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USER DOCUMENTATION GALAHAD Optimization Library version 5

1 SUMMARY

GALAHAD_SCU is a suite of Fortran procedures for computing thedbkeition to an extended system ofi+ msparse
real linear equations in n4+ munknowns,

A B Xy \ [ b1
(e 8)(e)-(w) =
in the case where theby n matrix A is nonsingular and solutions to the systems

Ax=b andATy=c

may be obtained from an external source, such as an existihgyization. The subroutine uses reverse communication
to obtain the solution to such smaller systems. The methde@sase of the Schur complement matrix

S=D-CA 1B.

The Schur complementis stored and factorized as a densi @radrthe subroutine is thus appropriate only if there is
sufficient storage for this matrix. Special advantage istiadf symmetry and definiteness in the coefficient matrices.
Provision is made for introducing additional rows and cahgrto, and removing existing rows and columns from, the
extended matrix.

ATTRIBUTES — Versions: GALAHAD_SCU_si ngl e, GALAHAD_SCU_doubl e, Uses: _ROT, _ROTG. Date: October
2001. Origin: N. I. M. Gould, Rutherford Appleton Laboratory, and Ph. Lirfp University of Namur, Belgium.
Language: Fortran 95 + TR 15581 or Fortran 2003.

2 HOW TO USE THE PACKAGE

Access to the package requiredSk statement such as

Sngle precision version
USE GALAHAD_SCU_si ngl e

Double precision version
USE GALAHAD_SCU_doubl e

If it is required to use both modules at the same time, theveedrtypesSCU_matri x_t ype, SCU.i nfo_t ype, and
SCU_dat a_t ype (Section 2.1), and the subroutirJ f act ori ze, SCU_sol ve, SCU_append, SCU_del et e, andSCU_t er mi nat e
(Section 2.2) must be renamed on one of WBE statements.

2.1 The derived data types

Three derived data types are accessible from the package.

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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2.1.1 The derived data type for holding matrix information

The derived data typ®CU_mat ri x_t ype is used to hold data about the extended matrix and its factbiescomponents
of SCU_mat ri x_t ype are:

n is a scalar of type defaultNTEGER, that holds the value af, the dimension of the matrik.
m is a scalar of type defaulNTEGER, that holds the value ah, dimension of the matrip.

mmax is an scalar of type defallNTEGER, that holds the dimension of the largest possible m&rte be permitted
by the package.

cl ass is a scalar of type defaultNTEGER, that indicates the type of matrix to be processed. Perdnitidies are:

1 the extended matrix is unsymmetric,
2 the extended matrix is symmetric,
3 the extended matrix is symmetric and the Schur complemetrbagis known to be positive definite.

4 the extended matrix is symmetric and the Schur complemetnbonis known to be negative definite.

BD.val is a rank-one allocatable of type defaBEAL (double precision irGALAHAD_SCU_doubl €), that holds the
values of the entries in the partitioned matrix
B
(2) e

whereDy is the upper triangular part @, ie, (Dy)ij = (D);j if i < j and zero otherwise. The entries must
be ordered by columns, with the entries in each column coatig and those of columppreceding those of
columnj+1(j=1,....m). The ordering within each column is unimportant.

BD_row is a rank-one allocatable of type defauNTEGER, that holds the row indices of the corresponding entries in
BD_val .

BD_col _start is arank-one allocatable of type defauMTEGER, that must be set so thBb_col _start (j) holds the
positions in the arrayBD.val andBD_r ow of the first entry in columrj (j = 1,....,m). BD_col _start (m+1)
must be set to the number of entries in the matrix (2) plus one.

CD.val is a rank-one allocatable of type defaBHAL (double precision ifcALAHAD_SCU_doubl e), that need not be
set in the symmetric case. In the unsymmetric case, it hbklsadlues of the entries in the partitioned matrix

(C Do), (2.2)

whereD_ is the strict lower triangular part &, ie, (DL)i; = (D);; if i > j and zero otherwise. The entries must
be ordered by rows, with the entries in each row contiguoastaase of rowi preceding those of row+ 1
(i=1,....,m). The ordering within each row is unimportant.

CD_col is arank-one allocatable of type defauNTECER, that need not be set in the symmetric case. In the unsym-
metric case, it holds the column indices of the correspandirtries inCD_val .

CDrow.start is a rank-one allocatable of type defauNTEGER, that need not be set in the symmetric case. In the
unsymmetric case, it must be set so tBRitrow.start (i) points to the positions in the arragd val and
CD_col of the firstentry in row (i =1,....,m). CD_row.st art (m+1) must be set to the number of entries in the
matrix (2.2) plus one.
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2.1.2 The derived data type for holding problem data

The derived data typ&CU_dat a_t ype is used to hold all the data for a particular problem betwesadls ©f SCU
procedures. This data should be preserved, untouched,tfrermitial call to SCU_f act ori ze to the final call to
SCU_t er mi nat e. All components oBCU_dat a_t ype are private.

2.1.3 The derived data type for holding informational parameters

The derived data typ8CU.i nf 0_t ype is used to hold parameters that give information about tbefaation. The
components o8CU.i nf 0_t ype are:

all oc_status is a scalar of type defaultNTEGER, that contains the return status from the last attemptexriat
workspace array allocation or deallocation. A non-zeragahdicates that the allocation or deallocation was
unsuccessful, and corresponds to #i&T= value on the user’s system. Consult local compiler docuaiiemt
for further details.

inertia isarank-one array of length 3 and type defaMIECER, that holds the inertia & when the extended matrix
is symmetric. Specifically,nertia(i), i=1,2, 3, give the number of positive, negative and zero eigenvalues
of Srespectively.

2.2 Argument lists and calling sequences

To solve the extended system, the user must firstS€allf act ori ze to form and factorize the Schur complement,
and then calBCU_sol ve to compute the solution to the extended system. The solofiadditional extended systems,
with the same coefficient matrix but different right-handiesi, may be found by further calls$6U_sol ve.

The solution of further-extended systems of the form

A B X1 b1
C D o X2 = b2 .
ri ry d Xn+me1 Bnmi1

may be found by firstly callingCU_append to update the existing factorization 8fobtained fron5CU_f act ori ze)
to give that of the Schur complementAfin the further-extended coefficient matrix and then by nglBCU_sol ve.
Likewise, the solution of extended systems of the form

(e 5)(%)-(&)

in which a row and column are removed from the coefficientimafr(1.1), may be found by firstly callin§CU_del et e
to update the existing factorization 8f(obtained fromSCU_f act ori ze) to give that of the Schur complement Af
in the new extended coefficient matrix and then once agairatiypg SCU_sol ve.

Finally, the user may ca8CU_t er ni nat e to deallocate any workspace used to hold the facto& of
We use square brackdts] to indicateOPTI ONALarguments.

2.2.1 The factorization stage

The Schur complement matrix may be factorized as follows:

CALL SCUfactorize( matrix, data, VECTOR status, info)

matri x is a scalat NTENT( | NOUT) argument of typeSCU_nat ri x_t ype (see Section 2.1.1). The following compo-
nents are used §CU_f act ori ze :

n must be set tm, the dimension of the matriX. It is unchanged by the subroutirRestriction: n > 0.

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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mmax must be set to the dimension of the largest mabixhat will be allowed by the package. Internal
workspace of dimensiommax * (mnax+3) /2 (or 3mnax * (mmax+1)/ 2 if cl ass = 1) will be used by
the package. Thus care should be taken not tosek larger than is absolutely necessary to account for
the sequence of extended matrices likely to be encountBestriction: m max > 0.

m must be set ton, dimension of the matriB. It is unchanged by the subroutiriRestriction: 0 <m < m max.

cl ass must be set to indicate the type of matrix that will be proedgsee Section 2.1.1). &is known to be
(positive or negative) definite throughout the sequencext#reled matrices to be considered, it is more
efficient to setl ass = 3 or 4. Likewise, if the matrix is known to be symmetric thrwogt the sequence
of extended matrices to be considered, it is more efficiesetol ass > 1. Restriction: 1 < class <4.

BD_.val andBD.r ow must be set as described in Section 2.1.1 to hold the valuksoanindices, respectively,
of the matrix (2.1). Before use, the arrays musfbieOCATEd to be of sufficient length to hold any matrix
of the form (2.1) to be encountered in the sequence of extemddrices to be considered. Any elements
in BD_val andBD.r owthat lie below the diagonal @ will be removed bySCU_f act ori ze.

BD_col _start must be set as described in Section 2.1.1 to hold the posititthe start of the columns of (2.1),
as well as to the first position past the end of the last coluBefiore use, this array must BeELOCATEd to
be of length at leashmax+1. The values of this array may be altered if entries that liew¢he diagonal
of D are removed bgCU_f act ori ze.

CDval andCD.col . Whencl ass=1, these must be set as described in Section 2.1.1 to hold thesvand
column indices, respectively, of the matrix (2.2). Befoseuthe arrays must b& LOCATEd to be of
sufficient length to hold any matrix of the form (2.2) to be enntered in the sequence of extended matrices
to be considered. Any elements@_val andCD_col that lie on or to the right of the diagonal Bf will
be removed byCU f act ori ze. This component need not BELOCATEd or set ifcl ass > 1.

CDrowstart . Whencl ass=1, this must be set as described in Section 2.1.1 to hold th&gosof the start
of the rows in (2.2), as well as to the first position past thd efhthe last row. Before use, this array
must beALLOCATEd to be of length at leastmax+1. The values of this array may be altered if entries that
lie on or to the right of the diagonal & are removed byCU_f act ori ze. This component need not be
ALLCOCATEd or set ifcl ass > 1.

dat a is a scalaf NTENT( | NOUT) argument of typ&CU_dat a_t ype. It must not have been altered since the last call to
SCUfact ori ze, SCU_append or SCU_del et e.

VECTOR is anl NTENT( I NOUT) rank-one array argument of lengtht ri X% and typeREAL (double precision irA-
LAHAD_SCU_doubl e), that needs not be set by the user on initiala¢ us=1) entry. If st at us is greater than 1
on exit, a re-entry must be made wfBCTCR set appropriately (see Section 2.3).

status is an scalat NTENT( | NOUT) argument of type defaultNTEGER, that must be set by the user on initial input
to 1. On output, the value aft at us is used to request additional information, to signal anrerrghe input
data or to indicate a successful call to the subroutine. Aesgful call is indicated by the exit valseat us=0.
For other values, see Sections 2.3 and 2.4.

i nfo is a scalat NTENT( | NOUT) argument of typ&CU.i nf 0_t ype (see Section 2.1.3).

2.2.2 The solution stage

Solve the extended system of equations using the factmizvatoduced by a previous call t8CU f act ori ze,
SCU_append or SCU_del et e, as follows:
CALL SCU-solve( matrix, data, RHS, X, VECTOR status )

matrix is a scalad NTENT(IN) argument of typeSCU_matri x_t ype (see Section 2.1.1), that must not have been
changed since the last call$6U_f act or i ze, SCU_append or SCU_del et e.

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
For any commercial application, a separate license must begned.

4 SCU (May 8, 2013) GALAHAD



GALAHAD SCU

dat a is a scalat NTENT( | NOUT) argument of typ&CU_dat a_t ype. It must not have been altered since the last call to
SCU-fact ori ze, SCU_append or SCU_del et e.

RHS is anl NTENT(1 N) rank-one array argument of lengtht ri x%+mat ri x%n and typeREAL (double precision in
GALAHAD_SCU_doubl e), that must be set on entry to the values of the right-hadd-gector

b1
b2
of the extended system of equatioRES is not altered by the subroutine.

X is anl NTENT( QUT) rank-one array argument of lengtiat ri x%+mat ri x%n and typeREAL (double precision in
GALAHAD_SCU_doubl e). On final 6t at us=0) exit, X contains the values of the solution

X1
X2
to the extended system of equations.

VECTOR is anl NTENT( | NOUT) rank-one array argument of lengtht r i x% and typeREAL (double precision iA-
LAHAD_SCU_doubl e), that needs not be set by the user on initiala¢ us=1) entry. If st at us is greater than 1
on exit, a re-entry must be made wBCTCR set appropriately (see Section 2.3).

status is an scalat NTENT( | NOUT) argument of type defaultNTEGER, that must be set by the user on initial input
to 1. On output, the value aft at us is used to request additional information, to signal anrerrdhe input
data or to indicate a successful call to the subroutine. Aesgful call is indicated by the exit valaeat us=0.
For other values, see Section 2.3.

2.2.3 The updating stage

Call SCU_append to extend the factorization of the Schur complement whenva nogv and column are appended
to the extended matrix. Subsequent systems of equatiomstheét larger coefficient matrix may then be solved
by calls toSCU_sol ve. Note in particular that the arrayst ri x_CD_val , matri x_CD_col , matri x_CD_.row.start,
matri x_BD_val , matri x_BD_rowandnat ri x_BD_col _st art must be sufficiently large to allow for the incoming row
and column. The factorization may be extended as follows:

CALL SCU.append( nmatrix, data, VECTOR, status, info )

matri x is a scalat NTENT( | NOUT) argument of typeSCU_nat ri x_t ype (see Section 2.1.1). The following compo-
nents are used BCU_append :

n , mmax, mandcl ass. These should not have been changed since the last c8Ud act ori ze,
SCU_append or SCU.del ete. On a successful exits{atus = 0) from SCU_append, n will be unal-
tered andnwill have been increased by 1 to account for the appended ralxcalumn. Restriction:
0<m<mmax-—1.

BD.val andBD.r ow. These must be set as described in Section 2.1.1 to hold limesvand row indices, respec-
tively, of the further extended matrix

B ¢
Du . (2.3)
d

Specifically, the firstol _start(mtl)-1 elements oBD.val andBD.r ow should not have been changed
since the last call t&CU_f act ori ze, SCU_append or SCU_del et e, while elementgol _start (mtl), ...
should contain the values and row indices of the appendenitol

C1
C2 s
d
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the ordering within this column being unimportant.

BD_col _start must be set as described in Section 2.1.1 to hold the positbthe start of the columns of
(2.3), as well as to the first position past the end of the laktron. Specifically, the firant1 elements
of BD_col _start should not have been changed since the last calCtbf act ori ze, SCU_append or
SCU_del et e, while BD_col _start (m+2) should be set to the number of entries in (2.3) plus one.

CDval andCD.col . WhenSCUf act ori ze was last called withmat ri x%I ass=1, these must be set as de-
scribed in Section 2.1.1 to hold the values and column irsdiespectively of the further extended matrix

(%) e

Specifically, the first ow_start ( m+1) - 1 elements ofD.val andCD_col should not have been changed
since the last call t&CU_f act ori ze, SCU_append or SCU_del et e, while elementg ow.start (mtl), ...
should contain the values and column indices of the apperued

the ordering within this row being unimportant. This compotneed not bALLOCATEd or set ifSCU_f ac-
tori ze was last called withrat ri x%! ass > 1.

CDrowstart. WhenSCUfactori ze was last called witlmat ri x%| ass=1, this must be set as described in
Section 2.1.1 to hold the positions of the start of the row®pfas well as to the first position past the end
of the last row. Specifically, the firsttl elements offD_r ow_st art should not have been changed since
the last call taSCU_f act ori ze, SCU_append or SCU_del et e, while CD_r ow_st art ( m+2) should be set to
the number of entries in (2.4) plus one. This component needaALLOCATEd or set ifSCU_f act ori ze
was last called witmat ri x%!| ass > 1.

dat a is a scalaf NTENT( | NOUT) argument of typ&CU_dat a_t ype. It must not have been altered since the last call to
SCUfact ori ze, SCU_append or SCU_del et e.

VECTOR is anl NTENT( I NOUT) rank-one array argument of lengtht ri x% and typeREAL (double precision irGA-
LAHAD_SCU_doubl e), that needs not be set by the user on initiila¢ us=1) entry. If st at us is greater than 1
on exit, a re-entry must be made wifBCTCR set appropriately (see Section 2.3).

status is an scalat NTENT( | NOUT) argument of type defaultNTEGER, that must be set by the user on initial input
to 1. On output, the value aft at us is used to request additional information, to signal anrarrghe input
data or to indicate a successful call to the subroutine. Aesgful call is indicated by the exit valaeat us=0.
For other values, see Section 2.3 and 2.4.

i nfo is a scalat NTENT(| NOUT) argument of typ&CU.i nf 0_t ype (see Section 2.1.3).

2.2.4 The deletion stage

Call SCU_del et e to extend the factorization of the Schur complement whemvearod column of the existing extended

matrix are to be removed. Subsequent systems of equatidhghei smaller coefficient matrix may then be solved
by calls toSCU_sol ve. The data structures for holdirigy C andD will be automatically updated to account for the

row and column deletions. Compute the factorization of tktereded matrix following a row and column removal as
follows:

CALL SCUdelete( matrix, data, VECTOR, status, info, col del [, rowdel ] )

matrix is a scalat NTENT( | NOUT) argument of type&SCU_nat ri x_t ype (see Section 2.1.1). The following compo-
nents are used §CU_del et e :

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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n , mmax, m cl ass, BD_val , BD_.r ow, BD_col _st art, CD_val , CD_col andCD.row_st art. These should not
have been changed since the last calb@.f act ori ze, SCU_append or SCU_del et e. On a successful
exit (st at us = 0) from SCU_del et e, n will be unchangednwill have been decreased by 1 to account for
the deleted row and column, and the contents of the arraydaaybeen changed.

dat a is a scalat NTENT( | NOUT) argument of typ&CU_dat a_t ype. It must not have been altered since the last call to
SCUfact ori ze, SCU_append or SCU_del et e.

VECTCR is anl NTENT( QUT) rank-one array argument of lengtht r i x% and typeREAL (double precision ittALAH
AD_SCU_doubl e), that is used as workspace.

status is an scalal NTENT( QUT) argument of type defaultNTEGER. On output, the value it at us is used to signal
an error in the input data or to indicate a successful catéosubroutine. A successful call is indicated by the
exit valuest at us=0. For other values, see Section 2.4.

i nfo is a scalat NTENT( | NOUT) argument of typ&CU.i nf 0_t ype (see Section 2.1.3).

col _del is an scalat NTENT(I N) argument of type defaultNTEGER. On input, this must be set by the user to the
index of the column of (2.1) that is to be remov&estriction: 1 < col_del <m.

row.del isan optional scaldrNTENT( I N) argument of type defaultNTEGER. If SCU_f act ori ze was last called with
mat ri x%l ass=1, this can be set by the user to the index of the row of (2.2) ith&d be removed. If the
argumentis absent, orifat ri X% ass > 1, rowcol _del will be removedRestriction: 1 < row.del <m.

2.2.5 The final stage

Deallocate the space required to hold the factors of theugssze of) Schur complement(s) as follows:

CALL SCUtermi nate( data, status, info)

dat a is a scalat NTENT( | NOUT) argument of type&CU_dat a_t ype. It must not have been altered since the last call
to SCUfact ori ze, SCU_append or SCU_del et e.

status is an scalal NTENT( QUT) argument of type defaultNTEGER, that contains the exit status following a call to
SCUt er mi nate. A successful call is indicated by the exit vakiet us=0. For other values, see Section 2.4.

i nfo is a scalat NTENT( QUT) argument of typ&CU_i nf 0_t ype (see Section 2.1.3).

2.3 Reverse communication

If one of the subroutineSCU_f act ori ze, SCU_sol ve or SCU_append returns with a strictly possible value sffat us,
the subroutine in question requires the user to maniplhatedctoVECTOR, and to re-enter witht at us and all other
arguments unchanged. Possible valuest af us and their consequences are as follows:

2 The user must obtain the solution to the system of equafi@ns b. The particular vectdp is returned in the array
VECTOR; the user must calculateand pass this vector back VECTOR.

3 The user must obtain the solution to the system of equa#drys= c. The particular vectoc is returned in the
arrayVECTOR; the user must calculateand pass this vector back YECTOR

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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2.4 Warning and error messages

A negative value oft at us on exit from any of the preceding subroutines indicates dima¢rror has occurred. No
further calls should be made until the error has been cade®ossible values are:

-1 One or more of the stated restrictions on the componefitsaltrix%class < 4,matrix%nm > 0, 0<matrix%m
< matrix%mmax, (0 < matrix%m < matrix%mmax — 1 in SCU.append ) 1 < col_del < matrix%m and
1 <row._del < matrix%m has been violated.

-2 The subroutine has been called with an initial vauat us < 0.

-3 The factors ofS have not yet been formed tat a. This indicates that eithe3CU_f act ori ze has not yet been
called, or that the last call t8CU_f act ori ze, SCU_append or SCU_del et e ended in a failure.

-4 One or more of the arrayst ri x%BD_val , mat ri x%BD_r owandnat ri x¥BD_col _start has not been allocated.

-5 When the extended matrix is unsymmetric, one or more ofatin@ysmatri x%CD_val , mat ri x%D_col and
mat ri xX%D_row_st art has not been allocated.

-6 One or more of the arraysmt ri x%8D_val , mat ri x¥8D_r ow andmat ri x¥BD_col _start is not large enough.
Check that the dimension ot ri xBD_col _start is no smaller thamat ri x%m+1 (mat ri x%mnt+2 for SCU_app-
end ), and that those afat ri x¥BD_val andmat ri x¥8D_r oware no smaller thamat r i x¥BD_col _st art (nat -
ri x%mtl)-1, and re-enter.nftri x%8D_col _start (matri x%nt2)-1 for SCU_append andmat ri x¥BD_col _st -
art(matrix%ml)+ | matrix%ol _del - matri x% ow.del | - 1 for SCU_del ete).

-7 When the extended matrix is unsymmetric, one or more ofatin@ysmatri x%CD_val , mat ri x%D_col and
mat ri x%D_row st art is not large enough. Check that the dimensiomaifr i x%CD_r ow_st art is no smaller
thanmat ri x%mt1 (mat ri x%m+2 for SCU_append ), and that those ofat ri x%CD_val andmatri x%D_col are no
smaller tharmat ri x%CD_row.start (matri x%mt1)-1 (matri x%CD_r ow_st art (mat ri x%mn+2) -1 for SCU_app-
end andmat ri x%D_row.start (matrix%mtl)+ | matrix%ol _del - mat ri x% ow_del | - 1 for SCU_del et e ).

-8 The value recorded imt ri x_mdoes not correspond to the dimensiorof
-9 The Schur complement matrix is singular; this has beesctlet during th€@R factorization ofS.

-10 The Schur complement matrix is expected to be positifiaitks but this has been found not to be the case during
the Cholesky factorization @&.

-11 The Schur complement matrix is expected to be negatifieide but this has been found not to be the case
during the Cholesky factorization efS.

-12 Aninternal array allocation or deallocation failed e$ef 0%l | oc_st at us for further details.

2.5 Multiple updates

OnceSCU_append or SCU_del et e has been used to update the factorization of the Schur comeplematrix, it is as
if the enlarged or reduced matrix were that originally faized bySCU_f act ori ze. Consequentlgequences of row
and column additions and removals may be performed so loegffisient storage is available.

3 GENERAL INFORMATION

Use of common: None.

Workspace: Provided automatically by the module.
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Other routines called directly: the basic linear algebra subprograms (BLASPI and SROTG (DROT andDROTG in
GALAHAD_SCU_DOUBLE ) are called.

Other modules used directly: None.
Input/output: None.

Restrictions: matrix%n > 0, 0 <matrix%m < matrix%mmax andl <matrix%class <4. Alsol <row.del <
matrix%m andl < col_del < matrix%m for SCU_del et e.

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

4 METHOD

The subroutin€CU_f act or i ze forms the Schur compleme8t= D — CA~1B of A in the extended matrix by repeated
reverse communication to obtain the column#\ofB. The Schur complement or its negative is then factorizeal int
its QR or, if possible, Cholesky factors.

The subroutin&CU_sol ve solves the extended system using the following well-knogiresne:

(i) Compute the solution tdu = by;
(i) Computexy from Sxp = by — Cu;
(iii) Compute the solution tév = Bxy; and

(iv) Computex; =u—v.

The subroutineSCU_append andSCU_del et e compute the factorization of the Schur complement aftemaamod
column have been appended to, and removed from, the extendiX, respectively. The existing factorization is
updated to obtain the new one; this is normally more effidiean forming the factorization from scratch.

5 EXAMPLE OF USE

As a simple example, suppose we wish to solve the system atieqs

PRrOOOOER
oOrocoooNO
PR OOWOO
oOorohooo
PRPUOOOO
WhRRRRRPR
ANPRPOOOO
Bo~v~oprwnn

X1
X2
X3
X4 =
X5
X6
X7

Notice that the leading 5 by 5 coefficient matrix is diagona dence easily invertible. So we might choose 5,
m= 2, and useSCU_f act ori ze/SCU_sol ve to find the required solution. As the matrix is unsymmetrie, mvust set
mat ri x%l ass=1.
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Now suppose that we have solved this system as describedendw confronted with the further system

1000010 1\ /x 5
0200010 0|[x 5
00300100|[|x 4
00040100||x| |5
00005 110||x |"]| 7
11111121/ x 12
101013 40||x 12
1000001 1)\ x 4

Rather than applyin§CU_f act ori ze /SCU_sol ve with n =5, m= 3, we note that the new coefficient matrix differs
from the old one merely in having an extra row and column. Thuescan us&CU_append with n=5, m=2to
update the existing factorization and then &llU_sol ve with n =5, m= 3 to calculate the desired solution.

Finally, suppose that we have solved this second system@mavish to solve

1 00 0011 X1 3
02 0O0O0T1O0 X2 5
0 03 0010 X3 4
0 00 4010 Xs |=15
0 000510 X5 6
1010130 X6 6
1 00 00 01 X7 2

Again, rather than applyin§CU_f act ori ze /SCU_sol ve with n=5, m= 2, we note that this third coefficient matrix
is the second one with its+ 1-st row anch+ 2-nd column removed. Thus, we can & _del ete withn=5m=3
to update the existing factorization and then &8ll_sol ve with n=5, m= 2 to calculate the desired solution.

To carry out these calculations, we might use the followirege of code. Notice how the extra row and column
for the second problem are simply introduced at the end ofxising data structures.

PROGRAM GALAHAD SCU_EXANPLE

USE GALAHAD SCU DOUBLE I doubl e precision version
I MPLICI T NONE

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

INTEGER :: i, row_del, col_del, status

I NTEGER, PARAMETER :: n =5 m=2, max = m+ 1
TYPE ( SCU matrix_type ) :: mat

TYPE ( SCU data_type ) :: data

TYPE ( SCU.i nfo_type) :info

REAL ( KIND=wp ) :: XI( n+m), RHSI( n + m)

REAL ( KIND = wp ) : X2(n+m+1),RH82(n+m+1)

REAL(KIND:wp):: (n+m) RHS3( n + m), VECTOR( n )
la

mat %n max = max ; nat %
mt% =n; mt%n=m
ALLOCATE ( mat 98D val (

15 ), mat9BD row( 15 ), mat%BD col start( mmax+l ), &
mat %D val ( 13 )

)
), mat%D col ( 13 ), mat%D row start( nmmax+1l )
(
(

mat 98D col _start( : 3) 11, 7, 10/)

rmt%:Drowstart( 3) /1, 6, 10/)

mtyBDrow : 9) =(/1, 2, 3, 4 5 6, 5 6, 7/)

mt%BD val ( : 9) = (/1.0_wp, 1.0_wp, 1.0 wp, 1.0 wp, &
1.0_wp, 1.0_wp, 1.0 wp, 2.0_wp, 4.0_wp/)

mt%D col( : 9) =(/1, 2, 3, 4, 5 1, 3, 5 6/)
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mt%D val ( : 9 ) = (/1.0_wp, 1.0_wp, 1.0_wp, 1.0 wp, &
1.0 wp, 1.0 wp, 1.0 wp, 1.0 wp, 3.0 wp/)
= (/2.0_wp, 3.0 wp, 4.0 wp, 50w, 7.0 wp, 8.0 wp, 10.0_wp/)
= (/5.0_wp, 5.0 wp, 4.0 wp, 50w, 7.0 wp, 12.0_wp, 12.0 wp, 4.0_wp/)
RHSS—(/S.O_V\p, 5.0 wp, 4.0 w, 50w, 6.0 wp, 6.0 wp, 2.0 wp/)

I First system
status =1
DO
CALL SCU factorize( mat, data, VECTOR status, info )
IF ( status <= 0) EXIT

DOi =1, n
VECTOR( i ) = VECTOR( i ) / DBLE( FLOAT( i ) )

END DO
END DO
WITE( 6, "( /, ' Onexit fromSCU factorize, status ="', 13 )" ) status
IF ( status < 0 ) STOP
status =1
DO

CALL SCU solve( mat, data, RHS1, X1, VECTOR, status )
IF ( status <= 0) EXIT

DOi =1, n ' mltiply by the inverse of A
VECTOR( i ) = VECTOR( i ) / DBLE( FLOAT( i ) )
END DO
END DO
WRITE( 6, "( ' On exit from SCU sol ve, status ="', 13 )" ) status

IF ( status < 0 ) STOP
WRITE( 6, "( /, ' Solution (first system', /, ( 8ES9.2 ) )" ) XI( : )
I Second system

mtoyBD row 10 : 12 ) =(/ 1, 6, 81/)

mtyBD val ( 10 : 12 ) =(/ 1.0 wp, 1.0 wp, 1.0 wp /)
mat 98D col _start( 4 ) = 13

mat %D col ( 10 ) =1

mat %CD val (110 ) = 1.0_wp

mat %D row start( 4 ) = 11

status =1

DO
CALL SCU append( mat, data, VECTOR, status, info)
IF ( status <=0 ) EXIT

DOi =1, n
VECTOR( i ) = VECTOR( i ) / DBLE( FLOAT( i ) )

END DO
END DO
WRITE( 6, "( /, ' On exit from SCU append, status = ', 13 )" ) status
IF ( status < 0 ) STOP
status =1
DO

CALL SCU solve( mat, data, RHS2, X2, VECTOR, status )
IF ( status <=0 ) EXIT
DOi =1, n

VECTOR( i ) = VECTOR( i ) / DBLE( FLOAT( i ) )
END DO
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END DO

WRITE( 6, "( ' On exit from SCU sol ve, status ="'

IF ( status <0 ) STOP

, 13 )" ) status

WRITE( 6, "( /, ' Solution (second system)’, /, ( 8ES9.2 ) )" ) X2

' Third system

row del =1
col _del =2
status = 1

CALL SCU del ete( mat, data, VECTOR, status, info, col_del, &
row del = row del )

WRITE( 6, "( /, ' On exit from SCU del ete, status
IF ( status < 0 ) STOP

status =1

DO

="', 13)" ) status

CALL SCU solve( mat, data, RHS3, X3, VECTOR, status )

IF ( status <=0 ) EXIT

DOi =1, n
VECTOR( i ) = VECTOR( i ) / DBLE( FLOAT( i ) )
END DO
END DO
WRITE( 6, "( ' On exit from SCU sol ve, status ="’

IF ( status < 0 ) STOP

WRITE( 6, "( /, ' Solution (third system', /, ( 8ES9.
CALL SCU termnate( data, status, info)
WRITE( 6, "( /, ' Onexit fromSCU termnate, status

END PROGRAM GALAHAD SCU_EXAMPLE
This produces the following output:

On exit from SCU factorize, status
On exit from SCU sol ve, status

Solution (first system

1. 00E+00 1.00E+00 1.00E+00 1.00E+00
On exit from SCU append, status
On exit from SCU sol ve, status

Sol ution (second system

3. 00E+00 2.00E+00 1.00E+00 1.00E+00
On exit from SCU del ete, status
On exit from SCU sol ve, status

Solution (third system
1. 00E+00 2. 00E+00 1. 00E+00 1.00E+00

On exit fromSCU termnate, status

1

. 00E+00 1. 00E+00 1.

0

0

. 00E+00 1. 00E+00 1.

0

0

. 00E+00 1. 00E+00 1.

0

, 13 )" ) status

2))") X3

", 13)" ) status

00E+00

00E+00 1.00E+00

00E+00
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