y]’
read(*,’ (a)’) ans

if (ans .eq. ' ') then
ans = 'y’

end if

if ((ans.eq.’Y' ).or.(ans.eq.’'y’))
rhsexi st = . TRUE.

el se
rhsexi st = . FALSE.

end if

print *, '

t hen

print *,"Enter Max. No. Iterations [100]’

read(*,’ (a)’) ans

if (ans .eq. ' ') then
itmax = 100

el se

read (ans, *) itmax

end if

print *,’Enter no. of tolerance levels required (max 10) [1]’
read(*,’ (a)’) ans

if (ans .eq. ' ') then
tolno = 1
el se
read (ans, *) tolno
end if
print *, '’

print *,’Enter set of tolerances (smallest last)’

doi =1,tolno

print *, " Enter tol erance

read(*,’ (a)’) ans
if (ans .eq. ' ') then
tol (i) = le-6

[ 1e-6]"

= x_true + e(rand(0,1))’

"(typically e should lie between 0.001 and 1.0):’
"An entry of zero gives an initial guess of zero [0]’

el se
read (ans, *) tol (i)
end if
end do
print *, ' 7
print *,’Enter e, where x_initial
print *,
print *,
read(*,’ (a)’) ans
if (ans .eq. ' ') then
epsilon = 0.0D0
el se
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127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184

10

read (ans, *) epsilon
end if

print *,’1s block preconditioning to be applied [VY]’
read(*,’ (a)’) ans

if (ans .eq. ' ') then
ans = 'y’
end if

if ((ans.eq.’Y' ).or.(ans.eq.’'y’)) then
print *,’ Choose the preconditioner’

print * "type "ilu" for inconplete LU factorization’
print *,’ "inc" for inconmplete LUnc factorization [INC’
read(*,’ (a)’) ans
if (ans .eq. ' ') then
ans = 'inc’
end if
if ((ans.eq.’ILU).or.(ans.eq.’ilu’)) then
ilu = .TRUE
print *, '
print * " 1LU bl ock preconditioner to be applied
print *, '

ilunc = . FALSE.
nopc = . FALSE.
else if ((ans.eq.”’INC).or.(ans.eq.’inc’)) then

ilunc = . TRUE.

print *, '

print *,"1LU(nc) block preconditioner to be applied
print *, '

print *,"Enter nc paraneter [4]’
read(*,’ (a)’) ans

if (ans .eq. ' ') then
nc = 4
el se
read (ans, *) nc
end if

print *, "’ Do you want to formexplicit cell diagonals? [N’
read(*,’ (a)’) ans

if (ans .eq. ' ') then
ans = 'n’
end if

if ((ans.eq.”’ Y ).or.(ans.eq.’y’)) then
expi nv = . TRUE.
el se
expi nv = . FALSE.
end if
ilu = .FALSE.
nopc = . FALSE.
el se
print *, '
print *,’*Unrecogni zeable input* - try again y/n’
print *, '
read (*,’ (a)’) ans
if ((ans.eq.”’ Y ).or.(ans.eq.’y’)) then
go to 10
el se
print *,’
print *,’ No Preconditioning applied
print *, '’



A. ExampleDDL program 42

185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242

nopc = . TRUE.
ilu = .FALSE.
ilunc = . FALSE.
end if
end if
el se
print *, '
print *,’ No Preconditioning applied
print *, '
nopc = . TRUE.
ilu = .FALSE.
ilunc = . FALSE.
end if

print *, *OK Starting run...’
call createinput(hbfilenanme, ddlfilenanme, rhsexist)
end if ! DDL_I shost

broadcast user input to all processes
call MPI_Bcast(itmax, 1, MPI _INTE&ER, 0, comm ierr)
call MPI_Bcast(rhsexist, 1, MPI _LOd CAL, 0O, conm ierr)
call MPI_Bcast(ilu, 1, MPI_LOCd CAL, 0, conm ierr)
call MPI_Bcast(ilunc, 1, MPI_LOG CAL, O, comm ierr)
call MPI_Bcast(nc, 1, MPI_INTEGER, 0, comm ierr)
call MPI _Bcast (expinv, 1, MPI_LOGACAL, 0, comm ierr)
call MPI_Bcast(nopc, 1, MPI_LOd CAL, 0O, conm ierr)
call MPI_Bcast (epsilon, 1, MPI_DOUBLE PRECI SION, 0, conm ierr)
call MPI_Bcast(tolno, 1, MPI _INTE&ER, 0, comm ierr)
doi =1, tolno
call MPI_Bcast(tol (i), 1, MPI_DOUBLE PRECI SION, O, conm ierr)
end do

open input and output files
call DDL_Open(infile, ddlfilenane, DDL_READ MODE, comm ierr)
call DDL_Open(outfile, solnfilenane, DDL_WRI TE_ MODE, comm ierr)

read in the information headi ng

call DDL_Fileformat(infile, fformat, type, sizes, comm ierr)
n = sizes(1)

nelt = sizes(2)

format = DDL_PCK_ROW

bl ock = 4

set up size vector

sizes(1l) =n
sizes(2) =n
sizes(3) = nelt*2

create sparse matrix

a_ddl = DDL_NULL

call DDL_Create sparse(sizes, type, format,

& bl ock, comm a_ddl, ierr)

create vector for solution
x_ddl = DDL_NULL
call DDL_Create vector(n, type, block,



A. ExampleDDL program

43

243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

& comm x_ddl, ierr)
create vector for result

b_ddl = DDL_NULL

call DDL_Create vector(n, type, block,

& conmm b_ddl, ierr)
create vector for true solution

xtrue_ddl = DDL_NULL

call DDL_Create vector(n, type, block,

& conm xtrue_ddl, ierr)
create tenp vector

tmp_ddl = DDL_NULL

call DDL_Create vector(n, type, block,

& conm tnp_ddl, ierr)

read data fromfile to sparse object
call DDL_Read(a ddl, infile, ierr)

if (.not. rhsexist) then

initialise xtrue to one

call DDL_Fill(xtrue_ddl, 1.0DO0, ierr)

call DDL_Shv(a ddl, xtrue_ddl, b_ddl, gamm, delta,
el se

read rhs fromfile

call DDL_Read(b_ddl, infile, ierr)

read soln vector fromfile

call DDL_Read(xtrue_ddl, infile, ierr)
endi f

initialise x
call DDL_Rand(1.0dO, tnp_ddl, ierr)
call DDL_Copy(xtrue_ddl, x_ddl, ierr)
if (epsilon.eq.0.0d0) then
call DDL_Scal (0.0d0, x_ddl, ierr)
el se
call DDL_Axpy(epsilon, tnp_ddl, x_ddl, ierr)
end if

if (nopc) precon =0
if (ilu) precon =1
if (ilunc) precon = 2

call DDL_Linsolve(a_ddl, x_ddl, b_ddl, itmax, iter,
& tol, tolno, precon, nc, expinv, error,

& iwork, maxiwork, rwork, maxrwork, ierr)

Why have we stopped?
if (DDL_Ishost()) then
if(iter .1t. itmax) THEN
wite (*,*)

wite (*,’ (A22,14,A11)’) ' TFQVR converged after’,

+ "iterations’
wite (*,*)
el se
wite (*,*)

wite (*,” (A37)’) ' Specified Max. lterations reached:’

ierr)

iter,

wite (*,’ (Al5,14,A25,14)’) ' Max.iters =",itnmax,

+ "lterations reached = ' ,iter
wite (*,*)
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Cc

end if
end if

call DDL_Wite(x_ddl, outfile, ierr)

call DDL_C ose(outfile, comm ierr)
call DDL_Cl ose(infile, comm ierr)

check solution is correct

if (DDL_lshost()) then
call check(ddlfilename, solnfil ename, rhsexist,
print *, ’'Max error is’', error

end if

del ete distributed objects
call DDL_Free(a ddl, ierr)
call DDL_Free(x ddl, ierr)
call DDL_Free(b ddl, ierr)
call DDL_Free(xtrue_ddl, ierr)
call DDL_Free(tnp_ddl, ierr)

tidy up and exit
call DDL_Finalize_sparse(comm ierr)
call MPI_Finalize(ierr)

stop
end

error)

convert Harwel |l -Boeing file to row packed triad file

HB file has matrix; and rhs, soln if .rhsexist.
output matrix; rhs, soln if .rhsexist.

subroutine createinput (hbfilename, ddlfilenane, rhsexist)

implicit none
include "mpif.h
include "ddlf.h

character*(*) hbfilenane, ddlfilenanme
| ogi cal rhsexi st

i nteger maxn, nxnelt, np
paraneter (maxn = 5005, mxnelt = 40000, np = 10)

integer infile, outfile
integer ierr, format

i nteger type

integer ia(nxnelt), ja(mknelt)
doubl e precision a(mknelt)
integer nelt, job

integer n, i, isym size

doubl e precision sol n(naxn), rhs(maxn), xinit(nmaxn)

read in sparse matrix fromfile
job =3

n = maxn

nelt = nxnelt

read in as col umm gat hered
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call DDL_Open_host (infile, hbfilename, DDL_READ MODE, ierr)
call DDL_Inhb(infile, n, nelt, ia, ja, a,
& isym soln, rhs, xinit, job, ierr)
call DDL_Close_host(infile, ierr)
type = MPI _DOUBLE_PRECI SI ON
convert to triad
call DDL_Coltotriad(n, nelt, ia, ja, a, type, isym ierr)
convert triad to row
call DDL_Triadtorow(n, nelt, ia, ja, a, type, isym ierr)
convert rowto triad
call DDL_Rowtotriad(n, nelt, ia, ja, a, type, isym ierr)
wite out as row ordered triad format
this data file will be used for rest of denp
format = DDL_TRI AD_ROW
call DDL_Open_host(outfile, ddlfilenane, DDL_WRI TE_ MODE, ierr)
call DDL_Cut_sparse(outfile, n, nelt, ia, ja, a, type
& isym format, ierr)

if (rhsexist) then
if (job .eq. 23 .or. job .eq. 31) then
wite out rhs & so
call DDL_Cut_vector(outfile, rhs, MPI_DOUBLE_ PRECI SI ON

& n, ierr)
call DDL_Cut_vector(outfile, soln, MPI _DOUBLE PRECI SI ON
& n, ierr)
el se
print *, 'Error reading RHS and SCLN vectors’
end if
end if

call DDL_Cl ose_host(outfile, ierr)
return
end

check result vector
subroutine check(ddlfil ename, solnfilenane, rhsexist, maxerr)

implicit none
include "mpif.h
include "ddlf.h

character*(*) solnfilenanme, ddlfil enane
| ogi cal rhsexi st
doubl e precision maxerr

i nteger maxn, nmxnelt, np
paraneter (maxn = 5005, mxnelt = 40000, np = 10)

integer infile, outfile

integer ierr, format

i nteger type

integer n, i

doubl e precision sol n(maxn), correct(naxn), error

get cal cul ated sol ution vector
call DDL_Open_host(infile, solnfilename, DDL_READ MDDE, ierr)
n = maxn
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call DDL_In_vector(infile, soln, type, n, ierr)
call DDL_Close_host(infile, ierr)
get correct solution vector
if (rhsexist) then
call DDL_Open_host(infile, ddlfilenare, DDL_READ MODE,
call DDL_Skip_host(infile, ierr)
call DDL_Skip_host(infile, ierr)
n = maxn
call DDL_In_vector(infile, correct, type, n, ierr)
call DDL_Cl ose host(infile, ierr)
el se
set to 1
do i=1, n
soln(i) = 1.0D0
end do
end if

check for differences

maxerr = 0.0DO

do i=1, n
error = ABS(ABS(soln(i))-ABS(correct(i)))
if (error .gt. nmaxerr) then

maxerr = error

end if

end do

return
end

DDL procedure to solve sparse |linear system of equations
subroutine DDL_Linsol ve(a_ddl, x_ddl, b_ddl, itmax, iter,
& tol, tolno, precon, nc, expinv, error,
& iwork, iwork_dim rwork, rwork_dim ierr)

implicit none
include "mpif.h
include 'ddlf.h

DDL obj ect handl es
integer a_ddl, x_ddl, b_ddl

integer itmax, iter, tolno, precon, nc, ierr
doubl e precision tol (tolno), error

| ogi cal expinv

integer iwork_dim

integer iwork(iwork_dim

integer rwork_dim

doubl e precision rwork(rwork_di m

| ocal variabl es

tfqgnrnc vari abl es

integer i,n,m

doubl e precision al pha,theta, betan,
+ tau, omega, r hon, r honni, const, xnrm c, si gna, mal pha, ol dcgs,
+ rnrmrnrnd, eta, xt nrm bnrm ganme, del ta

integer nelt, tol count

logical ilu,ilunc

ierr)
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476 c DDL/ MPI

477 integer infile, outfile

478 i nteger bl ock, format

479 i nteger comm

480 integer mddl, | _ddl, u_ddl, dinv_ddl

481 integer pip_ddl, rcgs_ddl, ro0_ddl

482 integer p_ddl, v_ddl, d_ddl, tnp_ddl, q_ddl, w.ddl, z_ddl
483 integer uv_ddl, rvec_ddl, ivec_ddl

484 integer type, fformat, sizes(3), len

485 i nteger nunbl ks, bl ocksize, Inelt, menory_int, menory_real
486

487 c check preconditioning type

488 if (precon .eq. 0) then

489 ilu = .FALSE.

490 ilunc = . FALSE.

491 else if (precon .eq. 1) then

492 ilu = .TRUE

493 ilunc = . FALSE.

494 else if (precon .eq. 2) then

495 ilu = .FALSE.

496 ilunc = . TRUE.

497 end if

498

499 c find problemsize

500 call DDL_Gsize(a_ddl, sizes, ierr)

501 n = sizes(1)

502 nelt = sizes(3)

503 call DDL_Type(a ddl, type, ierr)

504 call DDL_Format(a_ddl, format, ierr)

505 call DDL_Comm(a ddl, conm ierr)

506 call DDL_BI ock(a_ddl, block, ierr)

507

508 ¢ check enough nmenory is allocated

509 if (ilunc) then

510 call DDL_Size(a_ddl, sizes, ierr)

511 bl ocksi ze = sizes(1)

512 call DDL_Used_sparse(a_ddl, Inelt)

513 nunmbl ks = bl ocksi ze/ nc

514 menory_int = 10+nc+2* (nunbl ks+bl ocksi ze) + | nel t +bl ocksi ze+1
515 menory_real = 8*bl ocksi ze+nc* (bl ocksi ze+3*nc) + | nel t
516 if (menory_int.gt.iwork_dimor.nmenory_real.gt.rwork_dim then
517 ierr=2

518 goto 1000

519 end if

520 end if

521

522 if (ilu) then

523 sizes(1l) =n

524 sizes(2) =n

525 sizes(3) = nelt*2

526 | _ddl = DDL_NULL

527 call DDL_Create_sparse(sizes, type, format,

528 & bl ock, comm | _ddl, ierr)
529 u_ddl = DDL_NULL

530 call DDL_Create_sparse(sizes, type, format,

531 & bl ock, comm wu_ddl, ierr)
532 end if
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if (ilu) then
di nv_ddl = DDL_NULL

call DDL_Create_vector(n, type, block,

ddl, dinv_ddl,

factorize A to block preconditioner M
call DDL_Ilu_block(a_ddl, | _ddl, u_
iwork, iwork_dim rwork, rwork_dim
end if

if (ilunc) then
create integer vector for ilunc cal
ivec_ddl = DDL_NULL

call DDL_Create_vector(10*n, MPI_I NTEGER, bl ock,
ierr)

l's

conm dinv_ddl,

ierr)

ivec_ddl,

ierr)

expi nv,

conm ivec_ddl,

rvec_ddl = DDL_NULL

call DDL_Create_vector(10*n, MPI_DOUBLE PRECI SI ON, bl ock,
conm rvec_ddl,

factorize A to block preconditioner |LUnc

call DDL_IIlunc_block(a_ddl, rvec_ddl,

iwork, iwork_dim rwork, rwork_dim
end if

create vector for residual

rcgs_ddl = DDL_NULL

call DDL_Create vector(n, type, block,
conm rcgs_ddl,

create vector for initial residual

r0_ddl = DDL_NULL

call DDL_Create vector(n, type, block,
comm rO0_ddl, i

create vectors for tfgm soln nethod

uv_ddl = DDL_NULL

call DDL_Create vector(n, type, block,
conm uv_ddl, i

p_ddl = DDL_NULL

call DDL_Create vector(n, type, block,

ierr)

err)

err)

conm p_ddl, ierr)

v_ddl = DDL_NULL

&

&
tmp_ddl = DDL_NULL
call DDL_Create vector(n, type, block,

& conm tnp_ddl,

&

call DDL_Create vector(n, type, block,

comm v_ddl, ierr)

d_ddl = DDL_NULL
call DDL_Create vector(n, type, block,

comm d_ddl, ierr)

g_ddl = DDL_NULL
call DDL_Create vector(n, type, block,

ierr)

conm q_ddl, ierr)

w ddl = DDL_NULL

&

&

call DDL_Create vector(n, type, block,

ierr)

comm w. ddl, ierr)
if(ilu.or. ilunc) then
z_ddl = DDL_NULL
call DDL_Create_vector(n, type, block,
conm z_ddl,
end if
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591 gamma = 1. 0d0

592 delta = 0.0dO

593 ¢ cal cul ate mv conmuni cati ons

594 call DDL_Snv_comm(a_ddl, ierr)

595

596 call DDL_Nrnm2(b_ddl, bnrm ierr)

597

598 call DDL_Copy(b ddl, roO_ddl, ierr)

599 call DDL_Snhv(a_ddl, x_ddl, r0_ddl, -1.0d0, gamm, ierr)
600

601 call DDL_Nrm2(x_ddl, xnrm ierr)

602

603 if (ilu) then

604 call DDL_Copy(r0_ddl, tnp_ddl, ierr)

605 call DDL_Ilu_solve(l_ddl, u_ddl, dinv_ddl, tnp_ddl,
606 & ro_ddl, ierr)

607 call DDL_Copy(b_ddl, tnp_ddl, ierr)

608 call DDL_IIlu_solve(l_ddl, u_ddl, dinv_ddl, tnp_ddl,
609 & b_ddl, ierr)

610 else if (ilunc) then

611 call DDL_Copy(r0_ddl, tnp_ddl, ierr)

612 call DDL_IIlunc_solve(a_ddl, rvec_ddl, ivec_ddl, tnp_ddl,
613 & r0_ddl, nc, expinv,

614 & iwork, iwork_dim rwork, rwork_dim ierr)

615 call DDL_Copy(b_ddl, tnp_ddl, ierr)

616 call DDL_IIlunc_solve(a_ddl, rvec_ddl, ivec_ddl, tnp_ddl,
617 & b_ddl, nc, expinv,

618 & iwork, iwork_dim rwork, rwork_dim ierr)

619 end if

620

621 call DDL_Copy(r0_ddl, p_ddl, ierr)

622 call DDL_Copy(r0_ddl, uv_ddl, ierr)

623 call DDL_Copy(r0_ddl, rcgs_ddl, ierr)

624 call DDL_Scal (0.0d0, d_ddl, ierr)

625

626 ¢ initialise vto Ap

627 call DDL_Snv(a_ddl, p_ddl, v_ddl, gamm, delta, ierr)
628

629 call DDL_Nrm2(x_ddl, xnrm ierr)

630 call DDL_Nrm2(rcgs_ddl, rnrm ierr)

631 call DDL_Nrnm2(b_ddl, bnrm ierr)

632

633 rnrmD = rnrm

634 onega = rnrm

635 tau = rnrm

636 theta = 0.0dO

637 eta = 0.0dO

638 iter =0

639 tolcount =1

640 error = rnrm bnrm

641 rhonnt = 1.0dO

642

643 call DDL_Dot(r0_ddl, rcgs_ddl, rhonnl, ierr)

644

645 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

646 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

647 C
648 C START | TERATI VE LOOP
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649 C

650 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

651 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

652

653

654 do while ((error.GE (tol(tolno))).AND. (iter.LT.itnmax))

655 iter = iter +1

656

657

658 Ck****************************************************************
659 C

660 C SECTI ON ()

661 C

662 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

663

664 call DDL_Dot(r0_ddl, rcgs_ddl, rhon, ierr)

665

666 betan = rhon/rhonmt

667

668 if (iter.eq.1) then

669 call DDL_Copy(rcgs_ddl, uv_ddl, ierr)

670 call DDL_Copy(rcgs_ddl, p_ddl, ierr)

671 el se

672 call DDL_Copy(rcgs_ddl, uv_ddl, ierr)

673 call DDL_Axpy(betan, q_ddl, uv_ddl, ierr)

674 call DDL_Copy(g_ddl, tnp_ddl, ierr)

675 call DDL_Axpy(betan, p_ddl, tnp_ddl, ierr)

676 call DDL_Copy(uv_ddl, p_ddl, ierr)

677 call DDL_Axpy(betan, tnp_ddl, p_ddl, ierr)

678 end if

679

680 call DDL_Snv(a ddl, p_ddl, v_ddl, gamm, delta, ierr)
681

682 if (ilu) then

683 call DDL_Copy(v_ddl, tnp_ddl, ierr)

684 call DDL_Ilu_solve(l_ddl, u_ddl, dinv_ddl, tnp_ddl,
685 & v_ddl, ierr)

686 else if (ilunc) then

687 call DDL_Copy(v_ddl, tnp_ddl, ierr)

688 call DDL_Ilunc_solve(a_ddl, rvec_ddl, ivec_ddl, tnp_ddl,
689 & v_ddl, nc, expinv,

690 & iwork, iwork_dim rwork, rwork_dim ierr)

691 end if

692

693 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

694 C
695 C SECTI ON (a)
696 C

697 Ck'k*'k******'k**'k********'k*'k**'k***********'k*************************

698

699 call DDL_Dot(r0_ddl, v_ddl, sigma, ierr)
700 al pha = rhon/si gna

701 mal pha = -al pha

702 ol dcgs = rnrm

703 call DDL_Copy(uv_ddl, q_ddl, ierr)

704 call DDL_Axpy(nal pha, v_ddl, q_ddl, ierr)
705 call DDL_Copy(uv_ddl, w.ddl, ierr)

706 call DDL_Axpy(l.0d0, qg_ddl, w.ddl, ierr)
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707 if (ilu) then

708 call DDL_Snv(a ddl, w.ddl, z_ddl, gamm, delta, ierr)
709 call DDL_Copy(z_ddl, tnp_ddl, ierr)

710 call DDL_Ilu_solve(l_ddl, u_ddl, dinv_ddl, tnp_ddl,

711 & z_ddl, ierr)

712 call DDL_Axpy(nal pha, z_ddl, rcgs_ddl, ierr)

713 else if (ilunc) then

714 call DDL_Snv(a ddl, w.ddl, z_ddl, gamm, delta, ierr)
715 call DDL_Copy(z_ddl, tnp_ddl, ierr)

716 call DDL_IIlunc_solve(a_ddl, rvec_ddl, ivec_ddl, tnp_ddl,
717 & z_ddl, nc, expinv,

718 & iwork, iwork_dim rwork, rwork_dim ierr)

719 call DDL_Axpy(nal pha, z_ddl, rcgs_ddl, ierr)

720 el se

721 call DDL_Snv(a ddl, w.ddl, tnp_ddl, ganma, delta, ierr)
722 call DDL_Axpy(mal pha, tnp_ddl, rcgs_ddl, ierr)

723 end if

724

725 Ck*********************'k*'k**'k***********'k*************************

726 C
727 C SECTI ON (b)
728 C

729 Ck*********'k**'k********'k*'k**'k***********'k*************************

730

731 call DDL_Nrm2(rcgs_ddl, rnrm ierr)

732 omega = dsqrt (ol dcgs*rnrm

733 m= 2*iter-1

734 const = theta*theta*etalal pha

735 theta = onegal/tau

736 c = 1.0d0/ (dsqrt(1.0d0O+t heta*theta))

737 tau = tau*theta*c

738 eta = c*c*al pha

739 call DDL_Scal (const, d_ddl, ierr)

740 call DDL_Axpy(l.0dO, uv_ddl, d_ddl, ierr)
741 call DDL_Axpy(eta, d_ddl, x_ddl, ierr)
742 error = dsqrt(dble(m+l))*dabs(tau)/bnrm
743 onega = rnrm

744 m= 2*iter

745 const = theta*theta*etalal pha

746 theta = onegal/tau

747 c = 1.0d0/ (dsqrt (1. 0d0O+t heta*theta))

748 tau = tau*theta*c

749 eta = c*c*al pha

750 call DDL_Scal (const, d_ddl, ierr)

751 call DDL_Axpy(l.0d0, qg_ddl, d_ddl, ierr)
752 call DDL_Axpy(eta, d_ddl, x_ddl, ierr)
753 error = dsqrt(dble(m+l))*dabs(tau)/bnrm
754 call DDL_Nrm2(x_ddl, xnrm ierr)

755

756 if (error.LT.(tol(tolcount))) then

757 tolcount = tolcount + 1

758 end if

759

760 rhonnil = rhon

761 end do

762

763 ¢ renove distributed objects

764 if (ilu) then
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765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784

cal |
cal l
cal l
cal l
end if

if (ilunc) then
DDL_Free(ivec_ddl, ierr)
DDL_Free(rvec_ddl, ierr)
DDL_Free(z_ddl, ierr)

cal |
cal |
cal l
end if

DDL_Free(l _ddl, ierr)
DDL_Free(u_ddl, ierr)
DDL_Free(dinv_ddl, ierr)
DDL_Free(z_ddl, ierr)

call DDL_Free(rcgs_ddl, ierr)

call DDL_Free(r0_ddl,
call DDL_Free(uv_ddl,
call DDL_Free(p_ddl,
call DDL_Free(v_ddl,
call DDL_Free(d ddl,

ierr)

ierr)
ierr)
ierr)
ierr)

call DDL_Free(tnp_ddl, ierr)

call DDL_Free(qg_ddl,
call DDL_Free(w.ddl,
1000 end

ierr)
ierr)
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Err or handling

B.1 The error mechanism

WhenaLibrary proceduredetectsanerrorseveral piecesof informationareavailable:

error number (integer, global)
Eachdifferenttype of errorthatthe Library recognizess givenauniquenumber This errornumberis returned
to theuserasthevalueierr. In FORTRAN programserr is the lastparametein the Library procedurecall.
In C programsderr is theresultof the Library functioncall. To aid the programmein usingthisvalue,a setof
integerconstantaredefined onefor eachdifferenterrornumberfrom the errormechanismin C thevaluesare
constantsandin FORTRAN they areparameters(SeeTableB.1 for alist of errorvalues.)

error severity (integer, global)
Eachtypeof erroris alsogivenaseverity to reflecthow serioustheerroris. This valueis not currentlyused.

procedure (integer, global)
The Library procedurein which the error occurredis representedby an integer. To aid the programmeiin
using this value, a setof integer constantsare definedby the Library. The value of eachinteger constant
is the value that the error mechanisnygives to the correspondingorocedure. In C the valuesare constants
with namessuchas DDL_CREATE_SPARSE, andin FORTRAN they are parametersvith namessuchas
DDL_PERR_CREATE_SPARSE.

By default,on encounteringn errora Library proceduresxits immediatelyprinting an error messageiving the
error numberand descriptionalongwith the procedurdan which the error occurred.However, if the userdesireshe
canchangeheway in which theLibrary respondso errorsby providing his own errorhandlingprocedure.

The error handlingmechanismworks as follows. Whena Library proceduredetectsan error it calls the error
handlerpassingthree parametersthe error number the error severity, andthe procedurename. Theseparameters
areall integersandaredescribedabove. The error handlermustthendecidehow to procesghe error information.
Typically, the errorhandlemayprint anerrormessageOn exit, theerrorhandlemmustreturnanerrorconditionto the
calling procedurenhich is usedto control subsequergxecutionof thatprocedure.Thereturnederror conditionsfall
into threecataories:

ierr > 0 Thecalling Library proceduréds to exit immediatelyreturningierr asthe errorvalue. Typically, the return
errorconditionwill bethe sameasthe errornumberpassedo the errorhandler(which is alwayspositive) and
thusthe effectis to exit the procedureeturningthe original errornumberto theuser Thisis the behaviour of
the defaulterrorhandler

ierr = 0 Thisreturnvalueis thesameasDDL_SUCCESS. Thecalling Library procedurés to continueexecutionas
if noerroroccurred.This returnvaluemightbe usefulif anerroronly represents warningandwill notcause
problemdaterin the procedure.

ierr < 0 ThecallingLibrary procedurés to takecorrectve actionandthencontinueexecutionasif noerroroccurred.
Thecorrectie actionis specifiedby thevalueof ierr andthe possibleactionsaregivenin theLibrary procedure
documentation.

Theerrorhandlemayrespondifferentlyto eacherrornumberin eachLibrary proceduref required.Thedefault
errorhandlerespondso all errorsby returningtheerrornumberpassedoit, i.e.,ierr > 0, thuscausingheLibrary pro-
cedureto exit. All theerrorscurrentlyencounteretby the Library requirethis responseReturningDDL_SUCCESS
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to ignorean error will probablycausea Library procedureto crashungracefullyat a later stage. Also, noneof the
existing proceduregrovide correctize actionsfor ary errors,soreturningierr < 0 will probablyresulteitherin acrash

or with the procedurexiting with anunusuakrrorconditionwhich may confusethe calling program.

Thus,currently the only reasorfor a userto provide his own errorhandleris to changethe printederrorinforma-

tion. However, astheLibrary is enhancedhesefeaturesof the errormechanisnmaybecomeuseful.

B.2 Usererror handlers

A userserrorhandlemaybewrittenin C or FORTRAN andmusthave afixedcalling sequence.

For a C errorhandler:

#i ncl ude "ddl . h"

int F77(ddl _error)(int *err_no, int *err_severity, int *ddl _routine)

{

int ierr;
/* optional: display error information */
ierr = F77(ddl _print_error)(err_no, err_severity, ddl _routine);

/* an error value nust be returned */
/* for exanple: return error nunber to force termnation */
ierr = *err_no;

return ierr;

For aFORTRAN errorhandler:
subroutine ddl _error(err_no, err_severity, ddl_routine)
integer err_no, err_severity, ddl_routine
integer ierr

include "npif.h"
include "ddlf.h"

optional: display error infornmation
call DDL_Print_error(err_no, err_severity, ddl_routine)

an error value nust be returned
for exanple: return error nunber to force termination
ierr = err_no

return ierr

end

In orderto link in the users errorhandlerinsteadof the defaulterrorhandlertwo methodsmaybe used:

1. for simpleuserprogramsijncludetheerrorhandlersourcecodein theuserssinglesourcefile, or,

2. placetheerrorhandlersourcecodein a separatdile andlink the correspondingbjectfile beforethe standard

DDL library files.
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DDL_.ERR_SUCCESS
DDL_ERR
DDL_.ERR_UNALLOCATED
DDL_.ERR_.MEMORY
DDL_ERR_SIZE
DDL_ERR_TYPE
DDL_.ERR_FORMAT
DDL_ERR_BLOCK
DDL_.ERR_.COMMTOP
DDL_.ERR_.COMMDIM
DDL_ERR_USED
DDL_ERR_FILE
DDL_.ERR_NOTIMPLEMENTED
DDL_.ERR_TOOSMALL
DDL_ERR_FILEFORMAT
DDL_ERR.ISIZE
DDL_ERR.ITYPE
DDL_ERR_IFORMAT
DDL_ERR_ICOMM
DDL_ERR_DDLTYPE
DDL_ERR_TOOBIG
DDL_ERR_IOBJ
DDL_.ERR_OVER
DDL_ERR_DIST
DDL_ERR_IPROPTAG
DDL_.ERR_NOTEXIST
DDL_.ERR_.NOCOMMTAG

No error

Unspecifiecerror
Unallocatedbbject

Outof memory

Invalid SIZE parameter

Invalid TYPE parameter

Invalid FORMAT parameter
Invalid BLOCK parameter

Invalid communicatotopology
Invalid communicatodimension
Objectin use

Invalid file handle
Operatiomotimplemented
Objecttoo smallto hold data
Invalid file format
Incompatibleobjectsize
Incompatibleobjecttype
Incompatibleobjectformat
Incompatibleobjectcommunicator
Invalid objecttype

Dataspaceaoo smallfor objectdata
Incompatibleobjects

Invalid overlap

Not all processessedby distribution
lllegal propertytag

Not exist

No COMM tag

TableB.1: Errorvalues
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