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1 SUMMARY

Given a sparse symmetric matx= {a;j }nxn and the factorization of found by theGALAHAD packageGALAH
AD_SLS, this packageolves the system of linear equations Ax b using iterative refinement.

ATTRIBUTES — Versions: GALAHAD_I Rsingl e, GALAHAD.| Rdoubl e. Uses: GALAHAD_SYMBOLS, GALAHAD.-
SPACE, GALAHAD_SMT, GALAHAD_QPT, GALAHAD_SLS, GALAHAD_SPECFI LE. Date: October 2008.0Origin: N. I. M.
Gould, Rutherford Appleton Laboratobyanguage: Fortran 95 + TR 15581 or Fortran 2003.

2 HOW TO USE THE PACKAGE

2.1 Calling sequences
Access to the package requiredSk statement such as

Single precision version
USE GALAHAD_I R.singl e

Double precision version
USE GALAHAD_I R.doubl e

Ifitis required to use both modules at the same time, therdeétypesSMI_t ype, | R.control _t ype, | Ri nf or m.t ype,
| Rdata_type, SLS_factors, (Section 2.2) and the subroutineR.i ni tialize, | R.solve, IRterninate (Sec-
tion 2.3) and R.read_specfil e (Section 2.5) must be renamed on one of WBE statements.

2.2 The derived data types

Five derived data types are accessible from the package.

2.2.1 The derived data type for holding the matrix

The derived data typ8MI_t ype is used to hold the matri&. The components &M _t ype are:

n is a scalar variable of type defallNTEGER, that holds the order of the matrixA. Restriction: n > 1.
ne is ascalar variable of type defallNTECGER, that holds the number of matrix entrid®estriction: ne > 0.

VAL is a rank-one allocatable array of type def&H8L (double precision ifGALAHAD_I R doubl e), and dimension
at leastne, that holds the values of the entries. Each pair of off-diej@ntriesa;; = a; is represented as a
single entry. Duplicated entries are summed.

ROW is a rank-one allocatable array of type defalNTEGER, and dimension at leasg, that holds the row indices of
the entries.

COL is arank-one allocatable array of type defAWTEGER, and dimension at leasg, that holds the column indices
of the entries.
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2.2.2 The derived data type for holding control parameters

The derived data typeR cont r ol _t ype is used to hold controlling data. Default values may be oletéiby calling
IRinitialize (see Section 2.3.1). The componentsRfcont r ol _t ype are:

error isascalar variable of type defallNTECGER, that holds the stream number for error messages. Printiegar
messages ihR.sol ve andl Rt er ni nat e is suppressed #rror < 0. The defaultierror = 6.

out is a scalar variable of type defallNTEGER, that holds the stream number for informational messagastirig)
of informational messages iR_sol ve is suppressed But < 0. The defaultiout = 6.

print_|evel isa scalarvariable of type defallNTEGER, that is used to control the amount of informational output
which is required. No informational output will occurgtint level < 0. If print | evel = 1 a single line
of output will be produced for each iteration of the procdégrint _| evel > 2 this output will be increased
to provide significant detail of each iteration. The deféaftri nt _| evel = 0.

itref _max is a scalar variable of type defadlNTEGER, that holds the maximum number of iterative refinements
which will be allowed. The defaultist ref _max = 1.

accept abl e_resi dual _rel ati ve andaccept abl e_resi dual _absol ut e are scalar variables of tyg#AL (double
precision inGALAHAD_| R_doubl e), that specify an acceptable level for the residal b. In particular, iter-
ative refinement will cease as soon|psx — b||. falls below max||b||.* accept abl e_resi dual _rel ati ve,
accept abl e_resi dual _absol ut e). The defaults areccept abl e_resi dual _rel ative =acceptabl e_resi -
dual _absol ute = 10u, whereuis EPSI LON( 1. 0) (EPSI LON( 1. 0D0) in GALAHAD_I R doubl e).

space_critical isa scalar variable of type defall®G CAL, that may be setTRUE. if the user wishes the package
to allocate as little internal storage as possible, @l SE. otherwise. The package may be more efficient if
spacecritical isset FALSE. . The defaultispace_critical = .FALSE. .

deal | ocate_error _fatal isa scalarvariable of type defalldG CAL, that may be setTRUE. if the user wishes the
package to return to the user in the unlikely event that aariatl array deallocation fails, an&fALSE. if the
package should be allowed to try to continue. The defadkas| ocate_error fatal = . FALSE. .

prefix is a scalar variable of type defa@HARACTER and length 30, that may be used to provide a user-selected
character string to preface every line of printed outpue@jcally, each line of output will be prefaced by the
stringprefi x(2: LEN( TRI M prefi x)) - 1), thus ignoring the first and last non-null components of tigptied
string. If the user does not want to preface lines by suchirgstthey may use the defagltefix = ""

2.2.3 The derived data type for holding informational parameters

The derived data typleR_i nf or m.t ype is used to hold parameters that give information about tbgness and needs
of the algorithm. The componentsio®i nf or mt ype are:

status is a scalar variable of type defalNTEGER, that gives the current status of the algorithm. See Se2tibfor
details.

al l oc_stat us is a scalar variable of type defalNTEGER, that gives the status of the last internal array allocation
deallocation. This will be O i§tatus = 0.

bad_al | oc is a scalar variable of type defa@ARACTER and length 80, that gives the name of the last internal array
for which there were allocation or deallocation errors.shill be the null string ifst at us = 0.
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2.2.4 The derived data type for holding problem data

The derived data typleR_dat a_t ype is used to hold all the data for a particular problem betwedls of| Rprocedures.
This data should be preserved, untouched, from the ingiatal R.i ni ti al i ze to the final call to R_t er mi nat e.
2.2.5 The derived data type for holding factors of a matrix

The derived data typ8LS_FACTCRS is used to hold the factors and related data for a matrix. @fhponents are
private.

2.3 Argument lists and calling sequences

There are three procedures for user calls (see SectionXirfoer features):

1. The subroutinéR.i ni ti al i ze is used to set default values, and initialize private data.

2. The subroutinéRsol ve is called to solveAx = b; this must have been preceded by a caBlt§_f act ori ze
to obtain the factors oA.

3. The subroutineR t er mi nat e is provided to allow the user to automatically deallocatayacomponents of the
private data, allocated HyR sol ve, at the end of the solution process.
2.3.1 The initialization subroutine
Default values are provided as follows:

CALL IRinitialize( data, control, inform)

dat a is a scalat NTENT( | NOUT) argument of typé R dat a_t ype (see Section 2.2.4). It is used to hold data about the
problem being solved.

control isascalat NTENT( QUT) argument of typéR cont r ol _t ype (see Section 2.2.2). On exépnt rol contains
default values for the components as described in Sect2.2These values should only be changed after
callingl Rinitialize.

i nf or m is a scalar NTENT( OUT) argument of typ&R.i nf or m.t ype (see Section 2.2.3). Asuccessfulcall i nitialize
is indicated when the componesitat us has the value 0. For other return valuestdt us, see Section 2.4.

2.3.2 The iterative refinement subroutine

The iterative refinement algorithm is called as follows:

CALL IRsolve( A X data, SLS.data, control, SLScontrol, inform SLS.inform)

A is scalar, off NTENT(I N) and of typeSMI_TYPE that holds the matriXA. All components must be unaltered since
the call toSLS_f act ori ze.

X is an arrayt NTENT( | NOUT) argument of dimensioA% and type defaulREAL (double precision ifGALAHAD.-
| R.doubl e), that must be set on input to contain the vediorOn exit, X holds an estimate of the solution
X

dat a is a scalat NTENT( | NOUT) argument of typé R dat a_t ype (see Section 2.2.4). It is used to hold data about the
problem being solved. It must not have been altdngthe usersince the last call tbR.i niti al i ze.
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SLS_dat a is scalar, off NTENT( | NOUT) and of typeSLS_dat a_t ype that holds the factors o and related data. All
components must be unaltered since the ca#lL&f act ori ze.

control is a scalal NTENT(IN) argument of type R.control _type. (see Section 2.2.2). Default values may be
assigned by callingR.i ni ti al i ze prior to the first call td R.sol ve.

SLS_control is a scalad NTENT(I N) argument of typeSLS control _t ype that is used to control various aspects
of the external packages used to solve the symmetric linesterms that arise. See the documentation for the
GALAHAD packagesLs for further details. All components must be unaltered stheecall toSLS_f act ori ze.

i nform is a scalarl NTENT( | NOUT) argument of typd R.i nf or mtype (see Section 2.2.3). A successful call to
| R.sol ve is indicated when the componesttat us has the value 0. For other return valuessoét us, see
Section 2.4.

SLS.i nform is a scalan NTENT( | NOUT) argument of typeSLS_i nf or mt ype that is used to pass information con-
cerning the progress of the external packages used to dodveyinmetric linear systems that arise. See the
documentation for theALAHAD packagesL s for further details.

2.3.3 The termination subroutine

All previously allocated arrays are deallocated as foltows
CALL IRtermnate( data, control, inform)

dat a is a scalal NTENT( | NOUT) argument of typé R.dat a_t ype exactly as for R.sol ve that must not have been
alteredby the usersince the last call tbR.i ni ti al i ze. On exit, array components will have been deallocated.

control isascalat NTENT(| N) argument of typé Rcont r ol _t ype exactly as fot R_sol ve.

i nform is a scalaft NTENT( OUT) argument of type R.i nf or mt ype exactly as fol Rsol ve. Only the component
st at us will be set on exit, and a successful call f&t er ni nat e is indicated when this componesitat us has
the value 0. For other return valuesstfat us, see Section 2.4.

2.4 Warning and error messages

A negative value of nf or nifst at us on exit froml R.sol ve or | Rt erni nat e indicates that an error might have
occurred. No further calls should be made until the errotdess corrected. Possible values are:

-1. Anallocation error occurred. A message indicating theraffeg array is written on undont r ol %er r or, and the
returned allocation status and a string containing the nainttee offending array are held imf or n#al | oc_-
stat us andi nf or nPbad_al | oc, respectively.

-2. A deallocation error occurred. A message indicating theraffing array is written on unéont r ol %error and
the returned allocation status and a string containinganeaof the offending array are held inf or n#al | oc_-
stat us andi nf or n#bad_al | oc, respectively.

2.5 Further features

In this section, we describe an alternative means of settimgrol parameters, that is components of the variable
control of typel Rcontrol _type (see Section 2.2.2), by reading an appropriate data spimficfile using the
subroutinel Rread_specfil e. This facility is useful as it allows a user to chanlge control parameters without
editing and recompiling programs that ciai.

A specification file, or specfile, is a data file containing a bemof "specification commands”. Each command
occurs on a separate line, and comprises a "keyword”, whialstring (in a close-to-natural language) used to identify
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a control parameter, and an (optional) "value”, which defitiee value to be assigned to the given control parameter.
All keywords and values are case insensitive, keywords neagrbceded by one or more blanks but values must not
contain blanks, and each value must be separated from itgokdyy at least one blank. Values must not contain more
than 30 characters, and each line of the specfile is limiteDtoharacters, including the blanks separating keyword
and value.

The portion of the specification file used bl r ead_specfi | e must start with aBEG N | R” command and end
with an "END” command. The syntax of the specfile is thus defined as follows

( .. lines ignored by IR read_specfile .. )
BEG N IR
keywor d val ue
keywor d val ue
END
(.. lines ignored by IR read_specfile .. )

where keyword and value are two strings separated by (af leas blank. The BEG N | R" and “END” delimiter
command lines may contain additional (trailing) stringd@m as such strings are separated by one or more blanks,
so that lines such as

BEA N | R SPECI FI CATI ON
and
END | R SPECI FI CATI ON

are acceptable. Furthermore, between BEG'N | R” and “END” delimiters, specification commands may occur in
any order. Blank lines and lines whose first non-blank claras! or* are ignored. The content of a line aftef a
or * character is also ignored (as is ther * character itself). This provides an easy manner to "commetitsome
specification commands, or to comment specific values odicecbntrol parameters.

The value of a control parameters may be of three differgresynamely integer, logical or real. Integer and real
values may be expressed in any relevant Fortran integer@atihfl-point formats (respectively). Permitted valueas fo
logical parameters ared\’, " TRUE”, ". TRUE. ", " T", " YES", " Y”, or "OFF”, "NO’, "N’, "FALSE", ”. FALSE. " and "F".
Empty values are also allowed for logical control paranstand are interpreted asRUE”".

The specification file must be open for input whétr ead_specfi | e is called, and the associated device number
passed to the routine in device (see below). Note that theegponding file iSREW NDed, which makes it possible
to combine the specifications for more than one progranmifreutFor the same reason, the file is not closed by
| Rread_specfile.

2.5.1 To read control parameters from a specification file
Control parameters may be read from a file as follows:

CALL IR read_specfile( control, device )

control is a scalat NTENT( | NOUT) argument of type R.cont rol _t ype (see Section 2.2.2). Default values should
have already been set, perhaps by calliRg nitial i ze. On exit, individual components @fontrol may
have been changed according to the commands found in th@lep&pecfile commands and the component
(see Section 2.2.2) @bnt r ol that each affects are given in Table 2.1.

devi ce is a scalat NTENT( | N) argument of type defaultNTEGER, that must be set to the unit number on which the
specfile has been opened.dHvi ce is not opengont rol will not be altered and execution will continue, but
an error message will be printed on ucdnt r ol %err or .
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command component otontrol value type
error-printout-device Y%rror integer
printout-device Y%out integer
print-1|evel Y%rint _| evel integer
maxi mum r ef i nement s %t ref _max integer

acceptabl e-residual -rel ative | %cceptabl e_resi dual _relative | real
accept abl e-resi dual - absol ute | %ccept abl e_resi dual _absol ute | real
space-critical Yspace_critical logical
deal | ocate-error-fatal Y%leal | ocate_error fatal logical

Table 2.1: Specfile commands and associated componetdatafol .

2.6 Information printed

If control %rint _I evel is positive, information about the progress of the alganitkill be printed on unitont rol -
Y%out . If control %rint _| evel = 1,thefinal value of the norm of the residual will be givencaht r ol %r i nt _I evel
> 1, the norm of the residual at each iteration will be printed.

3 GENERAL INFORMATION

Use of common: None.
Workspace: Provided automatically by the module.
Other routines called directly: None.

Other modules used directly: | R.sol ve calls theGALAHAD package$ALAHAD_SYMBOLS, GALAHAD_SPACE, GALA-
HAD_SMT, GALAHAD_QPT, GALAHAD_SLS, andGALAHAD_SPECFI LE.

Input/output: Output is under control of the argumentsit r ol %error, cont r ol %out andcontrol %rint _| evel .
Restrictions: None.

Portability: 1SO Fortran 95 + TR 15581 or Fortran 2003. The package is dhsafe.

4 METHOD

Iterative refinement proceeds as follows. First obtain thatithg-point solution tcAx = b using the factors oA.
Then iterate until either the desired residual accuracth@iteration limit is reached) as follows: evaluate thédeal
r = b — Ax, find the floating-point solutiodx to Adx = r, and replace by x + ox.

5 EXAMPLE OF USE

Suppose we wish to solve the set of equations

2 3 8
3 4 6 45
4 1 5 x=| 31

5 15

6 1 17

Then we may use the following code
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PROGRAM GALAHAD | R EXAMPLE | GALAHAD 2.3 - 16/10/2008 AT 11:30 GW.

USE GALAHAD | R doubl e I doubl e precision version
USE GALAHAD SMT_doubl e

USE GALAHAD SI LS doubl e

I MPLICI' T NONE

| NTEGER, PARAMETER :: wp = KIND( 1.0D+0 ) I set precision

TYPE ( SMT_type ) :: A

TYPE ( SILS control ) :: CNTL

TYPE ( SILS ainfo ) :: AINFO

TYPE ( SILS finfo ) :: FINFO

TYPE ( SILS sinfo ) :: SINFO

TYPE ( SILS factors) :: FACTORS

TYPE ( IR data_type ) :: data

TYPE ( IR _control _type ) :: control

TYPE ( IR.informtype ) :: inform

INTEGER :: i

REAL ( KIND = wp ), ALLOCATABLE, DIMENSION ( : ) :: B, X

READ( 5, * ) A%, Adme ! read dinensions fromfile
ALLOCATE( B( A% ), X( A% ) ) I Allocate space for A b and x
ALLCCATE( AWAL( A%ne ), AYRON Adne ), AWOOL( A%e ) )

READ( 5, * ) ( AUROW i ), AWCOL( i ), AWAL( i ), i =1, Adme)

READ( 5, * ) B I read Aand b fromfile
CALL SILS INITIALI ZE( FACTORS, CNTL ) I initialize SILS structures
CALL SILS ANALYSE( A, FACTCRS, CNTL, AINFO) I order the rows of A

IF ( AINFOALAG < 0 ) THEN I check for errors

WRITE( 6,"( A 10)" ) ' Failure of SILS_ANALYSE with flag ="', Al NFOAFLAG
STOP

END | F

CALL SILS_FACTORI ZE( A, FACTORS, CONTL, FINFO) ! factorize A

I F( FINFO®LAG < 0 ) THEN I check for errors

WRITE( 6,"( A 10)" ) ' Failure of SILS FACTORIZE with flag = ', FINFO%LAG
STOP

END | F

CALL IR_initialize( data, control ) I initialize IR structures
control %tref _max = 2 I perform2 iterations

control %cceptabl e_residual _relative = 0.1 * EPSILON( 1.0D0 ) ! high accuracy
X=B
CALL I R_SOLVE( A, FACTORS, X, data, control, CNTL, inform) ! find x

IF ( informdstatus == 0 ) THEN I check for errors

WRITE( 6, "( A [/, ( 3F20.16 ) )’ ) ' Solution after refinement is’, X
ELSE

WRITE( 6,"( A 12 )" ) ' Failure of IR solve with status =", inforni¥status
END | F
CALL IR terninate( data, control, inform) I delete internal workspace

CALL SILS finalize( FACTORS, CNTL, i )
END PROGRAM GALAHAD | R_EXANPLE

with the following data

W WNN P = O
A WO wNDE N

ok wn
cooooo
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5510
8. 45. 31. 15. 17

This produces the following output:

Solution after refinenent is
1. 0000000000000000 2.0000000000000000 3.0000000000000000
4,0000000000000000 5.0000000000000000
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