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Abstract
This document describes the Fortran 90 and C user interfaddJiS Version
4.2 beta, a software package for the solution of sparse systems of linear equations.
We describe in detail the data structures, parameters, calling sequences, and error
diagnostics. Example programs usMgVPS are also given.

Keywords: MUMPS, software, multifrontal, parallel, sparse, linear equations

Résumé
Ce document décrit l'interface utilisateur de MUMPS Version 4.2 beta, un logiciel
pour la résolution de systéemes linéaires creux de grande taille. Nous décrivons en
détails les structures de données, séquences d'appels et paramétres d'erreur. Des
exemples d'utilisation de MUMPS sont aussi donnés.
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1 Introduction

MUMPS (“MUltifrontal Massively Parallel Solver”) is a package for solving linear systems of equations
Ax = b, where the matrixA is sparse and can be either unsymmetric, symmetric positive definite, or
general symmetridMJVPS uses a multifrontal technique which is a direct method based on eithéiithe

or the LDLT factorization of the matrix. We refer the reader to the papers [2, 6, 17, 18] for full details
of this technique MUMPS exploits both parallelism arising from sparsity in the matAixand from dense
factorizations kernels.

The main features of th®1IUMPS package include the solution of the transposed system, input of
the matrix in assembled format (distributed or centralized) or elemental format, error analysis, iterative
refinement, scaling of the original matrix, estimate of rank deficiency and null space basis, and return of
a Schur complement matrixMJUMPS offers several built-in ordering algorithms, a tight interface to some
external ordering packages such as METIS [19], and the possibility for the user to input a given ordering.
Finally, MUMPS is available in various types (real or complex, single or double).

The software is written in Fortran 90 although there is a basic C interface available (see Section 6). The
parallel version oMUVPS requires MPI for message passing and makes use of BLAS [12, 13], BLACS, and
ScalLAPACK [9] subroutines. It has been tested on an SGI Origin 2000, a CRAY T3E, an IBM SP, and a
cluster of PC under Linux, and on the following operating systems: IRIX 6.4 and higher, UNICOS, AIX 4.3
and higher, and Linux. On networks of SMP nodes (multiprocessor nodes with a shared memory), a parallel
shared memory BLAS library (also called multithread BLAS) is often provided by the manufacturer. Using
shared memory BLAS (between 2 and 4 threads per MPI process) can be significantly more efficient than
running with only MPI processes. For example on a computer with 2 SMP nodes and 16 processors per
node, we advise to run using 16 MPI processes with 2 threads per MPI process.

MUMPS distributes the work tasks among the processors, but an identified (host) processor is required to
perform most of the analysis phase, distribute the incoming matrix to the other (slave) processors in the case
where the matrix is centralized, collect the solution, and generally oversee the computation. The system
Ax = b is solved in three main steps:

1. Analysis. The host performs an ordering (see Section 2.2) based on the symmetrized Aattarh,
and carries out symbolic factorization. A mapping of the multifrontal computational graph is then

*Information on how to obtain updated copies of MUMPS can be obtained from the Web page
http://ww. enseei ht. fr/apo/ MUMPS/ or by sending email to mumps@cerfacs.fr

tamestoy@enseeiht.fr, ENSEEIHT-IRIT, 2 rue Camichel, Toulouse, France.

f1.Duff@rl.ac.uk, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, 0X11 0QX England, and CERFACS, Toulouse, France.

§Jean-Yves.L.Excellent@ens-lyon.fr, INRIA Rhéne-Alpes, LIP-ENS Lyon, 46 allée d'ltalie, 69364 Lyon Cedex 07, France.

Tjak@ii.uib.no, Parallab, University of Bergen, Norway.
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computed, and symbolic information is transferred from the host to the other processors. Using this
information, the processors estimate the memory necessary for factorization and solution.

2. Factorization. The original matrix is first distributed to processors that will participate in the
numerical factorization. The numerical factorization on each frontal matrix is conducted by a
masterprocessor (determined by the analysis phase) and one orslaeeprocessors (determined
dynamically). Each processor allocates an array for contribution blocks and factors; the factors must
be kept for the solution phase.

3. Solution. The right-hand sid® is broadcast from the host to the other processors. These processors
compute the solutiox using the (distributed) factors computed during Step 2, and the solution is
assembled on the host.

Each of these phases can be called independently and several instahddP8f can be handled
simultaneously MUMPS allows the host processor to participate in computations during the factorization
and solve phases, just like a slave processor. This may lead to memory imbalance if the host already stores
the initial matrix, but it also allowMPS to run on a single processor and avoids one processor being idle
during the factorization and solve phases. If the user is able to input the matrix in a distributed way or if
memory is not an issue, we recommend this mode of using the host as a working processor.

For both the symmetric and the unsymmetric algorithms used in the code, we have chosen a
fully asynchronous approach with dynamic scheduling of the computational tasks. Asynchronous
communication is used to enable overlapping between communication and computation. Dynamic
scheduling was initially chosen to accommodate numerical pivoting in the factorization. The other
important reason for this choice is that, with dynamic scheduling, the algorithm can adapt itself at execution
time to remap work and data to more appropriate processors. In fact, we combine the main features of static
and dynamic approaches; we use the estimation obtained during the analysis to map some of the main
computational tasks; the other tasks are dynamically scheduled at execution time. The main data structures
(the original matrix and the factors) are similarly partially mapped according to the analysis phase. Part of
the initial matrix is replicated to enable rapid task migration without data redistribution.

In Section 2, we describe some functionalitiedfVPS; in Section 3, we describe the maiuMPS
subroutine; Section 4 gives a detailed description of all input and output parameters, including various
matrix input formats, while error diagnostics are detailed Section 5. Section 6 shows howNuNBH
from a C program. Finally, some examples usiWidMPS are given Section 7.

2 Some functionalities ofVUMPS 4.2

We describe here some of the functionalities of the sddWvPS. The user should refer to Section 4 for a
complete description of the parameters that must be set or that are referred to in this Section. The variables
mentioned in this section are components of mumps_par (for example, mumps_par%ICNTL) but, for the
sake of clarity, we refer to them only by their component name (that is, as ICNTL).

2.1 Input matrix structure

MUMPS provides several possibilities for the way in which the matrix can be input. This is controlled by
the parameters ICNTL(5) and ICNTL(18). If ICNTL(5) is left at its default value of 0, the input matrix
must be presented in assembled format in coordinate form. The matrix can be input centrally on the host
processor (when ICNTL(18) is left at its default value of 0). Other possibilities for the coordinate entry are
to provide only the matrix structure on the host for the analysis phase and to input the matrix entries for
the numerical factorization, distributed across the processors, either according to a mapping supplied by the
analysis (ICNTL(18) = 1) or according to a user determined mapping (ICNTL(18) = 2). It is also possible,
with the coordinate entry, to distribute the matrix pattern and the entries in any distribution in local triplets
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(ICNTL(18) = 3) for both analysis and factorization. If ICNTL(5) is set to 1, the matrix must be supplied
in elemental format and, in this case, must be input centrally on the host.

2.2 Ordering

A wide range of orderings to preserve sparsity is possible in the analysis phase, and most are introduced
for the first time in the Version 4.2 release. The parameter ICNTL(7) is used to control the ordering
requested, with the default value of 0 using the approximate minimum degree ordering as in previous
releases of thlUMPS package. Other ordering algorithms that are available in Version 4MJsPS

are an approximate minimum degree ordering with automatic quasi dense row detection, an approximate
minimum fill-in ordering, and PORD from Jirgen Schulze at Paderborn [20]. There is also an interface to
the METIS package from Minnesota [19] so that their METIS_NODEND hybrid ordering routine can be
used. A user supplied ordering can be provided (ICNTL(7)=1) as in earlier versiaidS although

it should be noted that the logic that handles this case is different from the built in orderings so that, for
example, a different performance and different internal data structures are created by a run that generates
an ordering and a separate one that feeds that same ordering array in as input.

2.3 Solving the transposed system

Given the factorization of an unsymmetric (SYM = 0, see Section 4) matrithe systemAx = b or
ATx = b can be solved during the solve stage. This is controlled by ICNTL(9) (see Section 4.5).

2.4 Pre-processing and post-processing facilities

MUMPS offers pre-processing and post-processing facilities. Permutations for a zero-free diagonal [14, 15,
16] can be applied to very unsymmetric matrices and can help reduce fill-in and arithmetic (controlled by
ICNTL(6), see Section 4.5). Prescaling of the input matrix can help reduce fill-in during factorization and
can improve the numerical accuracy. A range of classical scalings are provided and can be automatically
performed before numerical factorization. Iterative refinement (see the description of ICNTL(10) in Section
4.5) can be optionally performed after the solution step. Arioli, Demmel, and Duff [8] have shown that with
only two to three steps of iterative refinement the solution can often be significantly improved. Finally,
MUMPS also enables the user to perform classical error analysis based on the residuals (see the description
of ICNTL(11) in Section 4.5).

We calculate an estimate of the sparse backward error using the theory and metrics developed in [8].
We use the notatiog for the computed solution and a modulus sign on a vector or a matrix to indicate the
vector or matrix obtained by replacing all entries by their moduli. The scaled residual

b — Ax|,
(Ib] + |A[x]);

is computed for all equations except those for which the numerator is nonzero and the denominator is small.
For all the exceptional equations,

@)

b — Ax|,
(1A %); + 1Al 1%l
is used instead, wherdA; is row i of A. The largest scaled residual (1) is returned, on the host, in

RINFOG(7) and the largest scaled residual (2) is returned in RINFOG(8). If all equations are in category
(1), zero is returned in RINFOG(8). The computed solutiois the exact solution of the equation

)

(A +6A)x = (b + 6b),

where
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6A;; < max(RINFOG(7), RINFOG(8))|A;;,

andéb; < max(RINFOG(7)|bl;, RINFOG(8)||A;|||IXl.,).- Note thatd A respects the sparsity &.
An upper bound for the error in the solution is returned in RINFOG(9) and condition numbers for the matrix
are returned in RINFOG(10) and RINFOG(11).

2.5 Rank revealing and null space basis determination

MUMPS provides an experimental option for rank detection and computation of the null space basis (see
ICNTL(16), ICNTL(17), DEFICIENCY and NULL_SPACE in Section 4). The dynamic pivoting strategy
available in both the symmetric and unsymmetric versiddd¥PS normally postpones all the singularities
to the root. Therefore, the problem of rank detection for the original matrix is reduced to the problem of
rank detection for the root matrix. At this root, rank revealing algorithms are applied. The null space basis
is then computed using backward transformations.

Strategies based on rank revealiilg and rank revealin@) R are implemented.

2.6 Return a specified Schur complement

A Schur complement matrix can be returned to the user. The user must specify the list of indices of the Schur

matrix. MUMPS then provides both a partial factorization of the complete matrix and returns the assembled

Schur matrix in user memory. The Schur matrix is considered as a full matrix. The partial factorization that

builds the Schur matrix can also be used to solve linear systems associated with the “interior” variables.
For example, consider the partitioned matrix

Al 1 Al 2
A= ' ' 3
( Asi As ) 3
where the variables oA, » are those specified by the user. Then the Schur complement, as returned by
MUVPS, is A, » — A2 1A| 1A >, and the solve is performed o, ; only. (Entries in the solution vector
corresponding to indices in the Schur matrix are explicitly set to 0.)
See also the descriptions of the components SIZE_SCHUR, LISTVAR_SCHUR, and SCHUR in
Section 4.

Note that the Schur complement could be considered as an element contribution to the interface block
in a domain decomposition and B&MPS could be used to solve this subproblem using the element entry.

2.7 Various precisions

With the Version 4.2 release, several versions of the pack&dddS are available: REAL, DOUBLE
PRECI SI ON, COVPLEX, andDOUBLE COVPLEX.
The rest of this document applies to all four precisions. We use the following conventions:

1. the notatioj SDCZ] MUMPS refers toDMUMPS, SMUMPS, ZMUMPS or CMUMPS for REAL, DOUBLE
PRECI SI ON, COMPLEX andDOUBLE COVPLEX versions, respectively.

2. similarly [ SDCZ] MUMPS_STRUC refers to either SMUMPS_STRUC, DMUMPS_STRUC,
CMUMPS_STRUC, or ZMUMPS_STRUC, and[ sdcz] munps_struc. h to smunps_st ruc. h,
dnunps_struc. h,crmunps_struc. horzmunps_struc. h.

. the ternreal is used folREAL or DOUBLE PRECI SI ON,
. the termcomplexis used folCOVPLEX or DOUBLE COVPLEX,
. complex version means eith@®VPLEX, or DOUBLE COVPLEX version,

o o1 b~ W

. real version means eithBEAL or DOUBLE PRECI SI ONversion.
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2.8 Sequential version

In releases prior to Version 4.2, it was already possible taMidPS sequentially by limiting the number
of processors to one, but the link phase still required the MPI, BLACS, and ScaLAPACK libraries and the
user program needed to make explicit call&/® _| NI TandMPl _FI NALI ZE.

In Version 4.2, a purely sequential versioMMPS is available: for this, a special library is distributed
which provides all external symbols neededNVPS for a sequential environmentJUMPS can thus be
used in a simple sequential program, ignoring anything related to MPI. Details on how to build a purely
sequential version dflUMPS are available in the file README available in tMJMPS distribution. Note
that for the sequential version, PAR (see Section 4) must be set to 1.

3 Calling sequence

In the Fortran 90 interface, there is a single user callable subroutine per precision| Gi&d] MUVPS,

that has a single parameteunps_par of Fortran 90 derived datatydeSDCZ] MUMPS_STRUC. The
interface is the same for the sequential version, only the compilation process and libraries need be changed.
Except for the purely sequential version, MPI must be initialized by the user before the first call to

[ SDCZ] MUMPS is made. The calling sequence for tBOUBLE PRECI SI ON version may look as
follows:

I NCLUDE '’ npi f. h’
I NCLUDE ' drmunps_struc. h’

| NTEGER | ERR
TYPE (DMUMPS_STRUC) :: mnunps_par

CALL MPI _I NI T(I ERR) ! Not needed in purely sequential version
CALL DMUMPS( nunps_par )
CALL MPI _FI NALI ZE(I ERR) ! Not needed in purely sequential version

For other precisions, dmunps_struc. h should be replaced bysmunps_struc. h,
cnmunps_struc. h, or zmunps_struc. h, and the’ D in DMUVMPS and DMUMPS_STRUC by
'S ,"C or Z.

The variablemunps_par of datatype] SDCZ] MUMPS_STRUC holds all the data for the problem.
It has many components, only some of which are of interest to the user. The other components are
internal to the package. Some of the components must only be defined on the host. Others must be
defined on all processors. The filessdcz] nunps_st ruc. h defines the derived datatype and must
always be included in the program that cAlldVPS. The file[ sdcz] munps_r oot . h, which is included
in [ sdcz] munps_st ruc. h, defines the datatype for an internal comporremdt , and must also be
available at compilation time. Components of the struch8BCZ] MUMPS_STRUC that are of interest to
the user are shown in Figure 1.

The interface toMUMPS consists in calling the subroutineSDCZ] MUMPS with the appropriate
parameters set imunps_par .
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I NCLUDE ' [ sdcz] nunps_r oot . h’
TYPE [ SDCZ] MUMPS_STRUC
SEQUENCE

C | NPUT PARAMETERS
C khkkkkhkkkkkkkkkkkxkx
Cc Probl em definition
@,
C Sol ver (SYM=0 Unsymmetric, SYMe1 Sym Positive Definite, SYM2 General Symmetric)
C Type of parallelism(PAR=1 host working, PAR=0 host not working)
I NTEGER SYM PAR, JOB
C Control paraneters
C mmmmmm oo
I NTEGER | CNTL( 40)
real CNTL( 5)
C Order of Input matrix
3
I NTEGER N
C Assenbl ed input matrix : User interface
C mm e e e e
I NTEGER NZ
real/complex, DI MENSION(:), PO NTER :: A
I NTEGER, DI MENSION(:), PONTER :: IRN, JCN
C Case of distributed matrix entry
U
I NTEGER NZ_I oc
I NTEGER, DI MENSION(:), PONTER :: IRN_loc, JCN_|oc
real/complex, DI MENSION(:), PONTER :: A LCC
C Unassenbl ed i nput matrix: User interface
C m e e e e e e emeaaa
I NTEGER NELT
I NTEGER, DI MENSION(:), PO NTER :: ELTPTR, ELTVAR
real/complex, DI MENSION(:), PO NTER :: A ELT
C MPI Conmmruni cat or
@
| NTEGER COVWM
C Ordering and scaling, if given by user (optional)
G m e e e e e e e e e e memeaaan
I NTEGER, DI MENSION(:), PO NTER :: PERM.IN
real/complex, DI MENSION(:), PO NTER :: COLSCA, ROWSCA
C I NPUT/ QUTPUT dat a
C khkkkkkkkkkkkkkkkkk
C RHS : on input it holds the right-hand side
C on output it always holds the assenbl ed sol ution
G mm e m e e e e e i

real/complex DI MENSION(:), PO NTER :: RHS

QUTPUT data and Statistics

kkkkkkkkhkkhkkkkkkkkkkkkkkkx

I NTEGER | NFQ( 40)

(eNe]

real Rl NFQ( 20)
real RINFOG(20) ! dobal information (host only)

I NTEGER | NFOG( 40)

C Deficiency and null space basis (optional)
¢ iNesRmmamer T

real/complex DI MENSI ON(:,:), PO NTER :: NULL_SPACE
Cc Schur

I NTEGER SI ZE_SCHUR
I NTEGER, DI MENSION(:), PO NTER :: LISTVAR SCHUR

real/complex, DI MENSI ON(:), PO NTER :: SCHUR
C Mappi ng potentially provided by MJWPS
C mmmmm e e e e
I NTEGER, DI MENSI ON(:), PO NTER :: MAPPI NG
END TYPE [ SDCZ] MUMPS_STRUC
Figure 1: Main components of the structurd SDCZ] MUMPS _STRUC defined in

[ sdcz] munps_struc. h. real/complex qualifies parameters that are real in the real version and
complex in the complex version, where@sal is used for parameters that are always real, even in the
complex version oMUVPS.
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4 Input and output parameters

Components of the structure that must be set by the user are:

mumps_par%JOB (integer) must be initialized by the user on all processors before aMalR8. It controls the
main action taken biMUMPS. It is not altered.

JOB=-1 initializes an instance of the package. This must be called before any other call to the package
concerning that instance. It sets default values for other componeMdMiS_ STRUC, which may then
be altered before subsequent call$tdVPS. Note that three components of the structure must always be
set by the user (on all processors) before a call with JOB=-1. These are

e mumps_par%COMM,
e mumps_par%SYM, and
o mumps_par%PAR.

JOB=-2 destroys an instance of the package. All data structures associated with the instance, except those
provided by the user in mumps_par, are deallocated. It should be called by the user only when no further
calls toMUMPS with this instance are required. It should be called before a further JOB=-1 call with the
same argument mumps_par.

JOB=1 performs the analysis. It uses the pattern of the matiiixput by the user. In the case of a centralized
matrix, the following components of the structure define the matrix pattern and must be set by the user (on
the host only) before a call with JOB=1:

e mumps_par%N, mumps_par%NZ, mumps_par%IRN, and mumps_par%JCN if the user wishes to
input the structure of the matrix in assembled format (ICNTL(5)=0 and ICNTL{8),
e mumps_par%N, mumps_par%NELT, mumps_par%ELTPTR, and mumps_par%ELTVAR if the user
wishes to input the matrix in elemental format (ICNTL(5)=1).
(See Sections 4.1-4.2.) These components should be passed unchanged when later calling the factorization
(JOB=2) and solve (JOB=3) phases.
In the case of a distributed assembled matrix,
e |f ICNTL(18) = 1 or 2, the previous requirements hold except that IRN and JCN are no longer
required and need not be passed unchanged to the factorization phase.
e [fICNTL(18) = 3, the user should provide
— mumps_par%N on the host
— mumps_par%NZ_loc, mumps_par%IRN_loc and mumps_par%JCN_loc on all slave processors.
Those should be passed unchanged to the factorization (JOB=2) and solve (JOB=3) phases.
See Section 4.3 for more details and options for the distributed matrix entry.

In the analysisMUMPS chooses pivots from the diagonal using a selection criterion to preserve sparsity. It
uses the pattern o£+ A7 butignores numerical values. It subsequently constructs subsidiary information
for the numerical factorization (a JOB=2 call).

An option exists for the user to input the pivotal sequence (in array PERM_IN, ICNTL(7)=1, see below)
in which case only the necessary information for a JOB=2 call will be generated.

A call to MUMPS with JOB=1 must be preceded by a call with JOB=-1 on the same instance.
JOB=2 performs the factorization. It uses the numerical values of the matgrovided by the user and the
information from the analysis phase (JOB=1) to factorize the mairix
If the matrix is centralized on the host (ICNTL(18)=0), the pattern of the matrix should be passed
unchanged since the last call to the analysis phase (see JOB=1); the following components of the structure
define the numerical values and must be set by the user (on the host only) before a call with JOB=2:
e mumps_par%aA if the matrix is in assembled format (ICNTL(5)=0), or
e mumps_par%A_ELT if the matrix is in elemental format (ICNTL(5)=1).
If the initial matrix is distributed (ICNTL(5)=0 and ICNTL(18)#£ 0), then the following components of
the structure must be set by the user on all slave processors before a call with JOB=2:

e mumps_par%A_loc on all slave processors, and
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e mumps_par%NZ_loc, mumps_par%IRN_loc and mumps_par%JCN_loc if ICNTL(18)=1 or 2. (For
ICNTL(18)=3, NZ_loc, IRN_loc and JCN_loc have already been passed to the analysis step and must
be passed unchanged.)

(See Sections 4.1-4.2-4.3.) The actual pivot sequence used during the factorization may differ slightly
from the sequence returned by the analysis if the ma¥rig not diagonally dominant.

An option exists for the user to input scaling vectors oMalVPS compute such vectors automatically (in
arrays COLSCA/ROWSCA, ICNTL(8¥ 0, see below).

A call to MUMPS with JOB=2 must be preceded by a call with JOB=1 on the same instance.

JOB=3 performs the solution. It uses the right-hand zigeovided by the user and the factors generated by the
factorization (JOB=2) to solve a system of equatidns = b or A”x = b. The pattern and values of the
matrix should be passed unchanged since the last call to the factorization phase (see JOB=2). The structure
component mumps_par%RHS must be set by the user (on the host only) before a call with JOB=3. (See
Section 4.4.)

A call to MUMPS with JOB=3 must be preceded by a call with JOB=2 (or JOB=4) on the same instance.

JOB=4 combines the actions of JOB=1 with those of JOB=2. It must be preceded by aMdNRS with
JOB=-1 on the same instance.

JOB=5 combines the actions of JOB=2 and JOB=3. It must be preceded by aBNRS with JOB=1 on
the same instance.

JOB=6 combines the actions of calls with JOB=1, 2, and 3. It must be preceded by a lkBNRS with
JOB=-1 on the same instance.

Consecutive calls with JOB=2,3,5 on the same instance are possible.

mumps_par%COMM (integer) must be set by the user on all processors before the initialization phase (JOB=-1) and
must not be changed. It must be set to a valid MPI communicator that will be used for message passing inside
MUMPS. It is not altered byMUMPS. The processor with rank 0 in this communicator is usedvbiyPS as the
hostprocessor.

mumps_par%SYM (integer) must be initialized by the user on all processors and is acceb&édPByonly during
the initialization phase (JOB=-1). It is not altered MyMPS except for the complex version MUMPS where
SYM=1 is replaced by SYM=2 and structural symmetry is exploited up to the root. Possible values for SYM
are:

0 A is unsymmetric
1 A is symmetric positive definite
2 A is general symmetric
For the complex version, the value SYM=1 is currently treated as SYM=2. We do not have a version for
Hermitian matrices in this release MUMPS.
mumps_par%PAR (integer) must be initialized by the user on all processors and is acceSsP8yonly during
the initialization phase (JOB=-1). It is not alteredMyMPS. Possible values for PAR are:
0 host is not involved in factorization/solve phases

1 host is involved in factorization/solve phases

Other values are treated as 1.

If PAR is set to 0, the host will only hold the initial problem, perform symbolic computations during the analysis
phase, distribute data, and collect results from other processors. If set to 1, the host will also participate in
the factorization and solve phases. If the initial problem is large and memory is an issue, PAR = 1 is not
recommended if the matrix is centralized on processor 0 because this can lead to memory imbalance, with
processor 0 having a larger memory load than the other processors. Note that setting PAR to 1, and using only 1
processor, leads to a sequential code.
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4.1 Centralized assembled matrix input

mumps_par%N (integer), mumps_par%NZ (integer), mumps_par%IRN (integer array pointer, dimension NZ),
mumps_par%JCN (integer array pointer, dimension NZ), and mumps_parésicomplex array pointer,
dimension NZ) hold the matrix in assembled format. These components should be set by the user only on
the host and only when ICNTL(5)=0 and ICNTL(18)=0:

e N is the order of the matriA, N > 0. Itis not altered bjVlUMPS.
e NZis the number of entries being input, NZ0. It is not altered byVlUVPS.

¢ IRN, JCN are integer arrays of length NZ containing the row and column indices, respectively, for the
matrix entries. IRN and JCN are unchanged unless ICNTEQG)n which case the original matrix might
be permuted to have a zero-free diagonal.

e Ais areal (complexin the complex version) array of length NZ. The user must set A(k) to the value of the
entry in row IRN(k) and column JCN(K) of the matrix. A is not accessed when JOB=1. Duplicate entries
are summed and any with IRN(K) or JCN(K) out-of-range are ignored.

Note that, in the case of the symmetric solver, a diagonal nonzgrois held as A(k)=ii,
IRN(K)=JCN(k)=, and a pair of off-diagonal nonzeres; = a;; is held as A(k)=;; and IRN(k)=,
JCN(K)=j or vice-versa. Again, duplicate entries are summed and entries with IRN(k) or JCN(K) out-of-
range are ignored.

The components N, NZ, IRN, and JCN describe the pattern of the matrix and must be set by the user before the
analysis phase (JOB=1). Component A must be set before the factorization phase (JOB=2).

4.2 Element matrix input

mumps_par%N (integer), mumps_par%NELT (integer), mumps_par%ELTPTR (integer array pointer,
dimension NELT+1), mumps_par%ELTVAR (integer array pointer, dimension ELTPTR(NELT+1)-1),
and mumps_par%A_ELTrgal/complexarray pointer) hold the matrix in elemental format. These components
should be set by the user only on the host and only when ICNTL(5)=1:

e N is the order of the matriA, N > 0. Itis not altered bjVlUMPS.
e NELT is the number of elements being input, NEXTO. It is not altered byMUMPS.

e ELTPTR s an integer array of length NELT+1. ELTPTR(j) points to the position in ELTVAR of the first
variable in element j, and ELTPTR(NELT+1) must be set to the position after the last variable of the last
element. Note that ELTPTR(1) should be equal to 1. It is not alterdd byPS.

e ELTVAR is an integer array of length ELTPTR(NELT+1)-1 and must be set to the lists of variables of
the elements. It is not altered BWUMPS. Those for element j are stored in positions ELTPTR(),,
ELTPTR(j+1)-1. Out-of-range variables are ignored.

e A_ELT is areal (complexin the complex version) array. I¥,, denotes ELTPTR(p+1)-ELTPTR(p), then
the values for element j are stored in positidtis+ 1, ..., Kj + L;, where

- K;= ZJ;:II N,?2, andL; = N;? in the unsymmetric case (SYM = 0)

- K= EJ;:II(NP - (Np +1))/2,andL; = (Nj - (IV; + 1))/2 in the symmetric case (SYM 0).
Only the lower triangular part is stored.

Values within each element are stored column-wise. Values corresponding to out-of-range variables are
ignored and values corresponding to duplicate variables within an element are summed. A_ELT is not
accessed when JOB = 1. Note that, although the elemental matrix may be symmetric or unsymmetric in
value, its structure is always symmetric.

The components N, NELT, ELTPTR, and ELTVAR describe the pattern of the matrix and must be set by the
user before the analysis phase (JOB=1). Component A_ELT must be set before the factorization phase (JOB=2).
Note that, in the current release of the package, the element entry must be centralized on the host.
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4.3 Distributed assembled matrix input

When the matrix is in assembled form (ICNTL(5)=0), we offer several options, defined by the control parameter
ICNTL(18) described in Section 4.5. The following components of the structure define the distributed assembled
matrix input. They are valid for nonzero values of ICNTL(18), otherwise the user should refer to Section 4.1.

mumps_par%N (integer), mumps_par%NZ (integer), mumps_par%IRN (integer array pointer, dimension NZ),
mumps_par%JCN (integer array pointer, dimension NZ), mumps_par%IRN_loc (integer array pointer,
dimension NZ_loc), mumps_par%JCN_loc (integer array pointer, dimension NZ_loc), mumps_par%A_loc
(real/complexarray pointer, dimension NZ_loc), and mumps_par%MAPPING (integer array, dimension NZ).

e N is the order of the matriA, N > 0. It must be set on the host before analysis. It is not altered by
MUMPS.

e NZ is the number of entries being input in the definition&df NZ > 0. It must be defined on the host
before analysis if ICNTL(18) = 1, or 2.

¢ IRN, JCN are integer arrays of length NZ containing the row and column indices, respectively, for the
matrix entries. They must be defined on the host before analysis if ICNTL(18) = 1, or 2. They can be
deallocated by the user just after the analysis.

e NZ_loc is the number of entries local to a processor. It must be defined on all processors in the case of the
working host model of parallelism (PAR=1), and on all processors except the host in the case of the non-
working host model of parallelism (PAR=0), before analysis if ICNTL(18) = 3, and before factorization if
ICNTL(18) =1 or 2.

e IRN_loc, JCN_loc are integer arrays of length NZ_loc containing the row and column indices, respectively,
for the matrix entries. They must be defined on all processors if PAR=1, and on all processors except the
host if PAR=0, before analysis if ICNTL(18) = 3, and before factorization if ICNTL(18) =1 or 2.

e A_loc is areal (complexin the complex version) array of dimension NZ_loc that must be defined before
the factorization phase (JOB=2) on all processors if PAR = 1, and on all processors except the host if PAR
=0. The user must set A_loc(K) to the value in row IRN_loc(k) and column JCN_loc(k).

e MAPPING is an integer array of size NZ which is returned\WyMPS on the host after the analysis phase
as an indication of a preferred mapping if ICNTL(18) = 1. In that case, MAPPING(i) = IPROC means that
entry IRN(i), JCN(i) should be provided on processor with rank IPROC irMléPS communicator.

We recommend the use of options ICNTL(18)= 2 or 3 because they are the simplest and most flexible options.
Furthermore, those options (2 or 3) are in general almost as efficient as the more sophisticated (but more complicated
for the user) option ICNTL(18)=1.

4.4 Right-hand side and solution vector

mumps_par%RHS¢al/complexarray pointer, dimension N) isr@al (complexin the complex version) array that
must be set by the user on the host only, before a caflildPS with JOB = 3, 5, or 6. On entry, RHS(i) must
hold the i-th component of the right-hand side of the equations being solved. On exit, RHS(i) will hold the i-th
component of the solution vector.

4.5 Control parameters

On exit from the initialization call (JOB=-1), the control parameters are set to default values. If the user wishes to use
values other than the defaults, the corresponding entries in mumps_par%ICNTL and mumps_par%CNTL should be
reset after this initial call and before the call in which they are used.

mumps_par%ICNTL is an integer array of dimension 40.

ICNTL(2) is the output stream for error messages. If it is negative or zero, these messages will be suppressed. Default
value is 6.

ICNTL(2) is the output stream for diagnostic printing, statistics, and warning messages. If it is negative or zero, these
messages will be suppressed. Default value is 0.
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ICNTL(3) is the output stream for global information, collected on the host. If it is negative or zero, these messages
will be suppressed. Default value is 6.

ICNTL(4) is the level of printing for error, warning, and diagnostic messages. Maximum value is 4 and default value
is 2 (errors and warnings printed). Possible values are

¢ < 0: No messages output.

e 1: Only error messages printed.

e 2: Errors and warnings printed.

e 3: Errors and warnings and terse diagnostics (only first ten entries of arrays) printed.
e 4: Errors and warnings and all information on input and output parameters printed.

ICNTL(5) has default value 0 and is only accessed by the host and only during the analysis phase. If ICNTL(5) =
0, the input matrix must be given in assembled format in the structure components N, NZ, IRN, JCN, and A
(or NZ_loc, IRN_loc, JCN_loc, A_loc, see Section 4.3). If ICNTL(5) = 1, the input matrix must be given in
elemental format in the structure components N, NELT, ELTPTR, ELTVAR, and A_ELT.

ICNTL(6) has default value 7 for unsymmetric matrices and 0 for symmetric matrices. Itis only accessed by the host
and only during the analysis phase. If ICNTL(6)=1, 2, 3, 4, 5, 6, 7 a column permutation based on the public
domain code MC64 (see [15, 16] for more details) is applied to the original matrix. Column permutations are
then applied to the original matrix to get a zero-free diagonal. Possible values of ICNTL(6) are:

e 0: No column permutation is computed.

e 1: The permuted matrix has as many entries on its diagonal possible. The values on the diagonal are of
arbitrary size.

e 2: The smallest value on the diagonal of the permuted matrix is maximized.
e 3: Variant of option 2 with different performance.
e 4: The sum of the diagonal entries of the permuted matrix is maximized.

e 5: The product of the diagonal entries of the permuted matrix is maximized. Vectors are also computed
(and stored in COLSCA and ROWSCA, only if ICNTL(8) was set to -1 or 7) to scale the permuted
matrix so that the nonzero diagonal entries in the permuted matrix are one in absolute value and all the
off-diagonal entries are less than or equal to one in absolute value.

e 6: Similar as 5 but with a quite different algorithm.
e 7 : Based on the structural symmetry of the input matrix and on the availability of the numerical values,
the value of ICNTL(6) is automatically chosen by the software.
Other values are treated as 0.

Except for ICNTL(6)=0 or 1, the numerical values of the original matrix, mumps_par%A, must be provided
by the user during the analysis phase. The user is advised to set ICNTL(6) only when the matrix is very
unsymmetric. If the matrix is symmetric (SYM 0), or in elemental format (ICNTL(5)=1), or the ordering

is provided by the user (ICNTL(7)=1), or the Schur option (ICNTL(9)) is required, or the matrix is initially
distributed (ICNTL(18)£ 0) then ICNTL(6) is treated as zero.

ICNTL(7) has default value 7 and is only accessed by the host and only during the analysis phase. It determines
the pivot order to be used for the factorization. Note that, even when the ordering is provided by the user, the
analysis must be performed before numerical factorization. Possible values are:

e 0: Approximate Minimum Degree (AMD) [1] is used,

e 1: the pivot order should be set by the user in PERM_IN. In this case, PERM_IN(i), (i=1, ... N) holds the
position of variable i in the pivot order.

e 2:the Approximate Minimum Fill (AMF) is used,
¢ 3: Not available in the current version.
e 4:PORD [20] is used,

1Distributed within MUMPS by permission of J. Schulze (University of Paderborn).
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¢ 5:the METIS [19] routine METIS_NODEND is used,
e 6: the Approximate Minimum Degree with automatic quasi-dense row detection is used.

e 7: Automatic value chosen by the software during analysis phase. This choice will depend on the ordering
packages made available, on the matrix (type and size), and on the number of processors.

Other values are treated as 7. Currently, options 3, 4 and 5 are only available if the corresponding packages are
installed (see comments in the Makefiles toNEAVPS know about them). If the packages are not installed or if

the matrix is by elements, options 3, 4 and 5 are treated as 7.

With option 7, the automatic value of ICNTL(7) chosen by the package depends on the ordering packages
installed, the type of matrix (Symmetric or unsymmetric), the size of the matrix and the number of processors.
For linear programming matrices of forlMA”, and for matrices with relatively dense rows, we highly
recommend option 6 which may significantly reduce the time for analysis.

If the user asks for a Schur complement matrix, or if the matrix is by elements, only options 0 and 1 are currently
available.

ICNTL(8) has default value 0 for symmetric matrices and 7 for unsymmetric matrices. Except if ICNTL(6)=5 or 6 then
itis only accessed by the host and only during the factorization phase. It is used to describe the scaling strategy.
If ICNTL(8) = -1, the user must provide scaling vectors in the arrays COLSCA and ROWSCA (combined with
ICNTL(6)=5, scaling arrays might automatically be computed by the package during the analysis phase). If
ICNTL(8) = 0, no scaling is performed, and arrays COLSCA/ROWSCA are not used. If ICNTL(@®)the
package allocates and computes the arrays COLSCA/ROWSCA. Possible values of ICNTL(8) are listed below:

e -1: Scaling provided on entry to numerical phase,
e 0: No scaling applied/computed.

¢ 1: Diagonal scaling,

: Scaling based on [11] (HSL code MC29),

: Column scaling,

: Row and column scaling,
: Scaling based on [11] followed by column scaling,

e 6: Scaling based on [11] followed by row and column scaling.

[ ]
N o o~ WN P

e 7 : Automatic choice of scaling value done during analysis.

If the input matrix is symmetric (SYM#£ 0), then only options -1, 0, and 1 are allowed and other options are
treated as 0; if ICNTL(8)=—1, the user should ensure that the array ROWSCA is equal to the array COLSCA. If
the input matrix is in elemental format (ICNTL(5) = 1), then only options —1 and 0 are allowed and other options
are treated as 0. If the initial matrix is distributed (ICNTL(%8)0 and ICNTL(5) = 0) or if rank-revealing
options are set (ICNTL(16¥ 0), then the value of ICNTL(8) is ignored and no scaling is applied.

ICNTL(9) has default value 1 and is only accessed by the host during the solve phase. If ICNTL@Ax=—=1,b is
solved, otherwiseA”x = b is solved.

ICNTL(10) has default value 0 and is only accessed by the host during the solve phase. It corresponds to the maximum
number of steps of iterative refinement. If ICNTL(10)0, iterative refinement is not performed.

ICNTL(11) has default value 0 and is only accessed by the host and only during the solve phase. A positive value
will return statistics related to the linear system solvdk(= b or ATx = b depending on the value of
ICNTL(9)): the infinite norm of the input matrix, the computed solution, and the scaled residual in RINFOG(4)
to RINFOG(6), respectively, a backward error estimate in RINFOG(7) and RINFOG(8), an estimate for the error
in the solution in RINFOG(9), and condition numbers for the matrix in RINFOG(10) and RINFOG(11). See also
Section 2.4. Note that if performance is concerned, ICNTL(11) should be left to 0.

Note that, although the following ICNTL entries (12 to 15) control the efficiency of the factorization and solve
phases, they involve preprocessing work performed during analysis and must thus be set at the analysis phase.

2See http://www-users.cs.umn.edidarypis/metis/ to obtain a copy.
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ICNTL(12) has default value 0 and is only accessed by the host and only during the analysis phase. If ICNTL(12) =
0, node level parallelism is switched on, otherwise only tree parallelism will be used during factorization/solve
phases.

ICNTL(13) has default value 0 and is only accessed by the host during the analysis phase. If ICNTL(13) = O,
ScalLAPACK will be used for the root node if the size of the root node of the assembly tree is larger than a
machine-dependent minimum size. Otherwise, the root node of the tree will be processed sequentially.

ICNTL(14) is accessed by the host both during the analysis and the factorization phases. It corresponds to the
percentage increase in the estimated working space. When significant extra fill-in is caused by numerical
pivoting, larger values of ICNTL(14) may help use the real working space more efficiently. Default value is
20 % except for symmetric positive definite matrices (SYM=1) where the default value is 10 %.

ICNTL(15) has default value 0 and is only accessed by the host during the analysis phase. If ICNTL(15) = 0, the
criterion for mapping the top of the tree to the processors is based on memory balance only. Otherwise, mapping
is based on the number of flops.

Note that options ICNTL(16) and ICNTL(17) correspond to an experimental research prototype and those
functionalities are not maintained.

ICNTL(16) has default value 0 and is only accessed by the host. During the analysis phase, a valid positive value
prepares the data for later use of the null space functionality. If ICNTL(16) is negative or zero, the null space
feature will be disabled during the factorization phase.

During the factorization phase, if ICNTL(16) was positive for analysis, values of ICNTL(16) have the following
meaning.

0 : no null space analysis is performed
1,3,5,7,9 : rank detection only

2,4,6,8,10 : rank detection and null space basis.

The deficiency of the matrix is returned in mumps_par%DEFICIENCY (on all processors) after the factorization
phase. If a null space basis was required, it is returned on the host in mumps_par%NULL_SP#&GE, a
(complexin the complex version) array pointer of sizeXNDEFICIENCY allocated byMUMPS.

The following strategies have been implemented:
1,2 : QR with pivoting,
3,4 : QR with pivoting improved by Chan algorithm,
5,6 : LU with partial pivoting,
7,8 : an improved strategy based bV with partial pivoting.
9,10 : ICNTL(17) is used as the exact size of the (pseudo-)null space.
Options 3 to 8 although implemented and ready for experimentation are not currently available to the user, and

are treated as 0. Although implemented, the parallel treatment of the root node (see ICNTL(14) above) is also
disabled when ICNTL(16) O.

ICNTL(17) has default value 0 and is only accessed by the host during the factorization phase if rank detection is
effective (ICNTL(16)# 0). In such cases,
e if 0 < ICNTL(16) < 8, ICNTL(17) should hold an estimate of the maximum size of the null space. If
ICNTL(17) is negative or zerdUVPS assumes that the user has no information about the null space size.
e if ICNTL(16) is 9 or 10, ICNTL(17) should hold the exact size of the null space (or pseudo-null space).
ICNTL(18) has default value 0 and is only accessed by the host during the analysis phase, if the matrix format is
assembled (ICNTL(5) = 0). ICNTL(18) defines the strategy for the distributed input matrix. Possible values are:
e 0: the input matrix is centralized on the host. This is the default, see Section 4.1.

e 1: the user provides the structure of the matrix on the host at analdi?S returns a mapping and
the user should then provide the matrix distributed according to the mapping on entry to the numerical
factorization phase.
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e 2: the user provides the structure of the matrix on the host at analysis, and the distributed matrix on all
slave processors at factorization. Any distribution is allowed.

e 3: user directly provides the distributed matrix input both for analysis and factorization.

For options 1, 2, 3, see Section 4.3 for more details on the input/output paramek&#sR8. For flexibility,
options 2 or 3 are recommended.

ICNTL(19) has default value 0 and is only accessed by the host during the analysis phase. If ICNAD(f#n the
Schur matrix will be returned to the user. The user must set on entry on the host node (before analysis):

e the integer variable SIZE_SCHUR to the size of the Schur matrix,
¢ the integer array pointer LISTVAR_SCHUR to the list of indices of the Schur matrix.

Before the factorization phase, on the host node, the 1-dimensional pointer array SCHUR should point to
SIZE_SCHUR*SIZE_SCHUR locations in memory, allocated by the user. On output from the factorization
phase, and on the host node, the 1-dimensional pointer array SCHUR of length SIZE_SCHUR*SIZE_SCHUR
holds the (dense) Schur matrix of order SIZE_SCHUR. Note that the order of the indices in the Schur matrix is
identical to the order provided by the user in LISTVAR_SCHUR and that the Schur matrix is Sipreds.

If the matrix is symmetric then only the lower triangular part of the Schur matrix is provigledb(vs) and the

upper part is not significant.

The partial factorization of the interior variables can then be exploited to perform a solve phase (transposed
matrix or not). Note that the right-hand side (RHS) provided on input must still be of size N even if only the
N-SIZE_SCHUR indices will be considered and if only N-SIZE_SCHUR indices of the solution will be relevant
to the user.

Finally note that since the Schur complement can be viewed as a partial factorization of the global matrix
(with partial ordering of the variables provided by the user) the following optiondMPS are incompatible

with the Schur option: null space, maximum transversal, scaling, iterative refinement, error analysis. Note
that if the ordering is given then the following property should hold: PERM_IN(LISTVAR_SCHUR(i)) = N-
SIZE_SCHURH+i, for i=1,SIZE_SCHUR.

ICNTL(20-40) are not used in the current version.

mumps_par%CNTL is eeal (alsoreal in the complex version) array of dimension 5.

CNTL(1) is the relative threshold for numerical pivoting. It forms a trade-off between preserving sparsity and ensuring
numerical stability during the factorization. In general, a larger value of CNTL(1) increases fill-in but leads to a
more accurate factorization. If CNTL(1) is nonzero, numerical pivoting will be performed. If CNTL(1) is zero,
no such pivoting will be performed and the subroutine will fail if a zero pivot is encountered. If the matrix is
diagonally dominant, then setting CNTL(1) to zero will decrease the factorization time while still providing a
stable decomposition. If the code is called for unsymmetric or general symmetric matrices, CNTL(1) has default
value 0.01. For symmetric positive definite matrices, numerical pivoting is suppressed and the default value is
0.0. Values less than 0.0 are treated as 0.0, values greater than 1.0 are treated as 1.0.

CNTL(2) is the stopping criterion for iterative refinement and is only accessed by the host during the solve phase.

Let Berr = max; ﬂ/ﬂ‘;i‘ [8]. Iterative refinement will stop when either the required accuracy is reached

ERIE _
(Berr < CNTL(2) ) or the convergence rate is too sloRerr does not decrease by at least a factor of 5).

Default value isy/z.

CNTL(3) determines the absolute threshtlaes for numerical pivoting. It has default value -1.0 and is only accessed
by the host during the numerical factorization phase. If CNTLL3D, thres is determined automatically:
thres = €||A|| if ICNTL(16) # 0 or SYM = 2;thres = 0 otherwise. If CNTL(3)> 0, then the valu¢hres =
CNTL(3) is used. During the numerical factorization, a potential pivot has to be larget/thasto be accepted.

CNTL(4) - CNTL(5) are not used in the current version.

4.6 Other optional input/output parameters

mumps_par%COLSCA, mumps_par%ROWSCA (double precision array pointers, dimension N) are optional scaling
arrays required only by the host. If a scaling is provided by the user (ICNTL(8)=-1), these arrays must be
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allocated and initialized by the user on the host, before a call to the factorization phase (JOB=2). They might
also be automatically allocated and computed by the package during analysis (if ICNTL(6)=5 or 6). They should
be passed unchanged to the solve phase (JOB=3).

mumps_par%PERM_IN (integer array pointer, dimension N) must be allocated and initialized by the user on the host
if ICNTL(7)=1. Itis accessed during the analysis (JOB=1) and PERM_IN(i),.i=1,N must hold the position
of variable i in the pivot order. Note that, even when the ordering is provided by the user, the analysis must still
be performed before numerical factorization.

mumps_par%SIZE_SCHUR (integer) must be initialized on the host to the size of the Schur complement if ICNTL(19)
# 0. Itis accessed during the analysis phase and should be passed unchanged to the factorization and solve
phases.

mumps_par%LISTVAR_SCHUR (integer array pointer, dimension mumps_par%SIZE_SCHUR must be allocated
and initialized by the user on the host if ICNTL(1$) 0. It is not altered byMUVPS. It is accessed during
analysis (JOB=1) and LISTVAR_SCHUR(i), i=1, ., SIZE_SCHUR must hold thé'" index of the Schur
matrix.

mumps_par%SCHUR is aeal (complex in the complex version) pointer array of size SIZE_SCHUR
SIZE_SCHUR that must be allocated by the user on the host before the factorization phase if ICNAL(19)
0. On exit, it holds the Schur complement matrix (see ICNTL(19) above).

mumps_par%MAXIS and mumps_par%MAXS (integers) are defined, for each processor, as the size of the integer
and the real (complex for the complex version) workspaces respectively required for factorization and/or solve.
On return from analysis (JOB = 1), INFO(7) and INFO(8) return the minimum values for MAXIS and MAXS,
respectively, to the user. If the user has reason to believe that significant numerical pivoting will be required,
it may be desirable to choose a higher value for MAXIS (or MAXS) than output from the analysis. At the
beginning of the factorization, MAXIS and MAXS are set to the maximum of estimates based on analysis phase
data and the values supplied by the user. An integer array IS of size MAXIS and a real (complex in the complex
version) array S of size MAXS are then dynamically allocated and used during the factorization and solve phases
to hold the factors and contribution blocks.

mumps_par%DEFICIENCY (integer) is set during the factorization step to the deficiency of the initial matrix if
ICNTL(16) was set to a nonzero value.

mumps_par%NULL_SPACE is al (complexin the complex version) pointer array of size XNDEFICIENCY
that is allocated byMUMPS and contains the null space basis A&f if required by the value of ICNTL(16).
mumps_par%NULL_SPACE is set during the factorization step.

4.7 Information parameters

The parameters described in this section are returned dPS and hold information that may be of interest to the
user. Some of the information is local to each processor and some only on the host. If an error is detected (see Section
5), the information may be incomplete.

4.7.1 Information local to each processor

The arrays mumps_par%RINFO and mumps_par%INFO are local to each process.
mumps_par%RINFO is a double precision array of dimension 20. It contains the following local information on the
execution oMUMPS:

RINFO(1) - after analysis: The estimated number of floating-point operations on the processor for the elimination
process.

RINFO(2) - after factorization: The number of floating-point operations on the processor for the assembly process.
RINFO(3) - after factorization: The number of floating-point operations on the processor for the elimination process.
RINFO(4) - RINFO(20) are not used in the current version.

mumps_par%INFO is an integer array of dimension 40. It contains the following local information on the execution of
MUMPS:
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INFO(1) is O if the call taMUMPS was successful, negative if an error occurred (see Section 5), or positive if a warning
is returned.

INFO(2) holds additional information about the error or the warning. If INFO(1)=—1, INFO(2) is the processor number
(in communicator mumps_par%COMM) on which the error was detected.

INFO(3) - after analysis: Estimated real space needed on the processor for factors.

INFO(4) - after analysis: Estimated integer space needed on the processor for factors.

INFO(5) - after analysis: Estimated maximum front size on the processor.

INFO(6) - after analysis: Number of nodes in the complete tree. The same value is returned on all processors.

INFO(7) - after analysis: Minimum value of MAXIS estimated by the analysis phase to run the numerical factorization
successfully.

INFO(8) - after analysis: Minimum value of MAXS estimated by the analysis phase to run the numerical factorization
successfully.

INFO(9) - after factorization: Size of the real space used on the processor to store the LU factors.
INFO(10) - after factorization: Size of the integer space used on the processor to store the LU factors.
INFO(11) - after factorization: Order of the largest frontal matrix processed on the processor.

INFO(12) - after factorization: Number of off-diagonal pivots encountered on the processor or number of negative
pivots if the SYM=1.

INFO(13) - after factorization: The number of uneliminated variables, corresponding to delayed pivots, sent to the
father. If a delayed pivot is subsequently passed to the father of the father, it is counted a second time.

INFO(14) - after factorization: Number of memory compresses on the processor.

INFO(15) - after analysis: estimated total size (in millions of bytes) oVaVPS internal data for running numerical
factorization.

INFO(16) - after factorization: total size (in millions of bytes) of MUMPS internal data used during numerical
factorization.

INFO(17) - INFO(40) are not used in the current version.

4.7.2 Information available on the host

The arrays mumps_par%RINFOG and mumps_par%INFOG :
mumps_par%RINFOG is a double precision array of dimension 20. It contains the following global information on the
execution oMUMPS:

RINFOG(1) - after analysis: The estimated number of floating-point operations (on all processors) for the elimination
process.

RINFOG(2) - after factorization: The total number of floating-point operations (on all processors) for the assembly
process.

RINFOG(3) - after factorization: The total number of floating-point operations (on all processors) for the elimination
process.

RINFOG(4) to RINFOG(11) - after solve with error analysis: Only returned on the host process if ICNE£(Q1)
See description of ICNTL(11).

RINFOG(12) - RINFOG(20) are not used in the current version.

mumps_par%INFOG is an integer array of dimension 40. It contains the following global information on the execution
of MUMPS:

INFOG(1) is 0 if the call toMUMPS was successful, negative if an error occurred (see Section 5), or positive if a
warning is returned.

INFOG(2) holds additional information about the error or the warning.
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The difference between INFOG(1:2) and INFO(1:2) is that INFOG(1:2) is the same on all processors. It has the
value of INFO(1:2) of the processor which returned with the most negative INFO(1) value. For example, if processor
p returns with INFO(1)=-13, and INFO(2)=10000, then all other processors will return with INFOG(1)=-13 and
INFOG(2)=10000, but still INFO(1)=-1 and INFO(2)=

INFOG(3) - after analysis: Total estimated real workspace for factors on all processors.
INFOG(4) - after analysis: Total estimated integer workspace for factors on all processors.
INFOG(5) - after analysis: Estimated maximum front size in the complete tree.

INFOG(6) - after analysis: Number of nodes in the complete tree.

INFOG(7:8) : not significant.

INFOG(9) - after factorization: Total real space to store the LU factors.

INFOG(10) - after factorization: Total integer space to store the LU factors.

INFOG(11) - after factorization: Order of largest frontal matrix.

INFOG(12) - after factorization: Total number of off-diagonal pivots or negative pivots if SYM=1.
INFOG(13) - after factorization: Total number of delayed pivots.

INFOG(14) - after factorization: Total number of memory compresses.

INFOG(15) - after solution: Number of steps of iterative refinement.

INFOG(16) - after analysis: Estimated size (in million of bytes) oMJMPS internal data for running factorization:
value on the most memory consuming processor.

INFOG(17) - after analysis: Estimated size (in millions of bytes) olaIMPS internal data for running factorization:
sum over all processors.

INFOG(18) - after factorization: Size in millions of bytes of MUMPS internal data during factorization: value on
the most memory consuming processor.

INFOG(19) - after factorization: Size in millions of bytes of MUMPS internal data during factorization: sum over
all processors.

INFOG(20) - after analysis: Estimated number of entries in the factors.
INFOG(21) - INFOG(40) are not used in the current version.

5 Error diagnostics

MUMPS uses the following mechanism to process errors that may occur during the parallel execution of
the code. If, during a call ttMJMPS, an error occurs on a processor, this processor informs all the other
processors before they return from the call. In parts of the code where messages are sent asynchronously
(for example factorization and solve phases), the processor on which the error occurs sends a message to
the other processors with a specific error tag. On the other hand, if the error occurs in a subroutine that does
not use asynchronous communication, the processor propagates the error to the other processors.

On successful completion, a call BMUMPS will exit with the parameter mumps_par%INFOG(1) set to
zero. A negative value for mumps_par%INFOG(1) indicates that an error has been detected on one of the
processors. For example, if processoeturns with INFO(1)=—8 and INFO(2)=1000, then procegs@n
out of integer workspace during the factorization and the size of the workspace MAXIS should be increased
by 1000 at least. The other processors are informed about this error and return with INFO(1) = -1 (i.e., an
error occurred on another processor) and INFQ{Z)=., the error occurred on processdr Processors
that detected a local error, do not overwrite INFO(1), i.e., only processors that did not produce an error will
set INFO(1) to —1 and INFO(2) to the processor having the smallest error code.

The behaviour is slightly different for INFOG(1) and INFOG(2): in the previous example, all processors
would return with INFOG(1)=—8 and INFOG(2)=1000.

The possible error codes returned in INFO(1) (and INFOG(1)) have the following meaning:
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—1 An error occurred on processor INFO(2).
—2 NZis out of range. INFO(2)=NZ.

-3 MUMPS was called with an invalid value for JOB. This may happen for example if the analysis (JOB=1) was not
performed before the factorization (JOB=2), or the factorization was not performed before the solve (JOB=3).
See item for JOB in Section 3. This error also occurs if JOB does not contain the same value on all processes on
entry toMUVPS.

—4 Error in user-provided permutation array PERM_IN in position INFO(2). This error occurs on the host only.
-5 Problem of REAL workspace allocation of size INFO(2) during analysis.

—6 Matrix is singular in structure.

—7 Problem of INTEGER workspace allocation of size INFO(2) during analysis.

—8 MAXIS too small for factorization. This may happen, for example, if numerical pivoting leads to significantly
more fill-in than was predicted by the analysis. The user should increase the value of ICNTL(14) or the value of
MAXIS before entering the factorization (JOB=2).

-9 MAXS too small for factorization. The user should increase the value of ICNTL(14) or MAXS before entering the
factorization (JOB=2).

—10 Numerically singular matrix.

—11 MAXS too small for solution. See error INFO(1)=-9.

—12 MAXS too small for iterative refinement. See error INFO(1)=-9.

—13 Error in a Fortran ALLOCATE statement. INFO(2) contains the size that the package requested.
—14 MAXIS too small for solution. See error INFO(1)=-8.

—15 MAXIS too small for iterative refinement and/or error analysis. See error INFO(1)=-8.

—16 Nis out of range. INFO(2)=N.

—17 The internal send buffer that was allocated dynamicall\WbiyPS on the processor is too small. The user should
increase the value of ICNTL(14) before entering the analysis (JOB=1).

—18 MAXIS too small to process root node. See error INFO(1)=-8.
—19 MAXS too small to process root node. See error INFO(1)=-9.

—20 The internal reception buffer that was allocated dynamicall\wWbi¥PS on the processor is too small. INFO(2)
holds the minimum size of the reception buffer required (in bytes). The user should increase the value of
ICNTL(14) before entering the analysis (JOB=1).

—21 Incompatible values of PAR=0 and NPROCS=1. INFO(2)=NPROCS. RunviiéPS in host-node mode (the
host is not a slave processor itself) requires at least two processors. The user should either set PAR to 1 or
increase the number of processors.

—22 A pointer array is provided by the user that is not associated or that has insufficient size. INFO(2) points to the
pointer array having the wrong format:
INFO(2) array
1 IRN or ELTPTR
JCN or ELTVAR
PERM_IN
AorA_ELT
ROWSCA
COLSCA
RHS
LISTVAR_SCHUR
SCHUR

—23 MPI was not initialized by the user prior to a callMJMPS with JOB=-1.
—24 NELT is out of range. INFO(2)=NELT.

—25 A problem has occured in the initialization of the BLACS. This may be because you are using a vendor’'s BLACS.
Try using a BLACS version from netlib instead.

©Coo~NOOUDWN
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A positive value of INFO(1) is associated with a warning message which will be output on unit
ICNTL(2).

+1 Index (in IRN or JCN) out of range. Action taken by subroutine is to ignore any such entries and continue. INFO(2)
is set to the number of faulty entries. Details of the first ten are printed on unit ICNTL(2).

+2 During error analysis the max-norm of the computed solution was found to be zero.

+8 Warning return from the iterative refinement routine. More than ICNTL(10) iterations are required.

+ Combinations of the above warnings will correspond to summing the constituent warnings.

6 Calling MUMPS from C

MUMPS is a Fortran 90 library, designed to be used from Fortran 90 rather than C. However a basic C
interface is provided that allows users to ddU\MPS directly from C programs. Similarly to the Fortran

90 interface, the C interface uses a structure whose components match thos#livB®structure for
Fortran (Figure 1). Thus the description of the parameters in Section 4 applies. Figure 2 shows the C
structure[ SDCZ] MUMPS_STRUC_C. This structure is defined in the include flsdcz] munps_c. h

and there is one main routine per available precision with the following prototype:

voi d [sdcz] munmps_c(MUMPS_STRUC C * id);

typedef struct

{
int sym par, job;
int coomfortran; /* Fortran communi cator */

int icntl[40];
real cntl[5];
int n;

/* Assenbled entry */

int nz; int *irn;, int *jcn; reallcomplex *a;

/* Distributed entry */

int nz_loc; int *irn_loc; int *jcn_|l oc; reallcomplex *a_l oc;
/* Element entry */

int nelt; int *eltptr; int *eltvar; reallcomplex *a_elt;

/* Ordering, if given by user */

int *permin;

/* Scaling (input only in this version) */

real/complex *col sca; real/complex *rowsca;

/* CQutput data and statistics */

real/complex *r hs;

int info[40],infog[40];

real rinfo[20], rinfog[20];

/* Null space */

int deficiency; reallcomplex * nul |l space; int * mapping;

/* Schur */ int size_schur; int *listvar_schur; real/complex *schur;
/* Internal paraneters */

int instance_nunber;

} [ SDCZ] MUMPS_STRUC_C,

Figure 2: Definition of the C structufeSDCZ] MUMPS_STRUC_C. real/complexis used for data that can
be either real or complexeal for data that stays redl [ oat or doubl €) in the complex version.
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An example of callingMUMPS from C for a complex assembled problem is given in Section 7.3. The
following subsections discuss some technical issues that a user should be aware of before using the C
interface toMUMPS.

6.1 Arrayindices

Arrays in C start at index 0 whereas they normally start at 1 in Fortran. Therefore, care must be taken when
providing arrays to the C structure. For example, the row indices of the nfgtstored inl RN( 1: NZ)

in the Fortran version should be stored inn[ 0: nz- 1] in the C version. (The contents of n itself is
unchanged with values between 1 and N.) One solution to deal with this is to define macros:

#define ICNTL( i ) icntl[ (i) - 1]
#define A( i ) a[ (i) -1]
#define IRN( i ) irn[ (i) -1]

and then use the uppercase notation with parenthesis (instead of lowercase/brackets). In that case, the
notationi d. | RN( 1), wherel isin{ 1, 2, ... N} can be used instead dfl. i rn[ | - 1] ; this notation
then matches exactly with the description in Section 4, where arrays are supposed to start at 1.

This can be slightly more confusing for element matrix input (see Section 4.2), where some arrays are
used to index other arrays. For instance, the first valug inpt r , el t pt r [ 0] , pointing into the list of
variables of the first element &l t var , should be equal to 1. Effectively, using the notation above, the list
of variables for element = 1 starts at locatiofELTVAR( ELTPTR(j)) = ELTVAR(eltptr[j-1])
= eltvar[eltptr[j-1]-1].

6.2 Issues related to the C and Fortran communicators

In general, C and Fortran communicators have a different datatype and are not directly compatible. For the
C interface MUMPS requires a Fortran communicator to be provideddn conm f or t r an. If, however,

this field is not provided, the Fortran communicat®l _COVM WORLD is used by default. If you need

to call MUMPS based on a smaller number of processors defined by a C subcommunicator, then you should
convertyour C communicator to a Fortran one. This has not been inclu§&iifPS because it is dependent

on theMPl implementation and thus not portable. M 2, you may just do

id.coonmf77 = (F_INT) MPI _Comm c2f (conm c);

For MPI implementations where the Fortran and the C communicators have the same integer representation,
id.commfortran = (F_INT) MPI_Conm c2f (comm c); should work.

For MPICH, checkii d. conm fortran = MPI R_FronPoi nt er (conm c) gives the expected
result.

6.3 Fortran 1/O

Diagnostic, warning and error messages (controlled 6)TL(1: 4) /icntl[0..3]) are based on
Fortran file units. Use the value 6 for the Fortran unit 6 which corresporstsdout . For a more general
usage with specific file names from C, passing a C file handler is not currently possible. One solution would
be to use a Fortran subroutine along the lines of the model below:

SUBROUTI NE OPENFI LE( UNI' T, NAME )
| NTEGER UNI T

CHARACTER* (*) NAME

OPEN(UNI T, fil e=NAVE)

RETURN

END
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and have (in the C user code) a statement like

openfile ( &wmunps_par. | CNTL(1), nane, nane_| ength_byval)
(or slightly different depending on the C-Fortran calling conventions); something similar could be done to
close the file.

6.4 Runtime libraries

The Fortran 90 runtime library corresponding to the compiler used to comp®S is required at the
link stage. One way to provide it is to perform the link phase with the Fortran compiler (instead of the C
compiler orl d).

6.5 Integer, real and complex datatypes in C and Fortran

We assume that thent , f | oat anddoubl e types are compatible with the FortreNTEGER, REAL and
DOUBLE PRECI SI ONdatatypes. If this was notthe case, the fildscz] nunps_pr ec. h or Makefiles
would need to be modified accordingly.

Since not all C compilers define tlinpl ex datatype (this only appeared in the C99 standard), we
define the following, compatible with the Fortr@@VPLEX andDOUBLE COVPLEX types:

typedef struct {float r,i;} nunps_conpl ex; forsimple precisiondnunps), and

typedef struct {double r,i;} nunps_doubl e conplex; for double precision
(zmunps).

Types for complex data from the user program should be compatible with those above.

6.6 Sequential version

The C interface tdlUMPS is compatible with the sequential version; see Section 2.8.

7 Examples of use oMUMPS

7.1 An assembled problem

An example program illustrating a possible us&/bMPS on assemble@®OUBLE PRECI SI ON problems
is given Figure 3. Two files must be included in the programi f . h for MPIl andmunps_struc. h
for MUMPS. The filenunps_r oot . h must also be available because it is includeghimps_st ruc. h.
The initialization and termination of MPI are performed in the user program via the caiBltol NI T
andMPl _FI NALI ZE.

The MUMPS package is initialized by callinyUMPS with JOB=-1, the problem is read in by the host
(in the components N, NZ, IRN, JCN, A, and RHS), and the solution is computed in RHS with a call on
all processors tMUMPS with JOB=6. Finally, a call t&¢lUMPS with JOB=-2 is performed to deallocate the
data structures used by the instance of the package.

Thus for the assembledx 5 matrix and right-hand side

2 3 4 20
3 -3 6 24
-1 1 2 , 9

2 6

4 1 13

we could have as input
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PROGRAM MUMPS_EXAMPLE
I NCLUDE " npif.h’
I NCLUDE ' drmunps_struc. b’
TYPE (DMUMPS_STRUC) id
I NTEGER | ERR, |
CALL MPI _I NI T(I ERR)
Define a comunicator for the package
i d%COW = MPl _COVM WORLD
Ask for unsymetric code
i d¥8YM = 0
Host wor ki ng
i d%AR = 1
Initialize an instance of the package
idoB = -1
CALL DVUMPS(i d)
Define problemon the host (processor 0)
IF ( id%wID .eq. 0 ) THEN
READ( 5, *) i d¥N
READ( 5, *) i d%\Z
ALLOCATE( id% RN ( id¥WNZ ) )
ALLOCATE( i d%ICN ( id¥NZ ) )
ALLOCATE( idYA( idoNZ ) )
ALLOCATE( id¥RHS ( id¥WN ) )
READ(5,*) ( id%RN(I) ,1=1, id¥W\Z )
READ(5, *) ( id%CN(l) ,1=1, id¥W\Z )
READ(5, *) ( id%A(1),1=1, id¥NZ )
READ(5, *) ( id9%RHS(1) ,1=1, id¥WN )
END | F
Cal | package for solution
i d%OB = 6
CALL DVUMPS(i d)
Sol ution has been assenbl ed on the host
IF ( id%wID .eq. 0) THEN
WRITE( 6, * ) ' Solution is ', (id¥HS(I),!I=1,idwN)
END | F
Deal | ocate user data
IF ( id%wID .eq. 0 )THEN
DEALLOCATE( i d% RN )
DEALLOCATE( i d%JCN )
DEALLOCATE( idu%A )
DEALLOCATE( i d%RHS )

END | F
Destroy the instance (deallocate internal data structures)
idwoB = -2

CALL DMUMPS(i d)
CALL MPI _FI NALI ZE( 1 ERR)
STOP

END

Figure 3: Example program usingJMPS on an assembledOUBLE PRECI SI ON problem
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5 N

12 NZ

1230

23-3.0

43 2.0

55 1.0

2130

1120

5240

3420

256.0

32-1.0

134.0

331.0 A

20.0

24.0

9.0

6.0

13.0 - RHS
and we obtain the solution RHS(i) =i,i=1,., 5.

7.2 An elemental problem

An example of a driver to usklUMPS for elementDOUBLE PRECI SI ON problems is given in Figure 4.

The calling sequence is similar to that for the assembled problem in Section 7.1 but now the host reads the
problem in components N, NELT, ELTPTR, ELTVAR, A_ELT, and RHS. Note that for elemental problems
ICNTL(5) must be set to 1 and that elemental matrices always have a symmetric structure. For the two-
element matrix and right-hand side

12
1 /-12 3 3 /2 -1 3 7
2 2 1 1 |, 411 2 -1}, 23
3 111 5 \3 2 1 6

22

we could have as input

5
2
6
18
147
123345
-1.02.01.02.01.01.03.01.01.02.01.03.0-1.02.02.03.0-1.010
12.0 7.0 23.0 6.0 22.0
and we obtain the solution RHS(i) =i,i=1,., 5.

7.3 An example of calling MUMPS from C

An example of a driver to usélUMPS from C is given in Figure 5.
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PROGRAM MUMPS_EXAMPLE
I NCLUDE ’ npi f. h’
I NCLUDE ’ drmunps_struc. b’
TYPE (DMUMPS_STRUC) id
I NTEGER | ERR, LELTVAR, NA ELT
CALL MPI _I NI T(I ERR)
Define a comunicator for the package
i d%COVM = MPI _COVM WORLD
Ask for unsymetric code
i d¥8sYM = 0
Host wor ki ng
i d%AR = 1
Initialize an instance of the package
id%WOoB = -1
CALL DVUMPS(i d)
Define the problemon the host (processor 0)
IF ( id%wID .eq. 0 ) THEN
READ( 5, *) i d¥N
READ( 5, *) i d%N\ELT
READ( 5, *) LELTVAR
READ( 5, *) NA ELT
ALLOCATE( i d%ELTPTR ( i d9NELT+1 ) )
ALLOCATE( i d%ELTVAR ( LELTVAR ) )
ALLOCATE( id¥%A ELT( NA ELT ) )
ALLOCATE( id¥RHS ( id¥WN ) )
READ(5,*) ( i dYELTPTR(1) ,1=1, id9NELT+1 )
READ( 5, *) ( id%ELTVAR(l) ,1=1, LELTVAR)
READ(5,*) ( id%A ELT(1),1=1, NA ELT)
READ( S5, *) ( i d9%RHS(1) ,1=1, id¥WN )
END | F
Specify el ement entry
i d% CNTL(5) =1
Cal | package for solution
i d%OB = 6
CALL DVUMPS(i d)
Sol ution has been assenbl ed on the host
IF ( id%wID .eq. 0) THEN
WRITE( 6, * ) ' Solutionis ', (id%HS(1),I=1,id%W)
END | F
Deal | ocate user data
DEALLOCATE( i d%ELTPTR )
DEALLOCATE( i d%ELTVAR )
DEALLOCATE( i d%A ELT )
DEALLOCATE( i d%RHS )
Destroy the instance (deallocate internal data structures)
i d%OB = -2
CALL DWVUMPS(i d)
CALL MPI _FI NALI ZE( | ERR)
STOP
END

Figure 4. Example program usiddJVPS on an elemenbOUBLE PRECI SI ON problem.
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/* Exanple programusing the Cinterface to the
* doubl e precision version of MUWS, dnmunps_c.
* We solve the system A x RHS wi th
* A =diag(1l 2) and RHS = [1 4]"T
* Solutionis [1 2]~T */

#i ncl ude <stdio. h>

#i ncl ude "npi . h"

#i ncl ude "dnmunps_c. h"

#define JOB_INIT -1

#define JOB_END -2
int main(int argc, char ** argv) {

DMUMPS_STRUC _C i d;

int n= 2
int nz = 2;
int irn[] = {1,2};
int jen[] = {1, 2}
doubl e a[2];

doubl e rhs[2];

int nmyid, ierr;

ierr = MPl_Init(&rgc, &argv);

ierr = MPl_Conm rank(MPI _COVMM WORLD, &nyid);
/* Define A and rhs */

rhs[ 0] =1. 0; r hs[ 1] =4. 0;

a[ 0] =1. 0; a[ 1] =2. 0O;

/* Initialize a MUWPS instance */
id.job=JOB_INT,; id.par=1; id.sym=O0;
dmunps_c( & d);
/* Define the problemon the host */
if (nmyid == 0) {
id.n =n; id.nz =nz; id.irn=irn; id.jcn=sjcn;
id.a =a; id.rhs = rhs;
}
#define ICNTL(I) icntI[(I)-1] /* macro s.t. indices match docunentation */
/* No outputs */
id. ICNTL(1)=-1; id.ICNTL(2)=-1; id.ICNTL(3)=-1; id.ICNTL(4)=0;
/* Call the MUWPS package. Note that no MPI comunicator is passed
* in "id.commfortran", so that MPI_COW WORLD i s assuned by MUWS. */
id.job=6;
dmunps_c( & d);
id.job=JOB END; dmunmps_c(& d); /* Terminate instance */
if (nyid == 0) {
printf("Solutionis : (9. 2f 98.2f)\n", rhs[0],rhs[1]);
}

return O;

Figure 5: Example program usiddJVPS from C on an assembled problem.
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