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F08 - Least Squares and Eigenvalue Problems (LAPACK) FOS8FCF (SSYEVD/DSYEVD)

FOSFCF (SSYEVD/DSYEVD) — NAG Fortran Library Routine Document

Note. Before using this routine, please read the Users’ Note for your implememﬁat:ion to check the interpretation of bold
italicised terms and other implementation-dependent details.
1 Purpose

FO8FCF (SSYEVD/DSYEVD) computes all the eigenvalues, and optionally all the eigenvectors, of a
real symmetric-matrix. If the eigenvectors are requested, then it uses a divide and conquer algorithm
to compute eigenvalues. and: eigenvectors. However, if only eigenvalues are required, then it uses the
Pal-Walker-Kahan variant of the QL or QR algorithm.

2 Speciﬁcation

SUBRQUTINE FOSFCF(JOB, UPLO, N, A, LDA, W, WORK, LWORK, IWORK,

1 © LIWORK, INFO)

ENTRY ssyevd(JOB, UPLO, N, A, LDA, W, WORK, LWORK, IWORK,
1 LIWORK, INFO)

INTEGER N, LDA, LWORK, IWORK(#), LIWORK, INFO

real A(LDA,*), W(*), WORK(x)

CHARACTER#1 JOB, UPLO

The ENTRY statement enables the routine to be called by its LAPACK name.

3 Description

This routine computes all the eigenvalues, and optionally :;tll the eigenve‘i:to'rs,, ofa real symmetric matrix
A. In other words, it can compute the spectral factorization of A as

A=2ZA27,

where A is a diagonal matrix whose diagonal elements are the éféenvalues ), and Z is the orthogonal
matrix whose columns are the eigenvectors z;. Thus

Az; = Nz; fori=1,2,...,n.

4 References

[1] Golub G H and Van Loan C F (1996) Matriz Computations Johns Hopkins Uni\;érsity Press (3rd
Edition), Baltimore - : {

5 Parameters

1: JOB — CHARACTER*1 Input

On entry: indicates whether eigenvectors are computed as follows:

if JOB = ’N’, then only eigenvalues are computed;
if JOB = ’V’, then eigenvalues and eigenvectors are computed.

Constraint: JOB = N’ or 'V’.

2: UPLO — CHARACTER*1 e ., Input
~ On entry: indicates whether the upper or lower triangular part of is stored as follows:

if UPLO = ’U’, then the upper triangular‘part of Ais st&ed; ‘
if UPLO = ’L’, then the lower triangular part of A is stored.

Constraint: UPLO = "U’ or ’L’.

[NP3390/19] FO8FCF (SSYEVD/DSYEVD).1



FO8FCF (SSYEVD/DSYEVD) F08 - Least Squares and Eigenvalue Problems (LAPACK)

10:

11:

N — INTEGER S S : Input

On entry: n, the order of the matrix A.

Constraint: N > 0.

A(LDA, *) — real array Input/Output
Note: the second dimension of the array A must be at least max(1,N).

On entry: the n by n symmetric matrix A. If UPLO = ’U’, the upper triangular part of A must
be stored and the elements of the array below the diagonal are not referenced; if UPLO = L’, the
lower triangular part of A must be stored and the elements of the array above the diagonal are not

referenced.

On ezit: if JOB = ’V’, then this is overwritten by the orthogonal matrix Z which contains the
eigenvectors of A.

LDA — INTEGER Input

On entry: the first dimension of the array A as declared in the (sub)program from which FOS8FCF
(SSYEVD/DSYEVD) is called.

Constraint: LDA > max(1,N). o
W(x) — real array I " : Output

Note: the dimension of the array W must be at least max(1,N).

On ezit: the eigenvalues of the matrix A in ascending order.

WORK(*) — real array ' ' : ‘ = Output
Note: the dimension of the array WORK must be at least LWORK.
On erit: if LWORK > 0, then WORK(1) contains the required minimal size of LWORK.

LWORK — INTEGER o Input
On entry: the dimension of the array WORK as declared in the (sub)program from which FO8FCF

(SSYEVD/DSYEVD) is called.

Co_nstraint.éf

if N < 1, then LWORK > 1;

if JOB =’N’and N > 1, then LWORK > 2 x N + 1;

if JOB =’V’and N > 1, then LWORK > 3 x N2 + (5+2k) x N + 1 where k is the smallest
integer which satisfies 2¥ > N.

IWORK(x) — INTEGER array ' Input
Note: the dimension of the array IWORK must be at least LIWORK.
On ezit: if LIWORK > 0, then IWORK(1) contains the required minimal size of LIWORK.

LIWORK — INTEGER - Input

On entry: the dimension of the array IWORK as declared in the (sub)program from which FO8FCF
(SSYEVD/DSYEVD) is called.

Constraints:

if N < 1, then LIWORK > 1;
if JOB = °N’and N > 1, then LIWORK > 1;
if JOB =’V and N > 1, then LIWORK > 5 x N + 2.

INFO — INTEGER : Output

On ezit: INFO = 0 unless the routine detects an error (see Section 6).

FO08FCF (SSYEVD/DSYEVD).2 [NP3390/19]



F08 - Least Squares and Eigenvalue Problems (LAPACK) FOS8FCF (SSYEVD/DSYEVD)

6 Error Indicators and Warnings

INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

INFO > 0

If INFO = i, then the algorithm failed to cc;nverge; i indicates the number of elements of an
intermediate tridiagonal form which did not converge to zero.

7 Accuracy
The computed"eigenval’ués and eigenvectors are exact for a nearby matrix A + E, where

IENl, = O()l|All,,

and ¢ is the machine precision..

8 Further Comments
The complex analogue of this routine is FOSFQF (CHEEVD/ZHEEVD).

9 Example
To compute all the eigenvalues and eigenvectors of the symmetric matrix A, where

£1.072.0 3.0 4.0
2.0 2.0 3.0 :4.0¢
30 3.0 3.0 4.0
40 4.0 40 4.0

s

9.1 Program Text

Note. The listing of the example program presented below uses bold italicised terms to denote precision-dependent details.
Please read the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential
Introduction to this manual, the results produced may not be identical for all implementations.

* FO8FCF Example Program Text.
* Mark 19 Release. NAG Copyright 1999.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5,NOUT=6) .
INTEGER NMAX, LDA
PARAMETER (NMAX=8,LDA=NMAX)
INTEGER LWORK, LIWORK
PARAMETER (LWORK=4*NMAX*NMAX , LIWORK=5*NMAX)
* .. Local Scalars .. -
INTEGER I, IFAIL, INFO, J, N
CHARACTER JOB, UPLO
* .. Local Arrays ..
real A(LDA,NMAX), W(NMAX), WORK(LWORK)
INTEGER IWORK(LIWORK) ) .
* .. External Subroutines .. .
EXTERNAL ssyevd, X04CAF
* .. Executable Statements ..
WRITE (NOUT,*) ’FOS8FCF Example Program Results’
* Skip heading in data file

[NP3390/19) FO8FCF (SSYEVD/DSYEVD).3
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READ (NIN,*)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

* Read A from data file

READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((a(I,J),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((A(I,J),J=1,I),I=1,N)
END IF

READ (NIN,*) JOB
Calculate all the eigenvalues and eigenvectors of A
CALL ssyevd(JOB,UPLO,N,A,LDA,W,WORK,LWORK, IWORK,LIWORK, INFO)

WRITE (NOUT,*)
IF (INFO.GT.O) THEN

WRITE (NOUT,*) ’Failure to converge.'’
ELSE

* Print eigenvalues and eigenvectors
WRITE (NOUT,*) ’Eigenvalues’

WRITE (NOUT,99999) (W(I),I=1,N)
WRITE (NOUT,*)

IFAIL = 0
*
CALL XO04CAF(’General’,’ ’,N,N,A,LDA, Eigenvectors’ ,IFAIL)
£ 3
END IF
END IF

STOP
*

99999 FORMAT (3X,(8F8.4))
END

9.2 Program Data

FO8FCF Example Program Data

4 :Value of N

'L :Value of UPLO
1.0

2.0 2.0

3.0 3.0 3.0

4.0 4.0 4.0 4.0 :End of matrix A
A :Value of JOB

FO8FCF (SSYEVD/DSYEVD).4
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F08 - Least Squares and Eigenvalue Problems (LAPACK) FOS8FCF (SSYEVD/DSYEVD)

9.3 Program Results

FOSFCF Example Program Results

Eigenvalues
-2.0531 -0.5146 -0.2943 12.8621

Eigenvectors

1 2 3 4
0.7003 -0.5144 -0.2767 -0.4103
0.3592 0.4851 0.6634 -0.4422
-0.1669 0.5420 -0.6504 -0.5085
-0.5965 -0.4543 0.2457 -0.6144

D wWw N

[NP3390/19] FO8FCF (SSYEVD/DSYEVD).5 (last)






FO08 — Least-squares and Eigenvalue Problems (LAPACK ) FOSFEF (SSYTRD/DSYTRD)

FOSFEF (SSYTRD/DSYTRD) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1.

Purpose
FO8FEF (SSYTRD/DSYTRD) reduces a real symmetric matrix to tridiagonal form.
Specification
SUBROUTINE FO8FEF (UPLO, N, A, LDA, D, E, TAU, WORK, LWORK, INFO)
ENTRY ssytrd (UPLO, N, A, LDA, D, E, TAU, WORK, LWORK, INFO)
INTEGER N, LDA, LWORK, INFO
real A(LDA,*), D(*), E(*), TAU(*), WORK(LWORK)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

Description
This routine reduces a real symmetric matrix A to symmetric tridiagonal form T by an orthogonal
similarity transformation: A = QTQT.

The matrix Q is not formed explicitly but is represented as a product of n—1 elementary reflectors
(see the Chapter Introduction for details). Routines are provided to work with Q in this
representation (see Section 8).

References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

Parameters
UPLO — CHARACTER*1. Input
On entry: indicates whether the upper or lower triangular part of A is stored as follows:
if UPLO = 'U’, then the upper triangular part of A is stored;
if UPLO = 'L, then the lower triangular part of A is stored.
Constraint: UPLO = 'U' or L\

N — INTEGER. Input
On entry: n, the order of the matrix A.
Constraint: N 2 0.

A(LDA*) — real array. Input/ Output
Note: the second dimension of the array A must be at least max(1,N).
On entry: the n by n symmetric matrix A. If UPLO = 'U’, the upper triangle of A must be
stored and the elements of the array below the diagonal are not referenced; if UPLO = L/,

the lower triangle of A must be stored and the elements of the array above the diagonal are
not referenced.

On exit: A is overwritten by the tridiagonal matrix T and details of the orthogonal matrix Q
as specified by UPLO.

[NP2478/16] Page 1
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4:

10:

Page 2

LDA — INTEGER. Input

On entry: the first dimension of the array A as declared in the (sub)program from which
FO8FEF (SSYTRD/DSYTRD) is called.

Constraint: LDA 2 max(1,N).

D(*) — real array. Output
Note: the dimension of the array D must be at least max(1,N).
On exit: the diagonal elements of the tridiagonal matrix T.

E(*) — real array. Output
Note: the dimension of the array E must be at least max(1,N-1).
On exit: the off-diagonal elements of the tridiagonal matrix T.

TAU (*) — real array. Output
Note: the dimension of the array TAU must be at least max (1,N-1).
On exit: further details of the orthogonal matrix Q.

WORK(LWORK) — real array. Workspace

Onexit: if INFO = 0, WORK(1) contains the minimum value of LWORK required for
optimum performance.

LWORK - INTEGER. Input

On entry. the dimension of the array WORK as declared in the (sub)program from which
FO8FEF (SSYTRD/DSYTRD) is called.

Suggested value: for optimum performance LWORK should be at least Nxnb, where nb is
the blocksize.

Constraint: LWORK 2 1.

INFO — INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —j, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy

The computed tridiagonal matrix T is exactly similar to a nearby matrix A + E, where
IEN, < c(n)elAll,,

c(n) is a modestly increasing function of n, and € is the machine precision.

The elements of T themselves may be sensitive to small perturbations in A or to rounding errors
in the computation, but this does not affect the stability of the eigenvalues and eigenvectors.

Further Comments
The total number of floating-point operations is approximately $°.

To form the orthogonal matrix Q this routine may be followed by a call to FOS8FFF
(SORGTR/DORGTR):

CALL SORGTR (UPLO,N,A,LDA, TAU, WORK, LWORK, INFO)

To apply Q to an n by p real matrix C this routine may be followed by a call to FOSFGF
(SORMTR/DORMTR). For example,

[NP2478/16])



FO8 — Least-squares and Eigenvalue Problems (LAPACK) FOSFEF (SSYTRD/DSYTRD)

CALL SORMTR (’Left’,UPLO,’No Transpose’,N,P,A,LDA,TAU,C,LDC,
+ WORK, LWORK, INFO)

forms the matrix product QC.
The complex analogue of this routine is FOSFSF (CHETRD/ZHETRD).

9. Example
To reduce the matrix A to tridiagonal form, where
207 3.87 420 -1.15
3.87 -0.21 1.87 0.63

420 187 115 2.06
-1.15 063 2.06 -1.81

A=

9.1. Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8FEF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDA, LWORK
PARAMETER (NMAX=8, LDA=NMAX, LWORK=64*NMAX)
* .. Local Scalars ..
INTEGER I, INFO, J, N
CHARACTER UPLO
* .. Local Arrays
real A(LDA,NMAX), D(NMAX), E(NMAX-1), TAU(NMAX-1),
+ WORK ( LWORK)
* .. External Subroutines
EXTERNAL ssytrd
* .. Executable Statements ..
WRITE (NOUT,*) ’'FO8FEF Example Program Results’
* Skip heading in data file

READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file

READ (NIN, *) UPLO
IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((aA(I,J),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((aA(I,J),J=1,I),I=1,N)
END IF

*

Reduce A to tridiagonal form

CALL ssytrd(UPLO,N, A, LDA, D, E, TAU, WORK, LWORK, INFO)

*

Print tridiagonal form

WRITE (NOUT, %)
WRITE (NOUT, *) ’Diagonal’
WRITE (NOUT, 99999) (D(I),I=1,N)
WRITE (NOUT,*) ’'Off-diagonal’
WRITE (NOUT,99999) (E(I),I=1,N-1)
END IF
STOP
*
99999 FORMAT (1X,8F9.4)
END

[NP2478/16] Page 3
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9.2. Program Data
FOBFEF Example Program Data

4 :Value of N
'L’ :Value of UPLO
2.07

3.87 -0.21

4.20 1.87 1.15
-1.15 0.63 2.06 -1.81 :End of matrix A

9.3. Program Results
FO8FEF Example Program Results

Diagonal
2.0700 1.4741 -0.6492 -1.6949
Off-diagonal
-5.8258 2.6240 0.9163

Page 4 (last) [NP2478/16)



FO08 — Least-squares and Eigenvalue Problems (LAPACK) FOSFFF (SORGTR/DORGTR)

FOSFFF (SORGTR/DORGTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

|78

Purpose

FO8FFF (SORGTR/DORGTR) generates the real orthogonal matrix Q, which was determined
by FOS8FEF (SSYTRD/DSYTRD) when reducing a symmetric matrix to tridiagonal form.

Specification
SUBROUTINE FO8FFF (UPLO, N, A, LDA, TAU, WORK, LWORK, INFO)
ENTRY sorgtr (UPLO, N, A, LDA, TAU, WORK, LWORK, INFO)
INTEGER N, LDA, LWORK, INFO
real A(LDA, *), TAU(*), WORK(LWORK)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

Description

This routine is intended to be used after a call to FOSFEF (SSYTRD/DSYTRD), which reduces
a real symmetric matrix A to symmetric tridiagonal form T by an orthogonal similarity
transformation: A = QTQ”. FOSFEF represents the orthogonal matrix Q as a product of n—1
elementary reflectors.

This routine may be used to generate Q explicitly as a square matrix.

References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

Parameters

UPLO — CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FO8FEF
(SSYTRD/DSYTRD).

Constraint: UPLO = 'U' or 'L'.

N - INTEGER. Input
On entry: n, the order of the matrix Q.
Constraint: N 2 0.

A(LDA,*) — real array. Input/ Output
Note: the second dimension of the array A must be at least max(1,N).

On entry: details of the vectors which define the elementary reflectors, as returned by
FO8FEF (SSYTRD/DSYTRD).

On exit: the n by n orthogonal matrix Q.

LDA - INTEGER. Input

On entry: the first dimension of the array A as declared in the (sub)program from which
FO8FFF (SORGTR/DORGTR) is called.

Constraint: LDA 2 max(1,N).

[NP2478/16]) Page 1
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Page 2

TAU (*) — real array. Input
Note: the dimension of the array TAU must be at least max(1,N-1).
Onentry: further details of the elementary reflectors, as returned by FOS8FEF

(SSYTRD/DSYTRD).

WORK (LWORK) - real array. Workspace
Onexit: if INFO = 0, WORK(1) contains the minimum value of LWORK required for
optimum performance.

LWORK - INTEGER. Input

On entry: the dimension of the array WORK as declared in the (sub)program from which
FO8FFF (SORGTR/DORGTR) is called.

Suggested value: for optimum performance LWORK should be at least (N-1)xnb, where
nb is the blocksize.

Constraint: LWORK 2 max(1,N-1).

INFO — INTEGER. Output
Onexit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy
The computed matrix Q differs from an exactly orthogonal matrix by a matrix E such that
IEI, = O(¢),

where € is the machine precision.

Further Comments

The total number of floating-point operations is approximately $1°.
The complex analogue of this routine is FOSFTF (CUNGTR/ZUNGTR).

Example

To compute all the eigenvalues and eigenvectors of the matrix A, where

207 387 420 -1.15
3.87 -0.21 187 0.63
420 187 1.15 206]
-1.15 063 206 -1.81

Here A is symmetric and must first be reduced to tridiagonal form by FO8FEF
(SSYTRD/DSYTRD). The program then calls FOSFFF (SORGTR/DORGTR) to form Q, and
passes this matrix to FO8JEF (SSTEQR/DSTEQR) which computes the eigenvalues and
eigenvectors of A.

A=

(NP2478116)



F08 — Least-squares and Eigenvalue Problems (LAPACK) FOSFFF (SORGTR/DORGTR)

9.1. Program Text

Note: the listing of the example program presented below uses bold italicised terms to denot ision-d dent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explamed in the Essentlal Introduction to this
manual, the results produced may not be identical for all implementations.

* FOBFFF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDA, LWORK, LD2
PARAMETER (NMAX=8, LDA=NMAX, LWORK=64 *NMAX, LDZ=NMAX)
* .. Local Scalars ..
INTEGER I, IFAIL, INFO, J, N
CHARACTER UPLO
* .. Local Arrays ..
real A(LDA,NMAX), D(NMAX), E(NMAX), TAU(NMAX),
+ WORK(LWORK), Z(LDZ,NMAX)
* .. External Subroutines ..
EXTERNAL sorgtr, ssteqr, ssytrd, FO6QFF, X04CAF
* .. Executable Statements ..
WRITE (NOUT,*) ’'FO8FFF Example Program Results’
* Skip heading in data file

READ (NIN, %)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file
READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((A(I,J),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN,*) ((A(I,J),J=1,I),I=1,N)
END IF
* Reduce A to tridiagonal form T = (Q**T)*A*Q
CALL ssytrd(UPLO,N,A,LDA,D, E, TAU, WORK, LWORK, INFO)
* Copy A into 2
CALL FO6QFF(UPLO,N,N,A,LDA,Z,LDZ)
* Form Q explicitly, storing the result in 2
CALL sorgtr(UPLO,N, Z,LDZ, TAU, WORK, LWORK, INFO)
* Calculate all the eigenvalues and eigenvectors of A
CALL ssteqr(’V’,N,D,E, Z,LDZ,WORK, INFO)
WRITE (NOUT, *)
IF (INFO.GT.0) THEN

WRITE (NOUT,*) ’‘Failure to converge.’
ELSE

*

Print eigenvalues and eigenvectors
WRITE (NOUT,*) ’‘Eigenvalues’

WRITE (NOUT,99999) (D(I),I=1,N)
WRITE (NOUT, *)

IFAIL = 0

CALL XO04CAF(’General’,’ ’,N,N,Z,LDZ,’Eigenvectors’,IFAIL)

[NP2478/16] Page 3
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END IF
END IF
STOP

*

99999 FORMAT (3X, (8F8.4))
END

9.2. Program Data
FOS8FFF Example Program Data

4 :Value of N
'L’ :Value of UPLO
2.07

3.87 -0.21

4.20 1.87 1.15
-1.15 0.63 2.06 -1.81 :End of matrix A

9.3. Program Results
FOSBFFF Example Program Results

Eigenvalues
-5.0034 -1.9987 0.2013 8.0008

Eigenvectors

1 2 3 4
1 0.5658 —-0.2328 —-0.3965 0.6845
2 -0.3478 0.7994 -0.1780 0.4564
3 -0.4740 -0.4087 0.5381 0.5645
4 0.5781 0.3737 0.7221 0.0676

Page 4 (last) [NP2478/16)
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FOS8FGF (SORMTR/DORMTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FO8FGF (SORMTR/DORMTR) multiplies an arbitrary real matrix C by the real orthogonal
matrix  which was determined by FOS8FEF (SSYTRD/DSYTRD) when reducing a real
symmetric matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8FGF (SIDE, UPLO, TRANS, M, N, A, LDA, TAU, C, LDC, WORK,

1 LWORK, INFO)

ENTRY sormtr (SIDE, UPLO, TRANS, M, N, A, LDA, TAU, C, LDC, WORK,
1 LWORK, INFO)

INTEGER M, N, LDA, LDC, LWORK, INFO

real A(LDA, *), TAU(*), C(LDC, *), WORK (LWORK)

CHARACTER*1  SIDE, UPLO, TRANS
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description

This routine is intended to be used after a call to FOS8FEF (SSYTRD/DSYTRD), which reduces
a real symmetric matrix A to symmetric tridiagonal form T by an orthogonal similarity
transformation: A = QTQ”. FOS8FEF represents the orthogonal matrix Q as a product of
elementary reflectors.

This routine may be used to form one of the matrix products
QC, Q'C, CQ or CQ7,
overwriting the result on C (which may be any real rectangular matrix).

A common application of this routine is to transform a matrix Z of eigenvectors of T to the matrix
QOZ of eigenvectors of A.

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

S. Parameters
1:  SIDE — CHARACTER*1. Input
On entry: indicates how Q or Q7 is to be applied to C as follows:
if SIDE = 'L, then Q or Q7 is applied to C from the left;
if SIDE = 'R, then Q or Q7 is applied to C from the right.
Constraint: SIDE = L' or R'.

2:  UPLO — CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FOS8FEF
(SSYTRD/DSYTRD).

Constraint: UPLO = 'U' or L.
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TRANS - CHARACTER*1. Input
On entry: indicates whether Q or Q7 is to be applied to C as follows:
if TRANS = 'N/, then Q is applied to C;
if TRANS = 'T', then Q7 is applied to C.
Constraint: TRANS = N' or 'T'.

M - INTEGER. Input
On entry: m, the number of rows of the matrix C; m is also the order of Q if SIDE = 'L".
Constraint: M 2 0.

N — INTEGER. Input
On entry: n, the number of columns of the matrix C; n is also the order of Q if SIDE = R'.
Constraint: N 2 0.

A(LDA*) — real array. Input

Note: the second dimension of the array A must be at least max(1,M) if SIDE = 'L’ and at
least max(1,N) if SIDE = R'.

Onentry. details of the vectors which define the elementary reflectors, as returned by
FOS8FEF (SSYTRD/DSYTRD).

LDA — INTEGER. Input

On entry: the first dimension of the array A as declared in the (sub)program from which
FOSFGF (SORMTR/DORMTR) is called.

Constraints: LDA 2 max(1,M) if SIDE = L',
LDA = max(1,N) if SIDE = R'.

TAU(*) — real array. Input

Note: the dimension of the array TAU must be at least max(1,M-1) if SIDE = 'L’ and at
least max(1,N-1) if SIDE = R'.

Onentry: further details of the elementary reflectors, as returned by FO8FEF
(SSYTRD/DSYTRD).

C(LDC,*) — real array. Input/ Output
Note: the second dimension of the array C must be at least max(1,N).
On entry: the m by n matrix C.
On exit: C is overwritten by QC or Q7C or CQ” or CQ as specified by SIDE and TRANS.

LDC — INTEGER. Input

On entry: the first dimension of the array C as declared in the (sub)program from which
FO8FGF (SORMTR/DORMTR) is called.

Constraint: LDC 2 max(1,M).

WORK (LWORK) — real array. Workspace

Onexit: if INFO = 0, WORK (1) contains the minimum value of LWORK required for
optimum performance.

LWORK — INTEGER. Input

On entry: the dimension of the array WORK as declared in the (sub)program from which
FOSFGF (SORMTR/DORMTR) is called.

Suggested value: for optimum performance LWORK should be at least Nxnb if SIDE = L'
and at least Mxnb if SIDE = 'R', where nb is the blocksize.
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Constraints: LWORK 2 max(1,N) if SIDE = 'L/,
LWORK 2 max(1,M) if SIDE = R'.

INFO - INTEGER. Output
Onexit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy
The computed result differs from the exact result by a matrix E such that
IEN, = OC9)ICIl,,

where € is the machine precision.

Further Comments

The total number of floating-point operations is approximately 2m’n if SIDE = 'L' and 2mn? if
SIDE = R

The complex analogue of this routine is FOSFUF (CUNMTR/ZUNMTR).

Example
To compute the two smallest eigenvalues, and the associated eigenvectors, of the matrix A, where

207 387 420 -1.15

A= 3.87 -0.21 1.87 0.63
420 187 115 206}

-1.15 063 206 -1.81

Here A is symmetric and must first be reduced to tridiagonal form T by FOS8FEF
(SSYTRD/DSYTRD). The program then calls FO8JJF (SSTEBZ/DSTEBZ) to compute the
requested eigenvalues and FOSJKF (SSTEIN/DSTEIN) to compute the associated eigenvectors
of T. Finally FOSFGF (SORMTR/DORMTR) is called to transform the eigenvectors to those of
A.

Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8FGF Example Program Text
* Mark 16 Release. NAG Copyright 1992,
* .. Parameters ..

INTEGER NIN, NOUT

PARAMETER (NIN=5, NOUT=6)

INTEGER NMAX, LDA, LDZ, LWORK

PARAMETER (NMAX=8, LDA=NMAX, LDZ=NMAX, LWORK=64 *NMAX)

real ZERO

PARAMETER (ZERO=0.0e0)
* .. Local Scalars ..

real VL, VU

INTEGER I, IFAIL, INFO, J, M, N, NSPLIT

CHARACTER UPLO
* .. Local Arrays ..

real A(LDA,NMAX), D(NMAX), E(NMAX), TAU(NMAX),

+ W(NMAX), WORK(LWORK), Z(LDZ,NMAX)

INTEGER IBLOCK(NMAX), IFAILV(NMAX), ISPLIT(NMAX),

+ IWORK ( NMAX)
* .. External Subroutines ..

EXTERNAL sormtr, sstebz, sstein, ssytrd, X04CAF

[NP2478/16] Page 3
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FOSFQF (CHEEVD/ZHEEVD) — NAG Fortran Library Routine Document

Note. Before using this routine, please read the Users' Note for your implementation to check the interpretation of bold
italicised terms and other implementation-dependent details.

1 Purpose

FO8FQF (CHEEVD/ZHEEVD) computes all the eigenvalues, and optionally all the eigenvectors, of a
complex Hermitian matrix. If the eigenvectors are requested, then it uses a divide and conquer algorithm
to compute eigenvalues and eigenvectors. However, if only eigenvalues are required, then it uses the
Pal-Walker-Kahan variant of the QL or QR algorithm.

2 Specification

SUBROUTINE FOSFQF(JOB, UPLO, N, A, LDA, W, WORK, LWORK, RWORK,

1 LRWORK, IWORK, LIWORK, INFO)
ENTRY cheevd(JOB, UPLO, N, A, LDA, W, WORK, LWORK, RWORK,
1 LRWORK, IWORK, LIWORK, INFO)
INTEGER N, LDA, LWORK, LRWORK, IWORK(x), LIWORK, INFO
real W(x), RWORK(*)
complex A(LDA,*), WORK(x)
CHARACTER=*1 JOB, UPLO

The ENTRY statement enables the routine to be called by its LAPACK name.

3 Description

This routine computes all the eigenvalues, and optionally all the eigenvectors, of a complex Hermitian
matrix A. In other words, it can compute the spectral factorization of A as

A=ZAZH,

where A is a real diagonal matrix whose diagonal elements are the eigenvalues );, and Z is the (complex)
unitary matrix whose columns are the eigenvectors z;. Thus

Az; =Mz fori=12,...,n

4 References

[1] Golub G H and Van Loan C F (1996) Matriz Computations Johns Hopkins University Press (3rd
Edition), Baltimore

5 Parameters

1: JOB — CHARACTER*1 Input
On entry: indicates whether eigenvectors are computed as follows:

if JOB = 'N’, then only eigenvalues are computed;
if JOB = ’V’, then eigenvalues and eigenvectors are computed.

Constraint: JOB =N’ or 'V’.
2: UPLO — CHARACTER*1 Input

On entry: indicates whether the upper or lower triangular part of A is stored as follows:

if UPLO = ’U’, then the upper triangular part of A is stored;
if UPLO = ’L’, then the lower triangular part of A is stored.

Constraint: UPLO = U’ or ’L’.

[NP3390/19)] FO8FQF (CHEEVD/ZHEEVD).1
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N — INTEGER Input

On entry: n, the order of the matrix A.

Constraint: N > 0.

A(LDA, x) — complex array Input/Output
Note: the second dimension of the array A must be at least max(1,N).

On entry: the n by n Hermitian matrix A. If UPLO = 'U’, the upper triangular part of A must
be stored and the elements of the array below the diagonal are not referenced; if UPLO = ’L’, the
lower triangular part of A must be stored and the elements of the array above the diagonal are not

referenced.

On ezit: if JOB = ’V’, then this is overwritten by the unitary matrix Z which contains the
eigenvectors of A.

LDA — INTEGER Input
On entry: the first dimension of the array A as declared in the (sub)program from which FOSFQF
(CHEEVD/ZHEEVD) is called.

Constraint: LDA > max(1,N).

W(x) — real array Output
Note: the dimension of the array W must be at least max(1,N).

On ezit: the eigenvalues of the matrix A in ascending order.

WORK(x) — complex array Output
Note: the dimension of the array WORK must be at least LWORK.

On ezit: if LWORK > 0, then the real part of WORK(1) contains the required minimal size of
LWORK.

LWORK — INTEGER Input
On entry: the dimension of the array WORK as declared in the (sub)program from which FO8FQF
(CHEEVD/ZHEEVD) is called.

Constraints:

if N < 1, then LWORK > 1;
if JOB =’N’and N > 1, then LWORK > N + 1;
if JOB =V’ and N > 1, then LWORK > N2 4+ 2 x N.

RWORK(*) — real array Input
Note: the dimension of the array RWORK must be at least LRWORK.
On ezit: if LRWORK > 0, then RWORK(1) contains the required minimal size of LRWORK.

LRWORK — INTEGER Input

On entry: the dimension of the array LRWORK as declared in the (sub)program from which FOSFQF
(CHEEVD/ZHEEVD) is called.

Constraints:

if N < 1, then LWORK > 1,

if JOB = N’ and N > 1, then LWORK > N;

if JOB =V’ and N > 1, then LWORK > 3 x N% + (442k) x N + 1 where k is the smallest
integer which satisfies 2¥ > N.

F08FQF (CHEEVD/ZHEEVD).2 [NP3390/19]
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11: IWORK(x) — INTEGER array Input
Note: the dimension of the array IWORK must be at least LIWORK.
On erit: if LIWORK > 0, then IWORK(1) contains the required minimal size of LIWORK.

12: LIWORK — INTEGER Input

On entry: the dimension of the array IWORK as declared in the (sub)program from which FO8FQF
(CHEEVD/ZHEEVD) is called.

Constraints:

if N < 1, then LIWORK > 1,
if JOB = 'N’ and N > 1, then LIWORK > 1,
if JOB = 'V’ and N > 1, then LIWORK > 5 x N + 2.

13: INFO — INTEGER Output

On ezit: INFO = 0 unless the routine detects an error (see Section 6).

6 Error Indicators and Warnings

INFO < 0
If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

INFO > 0

If INFO = i, then the algorithm failed to converge; ¢ indicates the number of elements of an
intermediate tridiagonal form which did not converge to zero.

7 Accuracy
The computed eigenvalues and eigenvectors are exact for a nearby matrix A + E, where
IEll; = O()ll Al

and ¢ is the machine precision.

8 Further Comments
The real analogue of this routine is FOSFCF (SSYEVD/DSYEVD).

9 Example
To compute all the eigenvalues and eigenvectors of the Hermitian matrix A, where

1.04+0.00 2.0+1.0: 3.0+1.0: 40+1.0:
20-1.0¢ 2.0+0.0¢ 3.0+2.00 4.0+2.0¢
3.0—-1.0¢ 3.0—-2.0¢ 3.0+0.00 4.0+43.0¢
40-10{ 40-20: 40-3.0¢ 40+0.0¢

A=

[NP3390/19] FO8FQF (CHEEVD/ZHEEVD).3
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9.1 Program Text

Note. The listing of the example program presented below uses bold italicised terms to denote precision-dependent details.
Please read the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential
Introduction to this manual, the results produced may not be identical for all implementations.

* FO8FQF Example Program Text.
Mark 19 Release. NAG Copyright 1999.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5,NOUT=6)
INTEGER NMAX, LDA
PARAMETER (NMAX=8,LDA=NMAX)
INTEGER LWORK, LIWORK, LRWORK
PARAMETER (LWORK=NMAX*NMAX+2*NMAX , LIWORK=2+5*NMAX,
+ LRWORK=4*NMAX*NMAX)
* .. Local Scalars ..
INTEGER I, IFAIL, INFO, J, N
CHARACTER JOB, UPLO
* .. Local Arrays ..
complex A(LDA,NMAX), WORK(LWORK)
real RWORK (LRWORK), W(NMAX)
INTEGER IWORK (LIWORK)
* .. External Subroutines ..
EXTERNAL X04DAF, cheevd
* .. Executable Statements ..
WRITE (NOUT,#*) ’'FO8FQF Example Program Results’
* Skip heading in data file

READ (NIN,*)

READ (NIN,*) N

IF (N.LE.NMAX) THEN
READ (NIN,*) UPLO

* Read A from data file

IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((A(I1,3),J=I,N),I=1,K)
ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((A(I,J),J=1,I),I=1,N)
END IF

READ (NIN,=*) JOB
* Calculate all the eigenvalues and eigenvectors of A

CALL cheevd(JOB,UPLO,N,A,LDA,V¥,WORK,LWORK, RWORK , LRWORK , IWORK,
+ LIWORK,INFO)

WRITE (KOUT,*)
IF (INFO.GT.O) THEN

WRITE (NOUT,*) ’Failure to converge.’
ELSE

* Print eigenvalues and eigenvectors
WRITE (NOUT,*) ’Eigenvalues’
DO20I =1, N

WRITE (NOUT,99999) I, W(I)
20 CONTINUE

FO8FQF (CHEEVD/ZHEEVD).4 [NP3390/19]
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WRITE (NOUT,*)
IFAIL = 0

CALL XO4DAF(’General’,’ ’,N,N,A,LDA,’Eigenvectors’,IFAIL)

END IF
END IF
STOP
*
99999 FORMAT (3X,I5,5X,2F8.4)
END

9.2 Program Data

FOSFQF Example Program Data

4 :Value of N
'L? :Value of UPLO
(1.0, 0.0)

(2.0, 1.0) (2.0, 0.0
(3.0, 1.0) (3.0, 2 .
(4.0, 1.0) (4.0, 2.0 (4.0, 3.0) (4.0, 0.0) :End of matrix A
' :Value of JOB

9.3 Program Results

FO8FQF Example Program Results

Eigenvalues
1 -4.2443
2 -0.6886
3 1.1412
4 13.7916
Eigenvectors
1 2 3 4

1 0.4836 0.6470 -0.4456 -0.3859
0.0000 0.0000 0.0000 0.0000

2 0.2912 -0.4984 -0.0230 -0.4441
-0.3618 -0.1130 -0.5702 0.0156

3 -0.3163 0.2949 0.5331 -0.5173
-0.3696 0.3165 0.1317 -0.0844

4 -0.4447 -0.2241 -0.3510 -0.5277
0.3406 -0.2878 0.2261 -0.3168

[NP3390/19] FO8FQF (CHEEVD/ZHEEVD).5 (last)
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FOSFSF (CHETRD/ZHETRD) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose
FO8FSF (CHETRD/ZHETRD) reduces a complex Hermitian matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8FSF (UPLO, N, A, LDA, D, E, TAU, WORK, LWORK, INFO)

ENTRY chetrd (upLO, N, A, LDA, D, E, TAU, WORK, LWORK, INFO)
INTEGER N, LDA, LWORK, INFO

real D(*), E{*)

complex A(LDA, *), TAU(*), WORK(LWORK)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description
This routine reduces a complex Hermitian matrix A to real symmetric tridiagonal form T by a
unitary similarity transformation: A = QTQ".

The matrix Q is not formed explicitly but is represented as a product of n—1 elementary reflectors
(see the Chapter Introduction for details). Routines are provided to work with Q in this
representation (see Section 8).

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

S.  Parameters
1:  UPLO — CHARACTER*1. Input
On entry: indicates whether the upper or lower triangular part of A is stored as follows:
if UPLO = 'U’, then the upper triangular part of A is stored;
if UPLO = 'L, then the lower triangular part of A is stored.
Constraint: UPLO = 'U' or L'

2: N - INTEGER. Input
On entry: n, the order of the matrix A.
Constraint: N 2 0.

3:  A(LDA,*) — complex array. Input/ Output
Note: the second dimension of the array A must be at least max(1,N).

On entry: the n by n Hermitian matrix A. If UPLO = 'U', the upper triangle of A must be
stored and the elements of the array below the diagonal are not referenced; if UPLO = 'L,
the lower triangle of A must be stored and the elements of the array above the diagonal are
not referenced.

Onexit: A is overwritten by the tridiagonal matrix T and details of the unitary matrix Q as
specified by UPLO.

[NP2478/16] Page 1
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LDA - INTEGER. Input

On entry: the first dimension of the array A as declared in the (sub)program from which
FO8FSF (CHETRD/ZHETRD) is called.

Constraint: LDA 2 max(1,N).

D(*) — real array. Output
Note: the dimension of the array D must be at least max(1,N).
On exit: the diagonal elements of the tridiagonal matrix T.

E(*) — real array. Output
Note: the dimension of the array E must be at least max(1,N-1).
On exit: the off-diagonal elements of the tridiagonal matrix T.

TAU(*) — complex array. Output
Note: the dimension of the array TAU must be at least max(1,N-1).
On exit: further details of the unitary matrix Q.

WORK(LWORK) — complex array. Workspace

Onexit: if INFO = 0, WORK(1) contains the minimum value of LWORK required for
optimum performance.

LWORK - INTEGER. Input

On entry: the dimension of the array WORK as declared in the (sub)program from which
FO8FSF (CHETRD/ZHETRD) is called.

Suggested value: for optimum performance LWORK should be at least Nxnb, where nb is
the blocksize.

Constraint: LWORK 2 1.

INFO — INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —j, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy

The computed tridiagonal matrix T is exactly similar to a nearby matrix A + E, where
EN, = c(n)éllAll,,

c(n) is a modestly increasing function of n, and € is the machine precision.

The elements of T themselves may be sensitive to small perturbations in A or to rounding errors
in the computation, but this does not affect the stability of the eigenvalues and eigenvectors.

Further Comments
3

3

To form the unitary matrix @ this routine may be followed by a call to FOSFTF
(CUNGTR/ZUNGTR):

CALL CUNGTR (UPLO, N, A, LDA, TAU, WORK, LWORK, INFO)

The total number of real floating-point operations is approximately

[NP2478116]
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To apply Q to an n by p complex matrix C this routine may be followed by a call to FOSFUF
(CUNMTR/ZUNMTR). For example,

CALL CUNMTR (’Left’,UPLO,’'No Transpose’,N,P,A,LDA,TAU,C,LDC,
+ WORK, LWORK, INFO)

forms the matrix product QC.
The real analogue of this routine is FOSFEF (SSYTRD/DSYTRD).

Example
To reduce the matrix A to tridiagonal form, where

-2.28 + 0.00i 1.78 — 2.03i 226 + 0.10i -0.12 + 2.53i
1.78 + 2.03i -1.12 + 0.00i 0.01 + 043i -1.07 + 0.86i
226 - 0.10i 0.01 - 0.43i -0.37 + 0.00i 231 - 0.92i |

-0.12 - 2.53; -1.07 - 0.86;i 2.31 + 0.92i —0.73 + 0.00i

A=

Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please len.d
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8FSF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDA, LWORK
PARAMETER (NMAX=8, LDA=NMAX, LWORK=64 *NMAX)
* .. Local Scalars ..
INTEGER I, INFO, J, N
CHARACTER UPLO
* .. Local Arrays
complex A(LDA,NMAX), TAU(NMAX-1), WORK (LWORK)
real D(NMAX), E(NMAX-1)
* .. External Subroutines
EXTERNAL chetrd
* .. Executable Statements ..
WRITE (NOUT,*) ’'FO8FSF Example Program Results’
* Skip heading in data file

READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file

READ (NIN, *) UPLO
IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((A(I,J),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((A(I,J),J=1,I),I=1,N)
END IF

*

Reduce A to tridiagonal form

CALL chetrd(UPLO,N,A,LDA,D, E, TAU, WORK, LWORK, INFO)

*

Print tridiagonal form

WRITE (NOUT, *)
WRITE (NOUT,*) ’'Diagonal’
WRITE (NOUT,99999) (D(I),I=1,N)
WRITE (NOUT,*) ’'Off-diagonal’
WRITE (NOUT, 99999) (E(I),I=1,N-1)
END IF
STOP
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99999 FORMAT (1X,8F9.4)
END

9.2. Program Data

FO8FSF Example Program Data
4 :Value of N
'L’ :Value of UPLO
(-2.28, 0.00)
( 1.78, 2.03) (-1.12, 0.00)
( 2.26,-0.10) ( 0.01,-0.43) (-0.37, 0.00)
(-0.12,-2.53) (-1.07,-0.86) ( 2.31, 0.92) (-0.73, 0.00) :End of matrix A

9.3. Program Results
FO8FSF Example Program Results

Diagonal

-2.2800 -0.1285 -0.1666 -—1.9249
Off-diagonal

-4.3385 -2.0226 -1.8023
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FOSFTF (CUNGTR/ZUNGTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FOSFTF (CUNGTR/ZUNGTR) generates the complex unitary matrix Q, which was determined
by FO8FSF (CHETRD/ZHETRD) when reducing a Hermitian matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8FTF (UPLO, N, A, LDA, TAU, WORK, LWORK, INFO)

ENTRY cungtr (UPLO, N, A, LDA, TAU, WORK, LWORK, INFO)
INTEGER N, LDA, LWORK, INFO
complex A(LDA, *), TAU(*), WORK(LWORK)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description

This routine is intended to be used after a call to FOSFSF (CHETRD/ZHETRD), which reduces
a complex Hermitian matrix A to real symmetric tridiagonal form T by a unitary similarity
transformation: A = QTQ". FO8FSF represents the unitary matrix Q as a product of n-1
elementary reflectors.

This routine may be used to generate Q explicitly as a square matrix.

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

5. Parameters

1:  UPLO — CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FO8FSF
(CHETRD/ZHETRD).

Constraint: UPLO = 'U' or L.

2: N - INTEGER. Input
On entry: n, the order of the matrix Q.
Constraint: N 2 0.

3:  A(LDA*) — complex array. Input/ Output
Note: the second dimension of the array A must be at least max(1,N).

Onentry. details of the vectors which define the elementary reflectors, as returned by
FO8FSF (CHETRD/ZHETRD).

On exit: the n by n unitary matrix Q.

4:  LDA — INTEGER. Input

On entry: the first dimension of the array A as declared in the (sub)program from which
FOSFTF (CUNGTR/ZUNGTR) is called.

Constraint: LDA 2 max(1,N).
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TAU (*) — complex array. Input
Note: the dimension of the array TAU must be at least max(1,N-1).
Onentry: further details of the elementary reflectors, as returned by FO8FSF
(CHETRD/ZHETRD).

WORK (LWORK) — complex array. Workspace

Onexit: if INFO = 0, WORK(1) contains the minimum value of LWORK required for
optimum performance.

LWORK - INTEGER. Input

On entry: the dimension of the array WORK as declared in the (sub)program from which
FOS8FTF (CUNGTR/ZUNGTR) is called.

Suggested value: for optimum performance LWORK should be at least (N—1)xnb, where
nb is the blocksize.

Constraint: LWORK 2 max(1,N-1).

INFO — INTEGER. Output
Onexit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy

The computed matrix Q differs from an exactly unitary matrix by a matrix E such that
IEI, = O(e),

where € is the machine precision.

Further Comments
3

The total number of real floating-point operations is approximately 3

The real analogue of this routine is FOBFFF (SORGTR/DORGTR).

Example

To compute all the eigenvalues and eigenvectors of the matrix A, where

-2.28 + 0.00i 1.78 - 2.03i 2.26 + 0.10i -0.12 + 2.53i
1.78 + 2.03i -1.12 + 0.00; 0.01 + 0.43i -1.07 + 0.86i
226 — 0.10i 0.01 - 043; -0.37 + 0.00i 2.31 - 0.92i |

—0.12 — 2.53i -1.07 — 0.86i 2.31 + 0.92i -0.73 + 0.00i

Here A is Hermitian and must first be reduced to tridiagonal form by FO8FSF
(CHETRD/ZHETRD). The program then calls FOSFTF (CUNGTR/ZUNGTR) to form Q, and
passes this matrix to FO8JSF (CSTEQR/ZSTEQR) which computes the eigenvalues and
eigenvectors of A.

A=
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9.1. Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FOSFTF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDA, LWORK, LDZ
PARAMETER (NMAX=8, LDA=NMAX, LWORK=64 *NMAX, LD Z=NMAX)
* .. Local Scalars ..
INTEGER I, IFAIL, INFO, J, N
CHARACTER UPLO
* .. Local Arrays
complex A(LDA,NMAX), TAU(NMAX), WORK(LWORK), Z(LDZ, NMAX)
real D(NMAX), E(NMAX), RWORK(2*NMAX-2)
CHARACTER CLABS(1), RLABS(1)
* .. External Subroutines ..
EXTERNAL FO6TFF, XO04DBF, chetrd, csteqr, cungtr
* .. Executable Statements ..
WRITE (NOUT,*) ’‘FO8FTF Example Program Results’
* Skip heading in data file

READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file
READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((A(I,J),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN,*) ((A(I,J),J=1,I),I=1,N)
END IF
* Reduce A to tridiagonal form T = (Q**H)*A*Q
CALL chetrd(UPLO,N,A,LDA,D, E, TAU, WORK, LWORK, INFO)
* Copy A into 2
CALL FO6TFF(UPLO,N,N,A,LDA,Z,LDZ)
* Form Q explicitly, storing the result in 2
CALL cungtr(UPLO,N, Z,LDZ, TAU, WORK, LWORK, INFO)
* Calculate all the eigenvalues and eigenvectors of A
CALL csteqr(’'V’,N,D,E,Z,LDZ, RWORK, INFO)
WRITE (NOUT, *)
IF (INFO.GT.0) THEN

WRITE (NOUT,*) ’‘Failure to converge.’
ELSE

*

Print eigenvalues and eigenvectors

WRITE (NOUT,*) ’'Eigenvalues’
WRITE (NOUT, 99999) (D(I),I=1,N)
WRITE (NOUT, *)

IFAIL = 0
*
CALL X04DBF(’General’,’ ’,N,N,Z,LDZ,’Bracketed’,’'F7.4',
+ 'Eigenvectors’,’Integer’,RLABS, ' Integer’, CLABS,
+ 80,0, IFAIL)
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END IF
END IF
STOP
*
99999 FORMAT (8X,4(F7.4,11X,:))
END

9.2. Program Data

FO8SFTF Example Program Data
4 :Value of N
'L’ :Value of UPLO
(-2.28, 0.00)
(1.78, 2.03) (-1.12, 0.00)
( 2.26,-0.10) ( 0.01,-0.43) (-0.37, 0.00)
(-0.12,-2.53) (-1.07,-0.86) ( 2.31, 0.92) (-0.73, 0.00) :End of matrix A

9.3. Program Results
FOS8FTF Example Program Results

Eigenvalues
-6.0002 ~3.0030 0.5036 3.9996

Eigenvectors

1 2 3 4
1 ( 0.7299, 0.0000) (-0.2120, 0.1497) ( 0.1000,-0.3570) ( 0.1991, 0.4720)
2 (-0.1663,-0.2061) ( 0.7307, 0.0000) ( 0.2863,-0.3353) (-0.2467, 0.3751)
3 (-0.4165,-0.1417) (-0.3291, 0.0479) ( 0.6890, 0.0000) ( 0.4468, 0.1466)
4 ( 0.1743, 0.4162) ( 0.5200, 0.1329) ( 0.0662, 0.4347) ( 0.5612, 0.0000)
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FOSFUF (CUNMTR/ZUNMTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FOSFUF (CUNMTR/ZUNMTR) multiplies an arbitrary complex matrix C by the complex
unitary matrix Q which was determined by FOS8FSF (CHETRD/ZHETRD) when reducing a
complex Hermitian matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8FUF (SIDE, UPLO, TRANS, M, N, A, LDA, TAU, C, LDC, WORK,

1 LWORK, INFO)

ENTRY cunmtr (SIDE, UPLO, TRANS, M, N, A, LDA, TAU, C, LDC, WORK,
1 LWORK, INFO)

INTEGER M, N, LDA, LDC, LWORK, INFO

complex A(LDA,*), TAU(*), C(LDC, *), WORK (LWORK)

CHARACTER*1  SIDE, UPLO, TRANS
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description

This routine is intended to be used after a call to FOSFSF (CHETRD/ZHETRD), which reduces
a complex Hermitian matrix A to real symmetric tridiagonal form T by a unitary similarity
transformation: A = QTQ". FOSFSF represents the unitary matrix Q as a product of elementary
reflectors.

This routine may be used to form one of the matrix products
Qc, ¢¥c, €Q or CQY,
overwriting the result on C (which may be any complex rectangular matrix).

A common application of this routine is to transform a matrix Z of eigenvectors of T to the matrix
QZ of eigenvectors of A.

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

S.  Parameters
1:  SIDE — CHARACTER¥*1. Input
On entry: indicates how Q or Q¥ is to be applied to C as follows:
if SIDE = 'L’, then Q or Q¥ is applied to C from the left;
if SIDE = 'R, then Q or Q” is applied to C from the right.
Constraint: SIDE = L' or R'.

2:  UPLO — CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FO8FSF
(CHETRD/ZHETRD).

Constraint: UPLO = 'U' or L'
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TRANS — CHARACTER*1. Input
On entry: indicates whether Q or Q¥ is to be applied to C as follows:
if TRANS = 'N', then Q is applied to C;
if TRANS = 'C', then Q¥ is applied to C.
Constraint: TRANS = N' or 'C',

M — INTEGER. Input
On entry: m, the number of rows of the matrix C; m is also the order of Q if SIDE = 'L',
Constraint: M 2 0.

N — INTEGER. Input
On entry: n, the number of columns of the matrix C; n is also the order of Q if SIDE = R'.
Constraint: N 2 0.

A(LDA*) — complex array. Input

Note: the second dimension of the array A must be at least max(1,M) if SIDE = 'L’ and at
least max (1,N) if SIDE = R'.

Onentry. details of the vectors which define the elementary reflectors, as returned by
FO8FSF (CHETRD/ZHETRD).
LDA — INTEGER. Input

On entry: the first dimension of the array A as declared in the (sub)program from which
FO8FUF (CUNMTR/ZUNMTR) is called.

Constraints: LDA 2 max(1,M) if SIDE = 'L,
LDA 2 max(1,N) if SIDE = R'.
TAU(*) — complex array. Input

Note: the dimension of the array TAU must be at least max(1,M-1) if SIDE = 'L’ and at
least max(1,N-1) if SIDE = 'R'.

Onentry: further details of the elementary reflectors, as returned by FO8FSF
(CHETRD/ZHETRD).

C(LDC,*) — complex array. Input/ Output
Note: the second dimension of the array C must be at least max(1,N).

On entry: the m by n matrix C.
On exit: C is overwritten by QC or Q¥ C or CQ¥ or CQ as specified by SIDE and TRANS.

LDC - INTEGER. Input

On entry: the first dimension of the array C as declared in the (sub)program from which
FO8FUF (CUNMTR/ZUNMTR) is called.

Constraint: LDC 2 max(1,M).

WORK (LWORK) — complex array. Workspace

Onexit: if INFO = 0, WORK(1) contains the minimum value of LWORK required for
optimum performance.

LWORK - INTEGER. Input

On entry: the dimension of the array WORK as declared in the (sub)program from which
FOSFUF (CUNMTR/ZUNMTR) is called.

Suggested value: for optimum performance LWORK should be at least Nxnb if SIDE = 'L’
and at least Mxnb if SIDE = 'R', where nb is the blocksize.
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Constraints: LWORK 2 max(1,N) if SIDE = L',
LWORK 2 max(1,M) if SIDE = R".

INFO — INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy
The computed result differs from the exact result by a matrix E such that
El, = O(&)ICl,,

where £ is the machine precision.

Further Comments

The total number of real floating-point operations is approximately 8m”n if SIDE = 'L' and
8mn” if SIDE = R'.
The real analogue of this routine is FOSFGF (SORMTR/DORMTR).

Example
To compute the two smallest eigenvalues, and the associated eigenvectors, of the matrix A, where

-2.28 + 0.00i 1.78 — 2.03; 2.26 + 0.10i -0.12 + 2.53i
1.78 + 2.03i -1.12 + 0.00i 0.01 + 043i -1.07 + 0.86i
226 - 0.10i 0.01 - 0.43i -0.37 + 0.00i 231 - 0.92i |’

-0.12 - 2.53; -1.07 - 0.86/ 2.31 + 0.92i -0.73 + 0.00i

Here A is Hermitian and must first be reduced to tridiagonal form T by FO8FSF
(CHETRD/ZHETRD). The program then calls FO8JJF (SSTEBZ/DSTEBZ) to compute the
requested eigenvalues and FO8JXF (CSTEIN/ZSTEIN) to compute the associated eigenvectors
of T. Finally FOBFUF (CUNMTR/ZUNMTR) is called to transform the eigenvectors to those of
A.

A=

Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8FUF Example Program Text

* Mark 16 Release. NAG Copyright 1992.

* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDA, LDZ, LWORK
PARAMETER (NMAX=8, LDA=NMAX, LDZ=NMAX, LWORK=64 *NMAX)
real ZERO
PARAMETER (ZERO=0.0e0)

* .. Local Scalars ..
real VL, VU
INTEGER I, IFAIL, INFO, J, M, N, NSPLIT
CHARACTER UPLO

* .. Local Arrays ..
complex A(LDA,NMAX), TAU(NMAX), WORK(LWORK), Z(LDZ, NMAX)
real D(NMAX), E(NMAX), RWORK(5*NMAX), W(NMAX)
INTEGER IBLOCK(NMAX), IFAILV(NMAX), ISPLIT(NMAX),
+ IWORK ( NMAX)
CHARACTER CLABS(1), RLABS(1)
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* .. External Subroutines ..

EXTERNAL sstebz, X04DBF, chetrd, cstein, cunmitr
* .. Executable Statements ..

WRITE (NOUT,*) ’'FO8FUF Example Program Results’
* Skip heading in data file

READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file

READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((A(I,J),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((A(I,J),J=1,I),I=1,N)
END IF

*

Reduce A to tridiagonal form T = (Q**H)*AxQ

CALL chetrd(UPLO,N,A,LDA,D, E, TAU, WORK, LKORK, INFO)

*

Calculate the two smallest eigenvalues of T (same as A)

CALL sstebz(’1’,’B’,N,VL,VU,1,2,2ERO,D,E,M,NSPLIT, W, IBLOCK,
+ ISPLIT, RWORK, IWORK, INFO)

WRITE (NOUT, *)
IF (INFO.GT.0) THEN

WRITE (NOUT,*) ‘Failure to converge.’
ELSE

WRITE (NOUT,*) ’'Eigenvalues’

WRITE (NOUT,99999) (W(I),I=1,M)

*

Calculate the eigenvectors of T, storing the result in 2

CALL cstein(N,D,E,M, W, IBLOCK, ISPLIT, Z, LDZ, RWORK, IWORK,
+ IFAILV, INFO)

IF (INFO.GT.0) THEN
WRITE (NOUT,*) ’Failure to converge.’
ELSE

* Calculate the eigenvectors of A = Q * (eigenvectors of T)

CALL cunmtr(’Left’ ,UPLO,’No transpose’,N,M,A,LDA,TAU, Z,
+ LDZ, WORK, LWORK, INFO)

* Print eigenvectors

WRITE (NOUT, *)

IFAIL = 0
*
CALL X04DBF(’General’,’ ’',N,M,Z,LDZ,'Bracketed’,’'F7.4’',
+ "Eigenvectors’, ' Integer’,RLABS, ' Integer’,
+ CLABS, 80,0, IFAIL)
*
END IF
END IF
END IF
STOP

*

99999 FORMAT (8X,4(F7.4,11X,:))
END
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9.2. Program Data

FO8FUF Example Program Data
4 :Value of N
'L’ :Value of UPLO
(-2.28, 0.00)
( 1.78, 2.03) (-1.12, 0.00)
( 2.26,-0.10) ( 0.01,-0.43) (-0.37, 0.00)
(-0.12,-2.53) (-1.07,-0.86) ( 2.31, 0.92) (-0.73, 0.00) :End of matrix A

9.3. Program Results
FO8FUF Example Program Results

Eigenvalues
-6.0002 -3.0030

Eigenvectors

1 2
1 ( 0.7299, 0.0000) (-0.2595, 0.0000)
2 (-0.1663,-0.2061) ( 0.5969, 0.4214)
3 (-0.4165,-0.1417) (-0.2965,-0.1507)
4 ( 0.1743, 0.4162) ( 0.3482, 0.4085)
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FO8GCF (SSPEVD/DSPEVD) — NAG Fortran Library Routine Document

Note. Before using this routine, please read the Users' Note for your implementation to check the interpretation of bold
italicised terms and other implementation-dependent details.

1 Purpose

FO8GCF (SSPEVD/DSPEVD) computes all the eigenvalues, and optionally all the eigenvectors, of a real
symmetric matrix held in packed storage. If the eigenvectors are requested, then it uses a divide and
conquer algorithm to compute eigenvalues and eigenvectors. However, if only eigenvalues are required,
then it uses the Pal-Walker-Kahan variant of the QL or QR algorithm.

2 Specification

SUBROUTINE FO8GCF(JOB, UPLO, N, AP, W, Z, LDZ, WORK, LWORK, IWORK,
1 LIWORK, INFO)

ENTRY sspevd(JOB, UPLO, N, AP, W, Z, LDZ, WORK, LWORK, IWORK,
1 LIWORK, INFO)

INTEGER N, LDZ, LWORK, IWORK(x), LIWORK, INFO

real AP(x), W(%), Z(LDZ,*), WORK(x*)

CHARACTER#1 JOB, UPLOD

The ENTRY statement enables the routine to be called by its LAPACK name.

3 Description

This routine computes all the eigenvalues, and optionally all the eigenvectors, of a real symmetric matrix
A (held in packed storage). In other words, it can compute the spectral factorization of A as

A=ZAZ7,

where A is a diagonal matrix whose diagonal elements are the eigenvalues ), and Z is the orthogonal
matrix whose columns are the eigenvectors z;. Thus

Az; =Nz fori=1,2,...,n

4 References

[1] Golub G H and Van Loan C F (1996) Matriz Computations Johns Hopkins University Press (3rd
Edition), Baltimore

5 Parameters
1: JOB — CHARACTER*1 Input

On entry: indicates whether eigenvectors are computed as follows:

if JOB = ’N’, then only eigenvalues are computed,;
if JOB = ’V’, then eigenvalues and eigenvectors are computed.

Constraint: JOB = "N’ or 'V’.
2: UPLO — CHARACTER*1 Input

On entry: indicates whether the upper or lower triangular part of A is stored as follows:

if UPLO = ’U’, then the upper triangular part of A is stored,;
if UPLO = ’L’, then the lower triangular part of A is stored.

Constraint: UPLO = U’ or ’L’.
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N — INTEGER Input

On entry: n, the order of the matrix A.

Constraint: N > 0.

AP(*) — real array Input/Output
Note: the dimension of the array AP must be at least max(1,N*(N+1)/2).

On entry: the n by n symmetric matrix A, packed by columns. More precisely, if UPLO = ’U’, the
upper triangle of A must be stored with element a;; in AP(i +j(j —1)/2) for : < j; if UPLO ="L’,
the lower triangle of A must be stored with element a;; in AP(i + (2n — j)(j — 1)/2) for i > j.

On ezit: A is overwritten by the values generated during the reduction to tridiagonal form. The
elements of the diagonal and the off-diagonal of the tridiagonal matrix overwrites the corresponding
elements of A.

W(*) — real array Output
Note: the dimension of the array W must be at least max(1,N).

On ezit: the eigenvalues of the matrix A in ascending order.

Z(LDZ, *) — real array Output
Note: the second dimension of the array Z must be at least max(1,N) if JOB = ’V’, and at least 1
if JOB = °N’.

On ezit: if JOB = ’V’, then this is overwritten by the orthogonal matrix Z which contains the
eigenvectors of A.

Z 1s not referenced if JOB = "N’.

LDZ — INTEGER Input
On entry: the leading dimension of the array Z as declared in the (sub)program from which FO8GCF
(SSPEVD/DSPEVD) is called.

Constraints:

LDZ > max(1,N)if JOB = "V’;
LDZ > 1if JOB = 'N’.

WORK(*) — real array Workspace
Note: the dimension of the array WORK must be at least LWORK.
On ezit: if LWORK > 0, then WORK(1) contains the required minimal size of LWORK.

LWORK — INTEGER Input
On entry: the dimension of the array WORK as declared in the (sub)program from which FO8GCF
(SSPEVD/DSPEVD) is called.

Constraints:

if N < 1, then LWORK > 1;

if JOB =’N’and N > 1, then LWORK > 2 x N;

if JOB =V’ and N > 1, then LWORK > 2 x N? 4 (542k) x N 4 1 where k is the smallest
integer which satisfies 2¥ > N.

IWORK(*) — INTEGER array Workspace
Note: the dimension of the array IWORK must be at least LIWORK.
On ezit: if LIWORK > 0, then IWORK(1) contains the required minimal size of LIWORK.
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11: LIWORK — INTEGER Input
On entry: the dimension of the array INORK as declared in the (sub)program from which FO8GCF
(SSPEVD/DSPEVD) is called.

Constraints:

if N < 1, then LIWORK > 1;
if JOB = 'N’and N > 1, then LIWORK > 1;
if JOB =V’ and N > 1, then LIWORK > 5 x N + 2.

12: INFO — INTEGER Output

On ezit: INFO = 0 unless the routine detects an error (see Section 6).

6 Error Indicators and Warnings

INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

INFO > 0

If INFO = i, then the algorithm failed to converge; 7 indicates the number of elements of an
intermediate tridiagonal form which did not converge to zero.

7 Accuracy
The computed eigenvalues and eigenvectors are exact for a nearby matrix A + E, where
IEll; = O()l|All,,

and ¢ is the machine precision.

8 Further Comments
The complex analogue of this routine is FOSGQF (CHPEVD/ZHPEVD).

9 Example

To compute all the eigenvalues and eigenvectors of the symmetric matrix A, where

1.0 2.0 3.0 4.0
20 20 3.0 4.0
30 30 3.0 4.0
4.0 4.0 4.0 4.0

A=

9.1 Program Text

Note. The listing of the example program presented below uses bold italicised terms to denote precision-dependent details.
Please read the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential
Introduction to this manual, the results produced may not be identical for all implementations.

* FO8GCF Example Program Text.

* Mark 19 Release. NAG Copyright 1999.

* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5,NOUT=6)
INTEGER NMAX, LDZ
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PARAMETER (NMAX=8,LDZ=NMAX)
INTEGER LWORK, LIWORK
PARAMETER (LWORK=3*NMAX*NMAX,LIWORK=5*NMAX+2)
INTEGER MMAX
PARAMETER (MMAX=NMAX* (NMAX+1)/2)
. Local Scalars ..
INTEGER I, IFAIL, INFO, J, K, N
CHARACTER JOB, UPLO
. Local Arrays ..
real AP(MMAX), W(NMAX), WORK(LWORK), Z(LDZ,NMAX)
INTEGER IWORK (LIWORK)
. External Subroutines ..
EXTERNAL sspevd, XO04CAF
. Intrinsic Functions ..
INTRINSIC MAX

. Executable Statements ..
WRITE (NOUT,*) ’'FO8GCF Example Program Results’
Skip heading in data file
READ (NIN,*)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

Read A from data file

READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((AP(I+J*(J-1)/2),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN,*) ((AP(I+(2%N-J)*(J-1)/2),J=1,I),I=1,N)
END IF

K=1
IF (UPLO.EQ.'U’) THEN
DO 20 J =1, X
DO20I =1, J
AP(K) = MAX(I,J)
K=K+
CONTINUE
ELSE IF (UPLO.EQ.’L’) THEN

CONTINUE
END IF

READ (NIN,*) JOB

Calculate all the eigenvalues and eigenvectors of A

F08 - Least Squares and Eigenvalue Problems (LAPACK)

CALL sspevd(JOB,UPLO,N,AP,W,Z,LDZ,WORK,LWORK,, IWORK,LIWORK, INFO)

WRITE (NOUT,*)
IF (INFO.GT.O) THEN

WRITE (NOUT,*) ’Failure to converge.’
ELSE

Print eigenvalues and eigenvectors

F08GCF (SSPEVD/DSPEVD).4
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WRITE (NOUT,*) ’Eigenvalues’
WRITE (NOUT,99999) (W(I),I=1,N)
WRITE (NOUT,=*)

IFAIL = O
%*
CALL XO4CAF(’General’,’ ’,N,N,Z,LDZ,’Eigenvectors’,IFAIL)
*
END IF
END IF

STOP
*

99999 FORMAT (3X,(8F8.4))
END

9.2 Program Data

FO8GCF Example Program Data

4 :Value of N

'L :Value of UPLO
1.0

2.0 2.0

3.0 3.0 3.0

4.0 4.0 4.0 4.0 :End of matrix A
' :Value of JOB

9.3 Program Results

FO8GCF Example Program Results

Eigenvalues
-2.0531 -0.5146 -0.2943 12.8621

Eigenvectors

1 2 3 4
1 0.7003 -0.5144 -0.2767 -0.4103
2 0.3592 0.4851 0.6634 -0.4422
3 -0.1569 0.5420 -0.6504 -0.5085
4 -0.5965 -0.4543 0.2457 -0.6144

[NP3390/19)] FO08GCF (SSPEVD/DSPEVD).5 (last)
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FOSGEF (SSPTRD/DSPTRD) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

Purpose

FO8GEF (SSPTRD/DSPTRD) reduces a real symmetric matrix to tridiagonal form, using
packed storage.

Specification
SUBROUTINE FO8GEF (UPLO, N, AP, D, E, TAU, INFO)
ENTRY ssptrd (UPLO, N, AP, D, E, TAU, INFO)
INTEGER N, INFO
real AP(*), D(*), E(*), TAU(*)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

Description

This routine reduces a real symmetric matrix A, held in packed storage, to symmetric tridiagonal
form T by an orthogonal similarity transformation: A = QTQ.

The matrix Q is not formed explicitly but is represented as a product of n—1 elementary reflectors
(see the Chapter Introduction for details). Routines are provided to work with Q in this
representation (see Section 8).

References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

Parameters
UPLO — CHARACTER*1. Input
On entry: indicates whether the upper or lower triangular part of A is stored as follows:
if UPLO = 'U', then the upper triangular part of A is stored,
if UPLO = L', then the lower triangular part of A is stored.
Constraint: UPLO = 'U' or L.

N — INTEGER. Input
On entry: n, the order of the matrix A.
Constraint: N 2 0.

AP(*) — real array. Input/Output
Note: the dimension of the array AP must be at least max(1,N*(N+1)/2).

Onentry: the n by n symmetric matrix A, packed by columns. More precisely, if
UPLO = 'U’, the upper triangle of A must be stored with element a; in AP (i+j(j~1)/2) for
i £j, if UPLO = L', the lower triangle of A must be stored with element a; in
AP (i+(2n—j) (j-1)/2) fori 2 j.

On exit: A is overwritten by the tridiagonal matrix T and details of the orthogonal matrix Q.

D(*) — real array. Output
Note: the dimension of the array D must be at least max(1,N).
On exit: the diagonal elements of the tridiagonal matrix T.
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E(*) — real array. Output
Note: the dimension of the array E must be at least max(1,N-1).
On exit: the off-diagonal elements of the tridiagonal matrix T.

TAU (*) — real array. Output
Note: the dimension of the array TAU must be at least max (1,N-1).
On exit: further details of the orthogonal matrix Q.

INFO — INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy

The computed tridiagonal matrix T is exactly similar to a nearby matrix A + E, where
lENl, < c(n)elAll,

c(n) is a modestly increasing function of n, and ¢ is the machine precision.

The elements of T themselves may be sensitive to small perturbations in A or to rounding errors
in the computation, but this does not affect the stability of the eigenvalues and eigenvectors.

Further Comments
The total number of floating-point operations is approximately $1°.

To form the orthogonal matrix Q this routine may be followed by a call to FOSGFF
(SOPGTR/DOPGTR):

CALL SOPGTR (UPLO,N, AP, TAU,Q, LDQ, WORK, INFO)

To apply Q to an n by p real matrix C this routine may be followed by a call to FO8GGF
(SOPMTR/DOPMTR). For example,

CALL SOPMTR (’Left’,UPLO,’No Transpose’,N,P,AP,TAU,C,LDC,WORK,
+ INFO)

forms the matrix product QC.
The complex analogue of this routine is FOSGSF (CHPTRD/ZHPTRD).

Example
To reduce the matrix A to tridiagonal form, where

207 3.87 420 -1.15
3.87 -0.21 1.87 0.63
420 187 115 206/
-1.15 063 206 -1.81

using packed storage.

A=
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9.1. Program Text

Note: the listing of the example program presented below uses bold italicised terms to d

FOS8GEF (SSPTRD/DSPTRD)

t details. Please read

r
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this

manual, the results produced may not be identical for all implementations.

* FO8GEF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX
PARAMETER (NMAX=8)
* .. Local Scalars ..
INTEGER I, INFO, J, N
CHARACTER UPLO
* .. Local Arrays
real AP (NMAX* (NMAX+1)/2), D(NMAX),
+ TAU (NMAX-1)
* .. External Subroutines
EXTERNAL ssptrd
* .. Executable Statements

WRITE (NOUT,*) ’'FO8GEF Example Program Results’

* Skip heading in data file
READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file

READ (NIN, *) UPLO
IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((AP(I+J*(J-1)/2),J=I,N),I=1,N)

ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((AP(I+(2*N-J)*(J-1)/2),J=1,I),I=1,N)

END IF

*

Reduce A to tridiagonal form

CALL ssptrd(UPLO,N,AP,D,E, TAU, INFO)

*

Print tridiagonal form

WRITE (NOUT, *)
WRITE (NOUT,*) ’‘Diagonal’
WRITE (NOUT, 99999) (D(I),I=1,N)
WRITE (NOUT,*) ’‘Off-diagonal’
WRITE (NOUT, 99999) (E(I),I=1,N-1)
END IF
STOP
*
99999 FORMAT (1X,8F9.4)
END

9.2. Program Data
FO8GEF Example Program Data

4 :Value of N

'L’ :Value of UPLO
2.07

3.87 -0.21

4.20 1.87 1.15
-1.15 0.63 2.06 -1.81 :End of matrix A

[NP2478/16)
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9.3. Program Results
FO8GEF Example Program Results

Diagonal
2.0700 1.4741 -0.6492 -1.6949
Off-diagonal
-5.8258 2.6240 0.9163
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F0O8 — Least-squares and Eigenvalue Problems (LAPACK) FOS8GFF (SOPGTR/DOPGTR)

FO8GFF (SOPGTR/DOPGTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FO8GFF (SOPGTR/DOPGTR) generates the real orthogonal matrix Q, which was determined
by FOS8GEF (SSPTRD/DSPTRD) when reducing a symmetric matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8GFF (UPLO, N, AP, TAU, Q, LDQ, WORK, INFO)

ENTRY sopgtr (UPLO, N, AP, TAU, Q, LDQ, WORK, INFO)
INTEGER N, LDQ, INFO
real AP(*), TAU(*), Q(LDQ, *), WORK(*)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description

This routine is intended to be used after a call to FOSGEF (SSPTRD/DSPTRD), which reduces
a real symmetric matrix A to symmetric tridiagonal form T by an orthogonal similarity
transformation: A = QTQ”. FO8GEF represents the orthogonal matrix Q as a product of n—1
elementary reflectors.

This routine may be used to generate Q explicitly as a square matrix.

4. References

[1] GOLUB, G.H. and VAN LOAN, C/.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

5. Parameters

1:  UPLO — CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FO8GEF
(SSPTRD/DSPTRD).

Constraint: UPLO = 'U' or L.

2: N - INTEGER. Input
On entry: n, the order of the matrix Q.
Constraint: N 2 0.

3:  AP(*) — real array. Input
Note: the dimension of the array AP must be at least max(1,N*(N+1)/2).

Onentry: details of the vectors which define the elementary reflectors, as returned by
FO8GEF (SSPTRD/DSPTRD).

4. TAU(*) — real array. Input
Note: the dimension of the array TAU must be at least max(1,N-1).

Onentry: further details of the elementary reflectors, as returned by FO8GEF
(SSPTRD/DSPTRD).

[NP2478/16) Page 1



FO8GFF (SOPGTR/DOPGTR) F08 — Least-squares and Eigenvalue Problems (LAPACK)

5:

9.1.

Page 2

Q(LDQ,*) — real array. Output
Note: the second dimension of the array Q must be at least max(1,N).
On exit: the n by n orthogonal matrix Q.

LDQ — INTEGER. Input

On entry: the first dimension of the array Q as declared in the (sub)program from which
FO8GFF (SOPGTR/DOPGTR) is called.

Constraint: LDQ 2 max(1,N).

WORK (*) — real array. Workspace
Note: the dimension of the array WORK must be at least max(1,N-1).

INFO - INTEGER. Output
Onexit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy

The computed matrix Q differs from an exactly orthogonal matrix by a matrix E such that
IEl, = O(e),

where ¢ is the machine precision.

Further Comments

The total number of floating-point operations is approximately $1°.
The complex analogue of this routine is FOBGTF (CUPGTR/ZUPGTR).

Example

To compute all the eigenvalues and eigenvectors of the matrix A, where

207 387 420 -1.15
3.87 -0.21 1.87 0.63
420 187 115 206}
-1.15 063 206 -1.81

using packed storage. Here A is symmetric and must first be reduced to tridiagonal form by
FO8GEF (SSPTRD/DSPTRD). The program then calls FOSGFF (SOPGTR/DOPGTR) to form
Q, and passes this matrix to FO8JEF (SSTEQR/DSTEQR) which computes the eigenvalues and
eigenvectors of A.

A=

Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8GFF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDZ
PARAMETER (NMAX=8, LDZ=NMAX)
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9.2.

.. Local Scalars ..

INTEGER I, IFAIL, INFO, J, N
CHARACTER UPLO
* .. Local Arrays ..
real AP (NMAX* (NMAX+1)/2), D(NMAX), E(NMAX), TAU(NMAX),
+ WORK(2*NMAX-2), 2Z(LDZ,NMAX)
* .. External Subroutines
EXTERNAL sopgtr, ssptrd, ssteqr, X04CAF

*

*

*

.. Executable Statements ..

WRITE (NOUT,*) 'FO8GFF Example Program Results’
Skip heading in data file

READ (NIN, *)

READ (NIN,*) N

IF (N.LE.NMAX) THEN

Read A from data file

READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((AP(I+J*(J-1)/2),Jd=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN,*) ((AP(I+(2*N-J)*(J-1)/2),Jd=1,1),I=1,N)
END IF

Reduce A to tridiagonal form T = (Q**T)*A*Q
CALL ssptrd(UPLO, N, AP, D, E, TAU, INFO)
Form Q explicitly, storing the result in 2
CALL sopgtr(UPLO,N, AP, TAU, Z,LDZ, WORK, INFO)
Calculate all the eigenvalues and eigenvectors of A
CALL sstegr(’'V’,N,D,E,Z,LDZ, WORK, INFO)
WRITE (NOUT, %)
IF (INFO.GT.0) THEN
WRITE (NOUT,*) ‘Failure to converge.’
ELSE
Print eigenvalues and eigenvectors
WRITE (NOUT,*) ‘Eigenvalues’
WRITE (NOUT,99999) (D(I),I=1,N)
WRITE (NOUT, *)
IFAIL = 0
CALL XO04CAF(’General’,’ ’,N,N,Z,LDZ,’Eigenvectors’, IFAIL)
END IF

END IF
STOP

99999 FORMAT (3X, (8F8.4))

END

Program Data
FO8GFF Example Program Data

:Value of N
:Value of UPLO

2.07

3.87 -0.21

4.20 1.87 1.15
-1.15 0.63 2.06 -1.81 :End of matrix A

[NP2478116)
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9.3. Program Results

FO8 — Least-squares and Eigenvalue Problems (LAPACK)

FO8GFF Example Program Results

Eigenvalues

Eigenvectors
1

1

2 -0.3478

3

4 0.5781

-5.0034 -1.9987

2

0.2013

3

0.5658 -0.2328 -0.3965
0.7994 -0.1780
-0.4740 -0.4087

0.3737

0.5381
0.7221

8.0008

4
0.6845
0.4564
0.5645
0.0676

Page 4 (last)
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FO8GGF (SOPMTR/DOPMTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FO8GGF (SOPMTR/DOPMTR) multiplies an arbitrary real matrix C by the real orthogonal
matrix Q which was determined by FOS8GEF (SSPTRD/DSPTRD) when reducing a real
symmetric matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8GGF (SIDE, UPLO, TRANS, M, N, AP, TAU, C, LDC, WORK, INFO)

ENTRY sopmtr (SIDE, UPLO, TRANS, M, N, AP, TAU, C, LDC, WORK, INFO)
INTEGER M, N, LDC, INFO
real AP(*), TAU(*), C(LDC, *), WORK(*)

CHARACTER*1  SIDE, UPLO, TRANS
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description

This routine is intended to be used after a call to FOSGEF (SSPTRD/DSPTRD), which reduces
a real symmetric matrix A to symmetric tridiagonal form T by an orthogonal similarity
transformation: A = QTQ”. FOS8GEF represents the orthogonal matrix Q as a product of
elementary reflectors.

This routine may be used to form one of the matrix products
QC, Q'C, CQ or CQT,
overwriting the result on C (which may be any real rectangular matrix).

A common application of this routine is to transform a matrix Z of eigenvectors of T to the matrix
QZ of eigenvectors of A.

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

S. Parameters
1:  SIDE — CHARACTER*1. Input
On entry: indicates how Q or Q7 is to be applied to C as follows:
if SIDE = 'L, then Q or Q is applied to C from the left;
if SIDE = 'R, then Q or Q7 is applied to C from the right.
Constraint: SIDE = L' or R'.

2:  UPLO - CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FO8GEF
(SSPTRD/DSPTRD).

Constraint: UPLO = 'U' or L.
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3:  TRANS - CHARACTER*1, Input
On entry: indicates whether Q or Q7 is to be applied to C as follows:
if TRANS = 'N', then Q is applied to C;
if TRANS = 'T', then Q7 is applied to C.
Constraint: TRANS = 'N' or 'T'.

4: M - INTEGER. Input
On entry: m, the number of rows of the matrix C; m is also the order of Q if SIDE = 'L'.
Constraint: M 2 0.

5: N — INTEGER. Input
On entry: n, the number of columns of the matrix C; n is also the order of Q if SIDE = 'R'.
Constraint: N 2 0.

6:  AP(*) — real array. Input

Note: the dimension of the array AP must be at least max (1,M*(M+1)/2) if SIDE = 'L’
and at least max(1,N*(N+1)/2) if SIDE = R'.

Onentry. details of the vectors which define the elementary reflectors, as returned by
FO8GEF (SSPTRD/DSPTRD).

7: TAU(*) — real array. Input

Note: the dimension of the array TAU must be at least max(1,M-1) if SIDE = 'L' and at
least max(1,N-1) if SIDE = 'R'.

Onentry. further details of the elementary reflectors, as returned by FO8GEF
(SSPTRD/DSPTRD). ’

8: C(LDC,*) — real array. Input/ Output
Note: the second dimension of the array C must be at least max (1,N).
On entry: the m by n matrix C.
On exit: C is overwritten by QC or Q7C or CQT or CQ as specified by SIDE and TRANS.

9: LDC - INTEGER. Input

On entry: the first dimension of the array C as declared in the (sub)program from which
FO8GGF (SOPMTR/DOPMTR) is called.

Constraint: LDC 2 max(1,M).

10: WORK(*) — real array. Workspace

Note: the dimension of the array WORK must be at least max(1,N) if SIDE = 'L' and at
least max(1,M) if SIDE = R’

11:  INFO - INTEGER. Output
Onexit: INFO = 0 unless the routine detects an error (see Section 6).

6. Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.
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7.

9.1.

Accuracy
The computed result differs from the exact result by a matrix E such that
lEN, = O(&)ICl,,

where ¢ is the machine precision.

Further Comments

The total number of floating-point operations is approximately 2m”n if SIDE = ‘L' and 2mn? if
SIDE = R

The complex analogue of this routine is FOSGUF (CUPMTR/ZUPMTR).

Example
To compute the two smallest eigenvalues, and the associated eigenvectors, of the matrix A, where

207 3.87 420 -1.15

3.87 -0.21 1.87 0.63

420 187 115 206/}

-1.15 063 2.06 -1.81

using packed storage. Here A is symmetric and must first be reduced to tridiagonal form T by
FO8GEF (SSPTRD/DSPTRD). The program then calls FO8JJF (SSTEBZ/DSTEBZ) to
compute the requested eigenvalues and FOS8JKF (SSTEIN/DSTEIN) to compute the associated
eigenvectors of 7. Finally FO8GGF (SOPMTR/DOPMTR) is called to transform the
eigenvectors to those of A.

A=

Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8GGF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDZ
PARAMETER (NMAX=8, LDZ=NMAX)
real ZERO
PARAMETER (ZERO=0.0e0)
* .. Local Scalars ..
real VL, VU
INTEGER I, IFAIL, INFO, J, M, N, NSPLIT
CHARACTER UPLO
* .. Local Arrays
real AP (NMAX* (NMAX+1)/2), D(NMAX), E(NMAX), TAU(NMAX),
+ W(NMAX), WORK(5*NMAX), Z(LDZ,NMAX)
INTEGER IBLOCK(NMAX), IFAILV(NMAX), ISPLIT(NMAX),
+ IWORK (NMAX)
* .. External Subroutines ..
EXTERNAL sopmtr, ssptrd, sstebz, sstein, X04CAF
* .. Executable Statements
WRITE (NOUT,*) ’'FO8GGF Example Program Results’
* Skip heading in data file

READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file

READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((AP(I+J*(J-1)/2),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN, *) ((AP(I+(2*N-J)*(J-1)/2),J=1,1I),I=1,N)
END IF
*
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* Reduce A to tridiagonal form T = (Q**T)*A*Q
CALL ssptrd(UPLO, N, AP,D, E, TAU, INFO)
* Calculate the two smallest eigenvalues of T (same as A)

CALL sstebz(’I’,’B’,N,VL,VU,1,2,2ZERO,D,E,M, NSPLIT, W, IBLOCK,
+ ISPLIT, WORK, INORK, INFO)

WRITE (NOUT, %)
IF (INFO.GT.0) THEN

WRITE (NOUT,*) ’‘Failure to converge.’
ELSE

WRITE (NOUT,*) ’Eigenvalues’

WRITE (NOUT, 99999) (W(I),I=1,M)

*

Calculate the eigenvectors of T, storing the result in 2

CALL sstein(N,D,E,M,W, IBLOCK, ISPLIT, 2, LDZ, WORK, IWORK, IFAILV,
+ INFO)

IF (INFO.GT.0) THEN
WRITE (NOUT,*) ’Failure to converge.’
ELSE

* Calculate the eigenvectors of A = Q * (eigenvectors of T)

CALL sopmtr('Left’,UPLO,’'No transpose’,N,M,AP,TAU,Z,LDZ,
+ WORK, INFO)

* Print eigenvectors

WRITE (NOUT, *)
IFAIL = 0

CALL XO04CAF('’General’,’ ’',N,M,Z,LDZ,’Eigenvectors’, IFAIL)

END IF
END IF
END IF
STOP
*
99999 FORMAT (3X,(9F8.4))
END

9.2. Program Data
FO8GGF Example Program Data

4 :Value of N
'L’ :Value of UPLO
2.07
3.87 -0.21
4.20 1.87 1.15
-1.15 0.63 2.06 -1.81 :End of matrix A

9.3. Program Results
FO8GGF Example Program Results

Eigenvalues
-5.0034 -1.9987

Eigenvectors

1 2
1 0.5658 —-0.2328
2 -0.3478 0.7994
3 -0.4740 -0.4087
4 0.5781 0.3737
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FO8GQF (CHPEVD/ZHPEVD) — NAG Fortran Library Routine Document

Note. Before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold
italicised terms and other implementation-dependent details.
1 Purpose

F08GQF (CHPEVD/ZHPEVD) computes all the eigenvalues, and optionally all the eigenvectors, of a
complex Hermitian matrix held in packed storage. If the eigenvectors are requested, then it uses a
divide and conquer algorithm to compute eigenvalues and eigenvectors. However, if only eigenvalues are
required, then it uses the Pal-Walker-Kahan variant of the @L or QR algorithm.

2 Specification

SUBROUTINE FO8GQF(JOB, UPLO, N, AP, W, Z, LDZ, WORK, LWORK, RWORK,

1 LRWORK, IWORK, LIWORK, INFO)
ENTRY chpevd(JOB, UPLO, N, AP, W, Z, LDZ, WORK, LWORK, RWORK,
1 LRWORK, IWORK, LIWORK, INFO)
INTEGER N, LDZ, LWORK, LRWORK, IWORK(x), LIWORK, INFO
real W(*), RWORK(x)
complex AP(%), Z(LDZ,*), WORK(x)
CHARACTER=*1 JOB, UPLO

The ENTRY statement enables the routine to be called by its LAPACK name.

3 Description

This routine computes all the eigenvalues, and optionally all the eigenvectors, of a complex Hermitian
matrix A (held in packed storage). In other words, it can compute the spectral factorization of A as

A=2ZAZH,

where A is a real diagonal matrix whose diagonal elements are the eigenvalues );, and Z is the (complex)
unitary matrix whose columns are the eigenvectors z;. Thus

AZ,Z/\‘Z, fori=1,2,...,n.

4 References

[1] Golub G H and Van Loan C F (1996) Matriz Computations Johns Hopkins University Press (3rd
Edition), Baltimore

5 Parameters
1: JOB — CHARACTER*1 Input
On entry: indicates whether eigenvectors are computed as follows:

if JOB = ’'N’, then only eigenvalues are computed;
if JOB = ’V’, then eigenvalues and eigenvectors are computed.

Constraint: JOB = ’N’ or V.

2: UPLO — CHARACTER*1 Input
On entry: indicates whether the upper or lower triangular part of A is stored as follows:

if UPLO = ’U’, then the upper triangular part of A is stored;
if UPLO = ’L’, then the lower triangular part of A is stored.

Constraint: UPLO = U’ or 'L’.

(NP3390/19] F08GQF (CHPEVD/ZHPEVD).1
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10:

N — INTEGER Input

On entry: n, the order of the matrix A.

Constraint: N > 0.

AP(*) — complex array Input/Output
Note: the dimension of the array AP must be at least max(1,N*(N+1)/2).

On entry: the n by n Hermitian matrix A, packed by columns. More precisely, 1f UPLO = U’, the
upper triangle of A must be stored with element a;; in AP(i +j(j —1)/2) for i < j; if UPLO ="'L’,
the lower triangle of A must be stored with element a,; in AP(i + (2n — j)(j — 1)/2) for i > j.

On exit: A is overwritten by the values generated during the reduction to tridiagonal form. The
elements of the diagonat and the off-diagonal of the tridiagonal matrix overwrites the corresponding
elements of A.

W(*) — real array Output
Note: the dimension of the array W must be at least max(1,N).

On ezxit: the eigenvalues of the matrix A in ascending order.

Z(LDZ, *) — complex array Output
Note: the second dimension of the array Z must be at least max(1,N) if JOB = "V’, and at least 1
if JOB = °N’.

On ezit: if JOB = ’V’, then this is overwritten by the unitary matrix Z which contains the
eigenvectors of A.

Z is not referenced if JOB = °N’.

LDZ — INTEGER Input
On entry: the leading dimension of the array Z as declared in the (sub)program from which FO8GQF
(CHPEVD/ZHPEVD) is called.

Constraints:

LDZ > max(1,N) if JOB = 'V;
LDZ > 1 if JOB = 'N’.

WORK(*) — complex array Workspace
Note: the dimension of the array WORK must be at least LWORK.
On ezit: if LWORK > 0, then WORK(1) contains the required minimal size of LIWORK.

LWORK — INTEGER Input
On entry: the dimension of the array WORK as declared in the (sub)program from which FO8GQF
(CHPEVD/ZHPEVD) is called.

Constraints:

if N < 1, then LWORK > 1;
if JOB = N’ and N > 1, then LWORK > N;
if JOB =’V and N > 1, then LWORK > 2 x N.

RWORK(*) — real array Workspace
Note: the dimension of the array RWORK must be at least LRWORK.
On ezit: if LRWORK > 0, then RWORK(1) contains the required minimal size of LRWORK.

FO08GQF (CHPEVD/ZHPEVD).2 [NP3390/19]



F08 - Least Squares and Eigenvalue Problems (LAPACK) FO08GQF (CHPEVD/ZHPEVD)

11:

12:

13:

14:

6

LRWORK — INTEGER Input
On entry: the dimension of the array RWORK as declared in the (sub)program from which FO8GQF
(CHPEVD/ZHPEVD) is called.

Constraints:

if N < 1, then LRWORK > 1;

if JOB = "N’ and N > 1, then LWORK > N;

if JOB ="V’ and N > 1, then LRWORK > 3 x N? 4 (442k) x N + 1 where k is the smallest
integer which satisfies 28 > N.

IWORK(x) — INTEGER array Workspace
Note: the dimension of the array IWORK must be at least LIWORK.
On ezit: if LIWORK > 0, then IWORK(1) contains the required minimal size of LIWORK.

LIWORK — INTEGER Input

On entry: the dimension of the array IWORK as declared in the (sub)program from which FO8GQF
(CHPEVD/ZHPEVD) is called.

Constraints:

if N < 1, then LIWORK > 1;
if JOB = 'N’ and N > 1, then LIWORK > 1;
if JOB ="V’ and N > 1, then LIWORK > 5 x N + 2.

INFO — INTEGER Output
On ezit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings

INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

INFO > 0

7

If INFO = ¢, then the algorithm failed to converge; i indicates the number of elements of an
intermediate tridiagonal form which did not converge to zero.

Accuracy

The computed eigenvalues and eigenvectors are exact for a nearby matrix A + E, where

IEll; = O(e)l| All,,

and ¢ is the machine precision.

8

Further Comments

The real analogue of this routine is FO8GCF (SSPEVD/DSPEVD).

9

Example

To compute all the eigenvalues and eigenvectors of the Hermitian matrix A, where

1.040.0: 2.0+1.00 3.0+1.0¢ 4.0+ 1.0:
20-1.00 2.0+4+0.00 3.0+2.00 4.0+42.0:
3.0-1.0: 3.0-2.0: 3.04+0.0¢ 4.0+ 3.0i
40-1.00 4.0-2.00 4.0-3.00 4.0+0.0¢

A=
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9.1 Program Text

Note. The listing of the example program presented below uses bold italicised terms to denote precision-dependent details.
Please read the Users' Note for your implementation to check the interpretation of these terms. As explained in the Essential
Introduction to this manual, the results produced may not be identical for all implementations.

FO8GQF Example Program Text.
Mark 19 Release. NAG Copyright 1999.

. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5,NOUT=6)
INTEGER NMAX, LDZ
PARAMETER (NMAX=8,LDZ=NMAX)
INTEGER LWORK, LIWORK, LRWORK, MMAX
PARAMETER (LWORK=NMAX*NMAX+2*NMAX,LIWORK=2+5*NMAX,
+ LRWORK=4*NMAX*NMAX ,MMAX=NMAX* (NMAX+1)/2)
* .. Local Scalars ..
INTEGER I, IFAIL, INFO, J, XN
CHARACTER JOB, UPLO
* .. Local Arrays ..
complex AP(MMAX), WORK(LWORK), Z(LDZ,NMAX)
real RWORK (LRWORK) , W(NMAX)
INTEGER IWORK (LIWORK)
* .. External Subroutines ..
EXTERNAL X04DAF, chpevd
* .. Executable Statements ..
WRITE (NOUT,*) ’FO8GQF Example Program Results’
* Skip heading in data file

READ (NIN,*)

READ (NIN,*) N

IF (N.LE.NMAX) THEN
READ (NIN,*) UPLO

* Read A from data file

IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((AP(I+J*(J-1)/2),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((AP(I+(2%N-J)*(J-1)/2),J=1,I),I=1,N)
END IF

READ (NIN,*) JOB
* Calculate all the eigenvalues and eigenvectors of A

CALL chpevd(JOB,UPLO,N,AP,W,Z,LDZ,WORK,LWORK, RWORK,LRWORK,
+ IWORK,LIWORK,INFO)

WRITE (NOUT,*)
IF (INFO.GT.O0) THEN

WRITE (NOUT,*) ’Failure to converge.’
ELSE

*

Print eigenvalues and eigenvectors

WRITE (NOUT,*) ’Eigenvalues’
DO 20I =1, N
WRITE (NOUT,99999) I, W(I)
20 CONTINUVE

F08GQF (CHPEVD/ZHPEVD).4 [NP3390/19]
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WRITE (NOUT,*)
IFAIL = 0

CALL XO4DAF(’General’,’ ’,N,N,Z,LDZ,’Eigenvectors’,IFAIL)

END IF
END IF
STOP
*
99999 FORMAT (3X,I5,5X,2F8.4)
END

9.2 Program Data

FO8GQF Example Program Data
4 :Value of N
'L? :Value of UPLO
(1.0, 0.0)
(2.0, 1.0) (2.0, 0.0)
(3.0, 1.0) (3.0, 2.0) (3.0, 0.0)
(4.0, 1.0) (4.0, 2.0) (4.0, 3.0) (4.0, 0.0) :End of matrix A
v :Value of JOB

9.3 Program Results

FO8GQF Example Program Results

Eigenvalues
1 -4.2443
2 -0.6886
3 1.1412
4 13.7916
Eigenvectors
1 2 3 4

1 0.4836 0.6470 -0.4456 -0.3859
0.0000 0.0000 0.0000 0.0000

2 0.2912 -0.4984 -0.0230 -0.4441
-0.3618 -0.1130 -0.5702 0.0156

3 -0.3163 0.2949 0.5331 -0.5173
-0.3696 0.3165 0.1317 -0.0844

4 -0.4447 -0.2241 -0.3510 -0.5277
0.3406 -0.2878 0.2261 -0.3168

[NP3390/19] F08GQF (CHPEVD/ZHPEVD).5 (last)
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FO8GSF (CHPTRD/ZHPTRD) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FO8GSF (CHPTRD/ZHPTRD) reduces a complex Hermitian matrix to tridiagonal form, using
packed storage.

2. Specification
SUBROUTINE FO8GSF (UPLO, N, AP, D, E, TAU, INFO)

ENTRY chptrd (upLO, N, AP, D, E, TAU, INFO)
INTEGER N, INFO

real D(*x), E(x)

complex AP(*), TAU(*)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description
This routine reduces a complex Hermitian matrix A, held in packed storage, to real symmetric
tridiagonal form T by a unitary similarity transformation: A = QTQ".

The matrix Q is not formed explicitly but is represented as a product of n—1 elementary reflectors
(see the Chapter Introduction for details). Routines are provided to work with Q in this
representation (see Section 8).

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

S. Parameters
1:  UPLO — CHARACTER*1. Input
On entry: indicates whether the upper or lower triangular part of A is stored as follows:
if UPLO = 'U’, then the upper triangular part of A is stored,
if UPLO = 'L', then the lower triangular part of A is stored.
Constraint: UPLO = 'U" or L

2: N - INTEGER. Input
On entry: n, the order of the matrix A.
Constraint: N 2 0.

3:  AP(*) — complex array. Input/ Output
Note: the dimension of the array AP must be at least max(1,N*(N+1)/2).

Onentry: the n by n Hermitian matrix A, packed by columns. More precisely, if
UPLO = 'U', the upper triangle of A must be stored with element a; in AP (i+j(j-1)/2) for
i £j; if UPLO = 'L, the lower triangle of A must be stored with element a; in
AP (i+(2n—j) (j=1)/2) for i = j.

Onexit: A is overwritten by the tridiagonal matrix T and details of the unitary matrix Q.

[NP2478/16]) Page 1
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D(*) — real array. Output
Note: the dimension of the array D must be at least max (1,N).
On exit: the diagonal elements of the tridiagonal matrix T.

E(*) — real array. Output
Note: the dimension of the array E must be at least max(1,N-1).
On exit: the off-diagonal elements of the tridiagonal matrix T.

TAU(*) — complex array. Output
Note: the dimension of the array TAU must be at least max (1,N-1).
On exit: further details of the unitary matrix Q.

INFO - INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy

The computed tridiagonal matrix T is exactly similar to a nearby matrix A + E, where
IEN, = c(n)elAll,,

c(n) is a modestly increasing function of n, and € is the machine precision.

The elements of T themselves may be sensitive to small perturbations in A or to rounding errors
in the computation, but this does not affect the stability of the eigenvalues and eigenvectors.

Further Comments
3
3

To form the unitary matrix Q this routine may be followed by a call to FO8GTF
(CUPGTR/ZUPGTR):

CALL CUPGTR (UPLO, N, AP, TAU, Q, LDQ, WORK, INFO)

To apply Q to an n by p complex matrix C this routine may be followed by a call to FOBGUF
(CUPMTR/ZUPMTR). For example,

CALL CUPMTR (’'Left’,UPLO,’No Transpose’,N,P,AP,TAU,C,LDC,WORK,
+ INFO)

forms the matrix product QC.
The real analogue of this routine is FOSGEF (SSPTRD/DSPTRD).

The total number of real floating-point operations is approximately

Example

To reduce the matrix A to tridiagonal form, where

-2.28 + 0.00i 1.78 — 2.03;i 2.26 + 0.10i -0.12 + 2.53i
1.78 + 2.03i —1.12 + 0.00; 0.01 + 0.43i —1.07 + 0.86i

226 - 0.10i 0.01 - 043i -0.37 + 0.00i 2.31 - 0.92i |’
-0.12 - 2.53; -1.07 - 0.86i 2.31 + 0.92i -0.73 + 0.00i

using packed storage.

A=
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9.1. Program Text

Note: the listing of the example program presented below uses bold italicised terms to d

FO8GSF (CHPTRD/ZHPTRD)

precisi

dent details. Please read

the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this

manual, the results produced may not be identical for all implementations.

* FO8GSF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX
PARAMETER (NMAX=8)
* .. Local Scalars ..
INTEGER I, INFO, J, N
CHARACTER UPLO
* .. Local Arrays ..
complex AP (NMAX* (NMAX+1)/2),
real D(NMAX), E(NMAX-1)
* .. External Subroutines ..
EXTERNAL chptrd
* .. Executable Statements ..

TAU (NMAX-1)

WRITE (NOUT,*) ’"FO8GSF Example Program Results’

* Skip heading in data file
READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file

READ (NIN, *) UPLO
IF (UPLO.EQ.’U’) THEN

READ (NIN,*) ((AP(I+J*x(J-1)/2),J=I,N),I=1,N)

ELSE IF (UPLO.EQ.’L’) THEN

READ (NIN,*) ((AP(I+(2*N-J)*(J-1)/2),J=1,I),I=1,N)

END IF

*

Reduce A to tridiagonal form

CALL chptrd(UPLO,N,AP,D,E, TAU, INFO)

*

Print tridiagonal form

WRITE (NOUT, *)
WRITE (NOUT,*) ’Diagonal’
WRITE (NOUT,99999) (D(I),I=1,N)
WRITE (NOUT,*) 'Off-diagonal’
WRITE (NOUT,99999) (E(I),I=1,N-1)
END IF
STOP
*
99999 FORMAT (1X,8F9.4)
END

9.2. Program Data

FO8GSF Example Program Data
4
ILI
(-2.28, 0.00)
( 1.78, 2.03) (-1.12, 0.00)
( 2.26,-0.10) ( 0.01,-0.43) (-0.37, 0.00)
(-0.12,-2.53) (-1.07,-0.86) ( 2.31, 0.92)

[NP2478116)

(-0.73,

0.00)

:Value of N
:Value of UPLO

:End of matrix A

Page 3



FO8GSF (CHPTRD/ZHPTRD) F08 — Least-squares and Eigenvalue Problems (LAPACK)

9.3. Program Results
FO08GSF Example Program Results

Diagonal

-2.2800 -0.1285 -0.1666 -—1.9249
Off-diagonal

-4.3385 -2.0226 -1.8023
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FOSGTF (CUPGTR/ZUPGTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

1. Purpose

FO8GTF (CUPGTR/ZUPGTR) generates the complex unitary matrix Q, which was determined
by FOSGSF (CHPTRD/ZHPTRD) when reducing a Hermitian matrix to tridiagonal form.

2. Specification
SUBROUTINE FO8GTF (UPLO, N, AP, TAU, Q, LDQ, WORK, INFO)

ENTRY cupgtr (UPLO, N, AP, TAU, Q, LDQ, WORK, INFO)
INTEGER N, LDQ, INFO
complex AP(*), TAU(*), Q(LDQ, *), WORK(*)

CHARACTER*1  UPLO
The ENTRY statement enables the routine to be called by its LAPACK name.

3. Description

This routine is intended to be used after a call to FOSGSF (CHPTRD/ZHPTRD), which reduces
a complex Hermitian matrix A to real symmetric tridiagonal form T by a unitary similarity
transformation: A = QTQ". FOS8GSF represents the unitary matrix Q as a product of n-1
elementary reflectors.

This routine may be used to generate Q explicitly as a square matrix.

4. References

[1] GOLUB, G.H. and VAN LOAN, C.F.
Matrix Computations, §8.2.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

5. Parameters

1:  UPLO — CHARACTER*1. Input
Onentry: this must be the same parameter UPLO as supplied to FO8GSF
(CHPTRD/ZHPTRD).

Constraint: UPLO = 'U' or L.

2: N - INTEGER. Input
On entry: n, the order of the matrix Q.
Constraint: N 2 0.

3:  AP(*) — complex array. Input
Note: the dimension of the array AP must be at least max(1,N*(N+1)/2).

Onentry: details of the vectors which define the elementary reflectors, as returned by
FO8GSF (CHPTRD/ZHPTRD).

4. TAU(*) — complex array. Input
Note: the dimension of the array TAU must be at least max (1,N-1).

Onentry: further details of the elementary reflectors, as returned by FO8GSF
(CHPTRD/ZHPTRD).

[NP2478116] Page 1
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Q(LDQ,*) — complex array. Output
Note: the second dimension of the array Q must be at least max(1,N).
On exit: the n by n unitary matrix Q.

LDQ - INTEGER. Input

On entry: the first dimension of the array Q as declared in the (sub)program from which
FO8GTF (CUPGTR/ZUPGTR) is called.

Constraint: LDQ 2 max(1,N).

WORK(*) — complex array. Workspace
Note: the dimension of the array WORK must be at least max(1,N-1).

INFO — INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

Accuracy
The computed matrix Q differs from an exactly unitary matrix by a matrix E such that
IEl, = O(e),

where € is the machine precision.

Further Comments
3

The total number of real floating-point operations is approximately 3

The real analogue of this routine is FOBGFF (SOPGTR/DOPGTR).

Example
To compute all the eigenvalues and eigenvectors of the matrix A, where

-2.28 + 0.00i 1.78 — 2.03i 2.26 + 0.10i -0.12 + 2.53i
1.78 + 2.03i -1.12 + 0.00i 0.01 + 0.43; —-1.07 + 0.86i
226 - 0.10i 0.01 - 043i -0.37 + 0.00i 2.31 - 0.92i )’

-0.12 - 2.53i -1.07 - 0.86i 2.31 + 0.92i -0.73 + 0.00i

using packed storage. Here A is Hermitian and must first be reduced to tridiagonal form by
FO8GSF (CHPTRD/ZHPTRD). The program then calls FOBGTF (CUPGTR/ZUPGTR) to form
O, and passes this matrix to FO8JSF (CSTEQR/ZSTEQR) which computes the eigenvalues and
eigenvectors of A.

A=

Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8GTF Example Program Text

* Mark 16 Release. NAG Copyright 1992.

* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDZ
PARAMETER (NMAX=8, LDZ=NMAX)

[NP2478/16)
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* .. Local Scalars
INTEGER I, IFAIL, INFO, J, N
CHARACTER UPLO
* .. Local Arrays
complex AP (NMAX* (NMAX+1)/2), TAU(NMAX), WORK(NMAX-1),
+ Z(LDZ,NMAX)
real D(NMAX), E(NMAX), RWORK(2*NMAX-2)
CHARACTER CLABS(1), RLABS(1)
* .. External Subroutines ..
EXTERNAL X04DBF, chptrd, csteqr, cupgtr
* .. Executable Statements ..
WRITE (NOUT,*) ‘FO8GTF Example Program Results’
* Skip heading in data file

READ (NIN, *)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file
READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((AP(I+Jx(J-1)/2),J=I,N),I=1,N)
ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN,*) ((AP(I+(2*N-J)*(J-1)/2),J=1,I),I=1,N)
END IF
* Reduce A to tridiagonal form T = (Q**H)*A*Q
CALL chptrd(UPLO,N,AP,D,E, TAU, INFO)
* Form Q explicitly, storing the result in 2
CALL cupgtr(UPLO,N,AP,TAU, Z,LDZ,WORK, INFO)
* Calculate all the eigenvalues and eigenvectors of A
CALL csteqr(’'V’',N,D,E,Z,LDZ, RWORK, INFO)
WRITE (NOUT, *)
IF (INFO.GT.0) THEN

WRITE (NOUT,*) ’'Failure to converge.’
ELSE

*

Print eigenvalues and eigenvectors

WRITE (NOUT,*) ‘Eigenvalues’
WRITE (NOUT, 99999) (D(I),I=1,N)
WRITE (NOUT, *)

IFAIL =0
*
CALL X04DBF(’General’,’ ’,N,N,2,LDZ,’Bracketed’,’F7.4’,
+ 'Eigenvectors’,’Integer’ ,RLABS, ' Integer’, CLABS,
+ 80,0, IFAIL)
*
END IF
END IF
STOP

*
99999 FORMAT (8X,4(F7.4,11X%,:))
END

9.2. Program Data

FO8GTF Example Program Data
4 :Value of N
'L’ :Value of UPLO
(-2.28, 0.00)
( 1.78, 2.03) (-1.12, 0.00)
( 2.26,-0.10) ( 0.01,-0.43) (-0.37, 0.00)
(-0.12,-2.53) (-1.07,-0.86) ( 2.31, 0.92) (-0.73, 0.00) :End of matrix A
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9.3. Program Results
FO8GTF Example Program Results

Eigenvalues
-6.0002 -3.0030 0.5036 3.9996

Eigenvectors

1 2 3 4
1 ( 0.7299, 0.0000) (-0.2120, 0.1497) ( 0.1000,-0.3570) ( 0.1991, 0.4720)
2 (-0.1663,-0.2061) ( 0.7307, 0.0000) ( 0.2863,-0.3353) (-0.2467, 0.3751)
3 (-0.4165,-0.1417) (-0.3291, 0.0479) ( 0.6890, 0.0000) ( 0.4468, 0.1466)
4 ( 0.1743, 0.4162) ( 0.5200, 0.1329) ( 0.0662, 0.4347) ( 0.5612, 0.0000)
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FOS8GUF (CUPMTR/ZUPMTR) - NAG Fortran Library Routine Document

Note: before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold italicised terms and
other implementation-dependent details. The routine name may be precision-dependent.

Purpose

FO8GUF (CUPMTR/ZUPMTR) multiplies an arbitrary complex matrix C by the complex
unitary matrix Q which was determined by FOS8GSF (CHPTRD/ZHPTRD) when reducing a
complex Hermitian matrix to tridiagonal form.

Specification
SUBROUTINE F08GUF (SIDE, UPLO, TRANS, M, N, AP, TAU, C, LDC, WORK, INFO)
ENTRY cupmtr (SIDE, UPLO, TRANS, M, N, AP, TAU, C, LDC, WORK, INFO)
INTEGER M, N, LDC, INFO
complex AP(*), TAU(*), C(LDC,*), WORK(*)

CHARACTER*1  SIDE, UPLO, TRANS
The ENTRY statement enables the routine to be called by its LAPACK name.

Description

This routine is intended to be used after a call to FOSGSF (CHPTRD/ZHPTRD ), which reduces
a complex Hermitian matrix A to real symmetric tridiagonal form T by a unitary similarity
transformation: A = QTQ". FO8GSF represents the unitary matrix Q as a product of elementary
reflectors.

This routine may be used to form one of the matrix products
QcC, @¥c, €Q or CQY,
overwriting the result on C (which may be any complex rectangular matrix).

A common application of this routine is to transform a matrix Z of eigenvectors of T to the matrix
QZ of eigenvectors of A.

References

[1] GOLUB, G.H. and VAN LOAN, C/F.
Matrix Computations.
Johns Hopkins University Press, Baltimore, Maryland, (2nd Edition) 1989.

Parameters
SIDE — CHARACTER¥*1. Input
On entry: indicates how Q or Q* is to be applied to C as follows:
if SIDE = 'L, then Q or Q¥ is applied to C from the left;
if SIDE = 'R', then Q or Q¥ is applied to C from the right.
Constraint: SIDE = L' or R

UPLO — CHARACTER«*1. Input

Onentry: this must be the same parameter UPLO as supplied to FO8GSF
(CHPTRD/ZHPTRD).

Constraint:. UPLO = 'U" or L.
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TRANS — CHARACTER*1. Input
On entry: indicates whether Q or Q¥ is to be applied to C as follows:
if TRANS = N/, then Q is applied to C;
if TRANS = 'C', then Q¥ is applied to C.
Constraint: TRANS = 'N' or 'C\

M — INTEGER. Input
On entry. m, the number of rows of the matrix C; m is also the order of Q if SIDE = L'
Constraint: M 2 0.

N — INTEGER. Input
On entry: n, the number of columns of the matrix C; n is also the order of Q if SIDE = 'R'.
Constraint: N 2 0.

AP(*) — complex array. Input

Note: the dimension of the array AP must be at least max (1,M*(M+1)/2) if SIDE = L'
and at least max(1,N*(N+1)/2) if SIDE = R'.

On entry. details of the vectors which define the elementary reflectors, as returned by
FO8GSF (CHPTRD/ZHPTRD).

TAU (*) — complex array. Input

Note: the dimension of the array TAU must be at least max(1,M-1) if SIDE = L' and at
least max(1,N-1) if SIDE = 'R

Onentry. further details of the elementary reflectors, as returned by FO8GSF
(CHPTRD/ZHPTRD).

C(LDC,*) — complex array. Input/ Output
Note: the second dimension of the array C must be at least max (1,N).
On entry: the m by n matrix C.
On exit: C is overwritten by QC or Q¥ C or CQ" or CQ as specified by SIDE and TRANS.

LDC — INTEGER. Input

On entry: the first dimension of the array C as declared in the (sub)program from which
FOS8GUF (CUPMTR/ZUPMTR) is called.

Constraint: LDC 2 max(1,M).

WORK(*) — complex array. Workspace

Note: the dimension of the array WORK must be at least max(1,N) if SIDE = 'L’ and at
least max(1,M) if SIDE = R'.

INFO — INTEGER. Output
On exit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings
INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.
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7. Accuracy
The computed result differs from the exact result by a matrix E such that
lEl, = O(&)ICI,,

where € is the machine precision.

8. Further Comments

The total number of real floating-point operations is approximately 8m’n if SIDE = 'L' and
8mn’ if SIDE = R'.

The real analogue of this routine is FOBGGF (SOPMTR/DOPMTR).

9. Example
To compute the two smallest eigenvalues, and the associated eigenvectors, of the matrix A, where

-2.28 + 0.00i 1.78 — 2.03; 2.26 + 0.10i -0.12 + 2.53i
A= 1.78 + 2.03i —-1.12 + 0.00i 0.01 + 0.43i —-1.07 + 0.86i
226 - 0.10i 0.01 — 0.43i -0.37 + 0.00i 2.31 - 0.92i |’
—0.12 - 2.53i -1.07 - 0.86; 2.31 + 0.92i -0.73 + 0.00i
using packed storage. Here A is Hermitian and must first be reduced to tridiagonal form T by
FO8GSF (CHPTRD/ZHPTRD). The program then calls FO8JJF (SSTEBZ/DSTEBZ) to
compute the requested eigenvalues and FO8JXF (CSTEIN/ZSTEIN) to compute the associated
eigenvectors of T. Finally FOBGUF (CUPMTR/ZUPMTR) is called to transform the
eigenvectors to those of A.

9.1. Program Text

Note: the listing of the example program presented below uses bold italicised terms to denote precision-dependent details. Please read
the Users’ Note for your implementation to check the interpretation of these terms. As explained in the Essential Introduction to this
manual, the results produced may not be identical for all implementations.

* FO8GUF Example Program Text
* Mark 16 Release. NAG Copyright 1992.
* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5, NOUT=6)
INTEGER NMAX, LDZ
PARAMETER (NMAX=8, LDZ=NMAX)
real ZERO
PARAMETER (ZERO=0.0e0)
* .. Local Scalars ..
real VL, VU
INTEGER I, IFAIL, INFO, J, M, N, NSPLIT
CHARACTER UPLO
* .. Local Arrays ..
complex AP (NMAX* (NMAX+1)/2), TAU(NMAX), WORK(NMAX),
+ Z(LDZ, NMAX)
real D(NMAX), E(NMAX), RWORK(5*NMAX), W(NMAX)
INTEGER IBLOCK(NMAX), IFAILV(NMAX), ISPLIT(NMAX),
+ IWORK ( NMAX)
CHARACTER CLABS(1), RLABS(1)
* .. External Subroutines ..
EXTERNAL sstebz, XO04DBF, chptrd, cstein, cupmitr
* .. Executable Statements ..
WRITE (NOUT,*) ’'FO8GUF Example Program Results’
* Skip heading in data file

READ (NIN, %)
READ (NIN,*) N
IF (N.LE.NMAX) THEN

*

Read A from data file
READ (NIN,*) UPLO

IF (UPLO.EQ.’U’) THEN
READ (NIN,*) ((AP(I+J*(J-1)/2),J=I,N),I=1,N)
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ELSE IF (UPLO.EQ.’L’) THEN
READ (NIN,*) ((AP(I+(2*N-J)*(J-1)/2),J=1,I),I=1,N)
END IF

* Reduce A to tridiagonal form T = (Q**H)*A*Q
CALL chptrd(UPLO,N,AP,D,E, TAU, INFO)
* Calculate the two smallest eigenvalues of T (same as A)

CALL sstebz(’1’,’B’,N,VL,VU,1,2,2ERO,D,E,M,NSPLIT, W, IBLOCK,
+ ISPLIT, RWORK, IWORK, INFO)

WRITE (NOUT, *)
IF (INFO.GT.0) THEN

WRITE (NOUT,*) ’Failure to converge.’
ELSE

WRITE (NOUT,*) ’Eigenvalues’

WRITE (NOUT, 99999) (W(I),I=1,M)

*

Calculate the eigenvectors of T, storing the result in Z

CALL cstein(N,D,E,M,W, IBLOCK, ISPLIT, Z, LDZ, RWORK, IWORK,
+ IFAILV, INFO)

IF (INFO.GT.0) THEN
WRITE (NOUT,*) ‘Failure to converge.’
ELSE

* Calculate the eigenvectors of A = Q * (eigenvectors of T)

CALL cupmtr(’Left’,UPLO, 'No transpose’,N,M,AP,TAU,Z,LDZ,
+ WORK, INFO)

* Print eigenvectors

WRITE (NOUT, *)

IFAIL = 0
*
CALL X04DBF(’General’,’ ’,N,M,Z,LDZ,"'Bracketed’,’'F7.4’,
+ 'Eigenvectors’,’Integer’,RLABS,’ Integer’,
+ CLABS, 80,0, IFAIL)
*
END IF
END IF
END IF
STOP

*

99999 FORMAT (8X,4(F7.4,11X,:))
END

9.2. Program Data

FO8GUF Example Program Data
4 :Value of N
4 4 :Value of UPLO
(-2.28, 0.00)
( 1.78, 2.03) (-1.12, 0.00)
( 2.26,-0.10) ( 0.01,-0.43) (-0.37, 0.00)
(-0.12,-2.53) (-1.07,-0.86) ( 2.31, 0.92) (-0.73, 0.00) :End of matrix A
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9.3. Program Results
FO8GUF Example Program Results

Eigenvalues
-6.0002 -3.0030

Eigenvectors

1 2
1 ( 0.7299, 0.0000) (-0.2595, 0.0000)
2 (-0.1663,-0.2061) ( 0.5969, 0.4214)
3 (-0.4165,-0.1417) (-0.2965,-0.1507)
4 ( 0.1743, 0.4162) ( 0.3482, 0.4085)
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FOS8HCF (SSBEVD/DSBEVD) -~ NAG Fortran Library Routine Document

Note. Before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold
italicised terms and other implementation-dependent details.
1 Purpose

FOS8HCF (SSBEVD/DSBEVD) computes all the eigenvalues, and optionally all the eigenvectors, of a real
symmetric band matrix. If the eigenvectors are requested, then it uses a divide and conquer algorithm
to compute eigenvalues and eigenvectors. However, if only eigenvalues are required, then it uses the
Pal-Walker-Kahan variant of the QL or QR algorithm.

2 Specification

SUBROUTINE FOSHCF(JOB, UPLO, N, KD, AB, LDAB, W, Z, LDZ, WORK,

1 LWORK, IWORK, LIWORK, INFO)

ENTRY ssbevd(JOB, UPLO, N, KD, AB, LDAB, W, Z, LDZ, WORK,
1 LWORK, IWORK, LIWORK, INFO)

INTEGER N, KD, LDAB, LDZ, LWORK, IWORK(x), LIWORK, INFO
real AB(LDAB,*), W(x), Z(LDZ,*), WORK(x)

CHARACTERx*1 JOB, UPLO

The ENTRY statement enables the routine to be called by its LAPACK name.

3 Description

This routine computes all the eigenvalues, and optionally all the eigenvectors, of a real symmetric band
matrix A. In other words, it can compute the spectral factorization of A as

A=2ZAZ7,

where A is a diagonal matrix whose diagonal elements are the eigenvalues );, and Z is the orthogonal
matrix whose columns are the eigenvectors z;. Thus

Az; = Xjz; fori=1,2,... n.

4 References

[1] Golub G H and Van Loan C F (1996) Matriz Computations Johns Hopkins University Press (3rd
Edition), Baltimore

5 Parameters

1: JOB — CHARACTER*1 Input

On entry: indicates whether eigenvectors are computed as follows:

if JOB = 'N’, then only eigenvalues are computed;
if JOB = "V’, then eigenvalues and eigenvectors are computed.

Constraint: JOB = N’ or ’V’.

2: UPLO — CHARACTER*1 Input
On entry: indicates whether the upper or lower triangular part of A is stored as follows:

if UPLO = ’U’, then the upper triangular part of A is stored;
if UPLO = ’L’, then the lower triangular part of A is stored.

Constraint: UPLO = "U’ or 'L’.
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10:

N — INTEGER ' Input

On entry: n, the order of the matrix A.

Constraint: N > 0.

KD — INTEGER Input

’

On entry: k, the number of super-diagonals of the matrix A if UPLO = U, or the number of

sub-diagonals if UPLO = "L’
Constraint: KD > 0.

AB(LDAB,*) — real array Input/Output
Note: the second dimension of the array AB must be at least max(1,N).
On entry: the upper or the lower triangle of the n by n symmetric band matrix A, stored in the
first KD+1 rows of the array AB. More precisely, the jth column of A is stored in the jth column
of the array AB as follows:

if UPLO = *U’, then AB(KD+1+i — j,j) = a;; for max(1,j—KD) < i < j;

if UPLO = ’L’, then AB(1+ i~ j,j) = a;; for j < i < min(n, j+KD).
On ezil: A is overwritten by the values generated during the reduction to tridiagonal form. If
UPLO = 'U’, the first superdiagonal and the diagonal of the tridiagonal matrix are returned in rows

KD and KD+1 of the array AB, respectively, and if UPLO = 'L’ then the diagonal and the first
subdiagonal of the tridiagonal matrix are returned in the first two rows of the array AB.

LDAB — INTEGER Input
On entry: the leading dimension of the array AB.

Constraint: LDAB > KD+1.

W(x) — real array Output
Note: the dimension of the array W must be at least max(1,N).

On ezit: the eigenvalues of the matrix A in ascending order.

Z(LDZ, ) — real array Output

Note: the second dimension of the array Z must be at least max(1,N) if JOB = ’V’, and at least 1
if JOB = "N’

On ezit: if JOB = ’V’, then this is overwritten by the orthogonal matrix Z which contains the
eigenvectors of A. The ith column of Z contains the eigenvector which corresponds to the eigenvalue

W(3).
If JOB = °N’, then Z is not referenced.

LDZ — INTEGER Input

On entry: the leading dimension of the array Z as declared in the (sub)program from which FOSHCF
(SSBEVD/DSBEVD) is called.

Constraints:

LDZ > max(1,N) if JOB = V’;
LDZ > 1if JOB = 'N’.

WORK(*) — real array Workspace
Note: the dimension of the array WORK must be at least LWORK.
On ezit: if LWORK > 0, then WORK(1) contains the required minimal size of LWORK.
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11:

12:

13:

14:

6

LWORK — INTEGER Input
On entry: the dimension of the array WORK as declared in the (sub)program from which FOS8HCF
(SSBEVD/DSBEVD) is called.

Constraints:

if N <1, then LWORK > 1;

if JOB = 'N’and N > 1, then LWORK > 2 x N;

if JOB = 'V’ and N > 1, then LWORK > 3 x N? 4 (4+2k) x N + 1 where k is the smallest
integer which satisfies 2F > N.

IWORK(*) — INTEGER array Workspace
Note: the dimension of the array IWORK must be at least LIWORK.
On ezit: if LIWORK > 0, then IWORK(1) contains the required minimal size of LIWORK.

LIWORK — INTEGER Input

On entry: the dimension of the array IWORK as declared in the (sub)program from which FOBHCF
(SSBEVD/DSBEVD) is called.

Constraints:

if JOB = 'N’or N < 1, then LIWORK > 1;
if JOB =V’ and N > 1, then LIWORK > 5 x N 4 2.

INFO — INTEGER Output
On ezit: INFO = 0 unless the routine detects an error (see Section 6).

Error Indicators and Warnings

INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

INFO > 0

7

If INFO = i, then the algorithm failed to converge; ¢ indicates the number of elements of an
intermediate tridiagonal form which did not converge to zero.

Accuracy

The computed eigenvalues and eigenvectors are exact for a nearby matrix A + E, where

”Enz = 0(5)”14”2,

and ¢ is the machine precision.

8

Further Comments

The complex analogue of this routine is FOSHQF (CHBEVD/ZHBEVD).

9

Example

To compute all the eigenvalues and eigenvectors of the symmetric band matrix A, where

1.0 20 3.0 0.0 0.0
20 2.0 3.0 4.0 0.0
A=130 3.0 3.0 4.0 5.0
0.0 40 40 4.0 5.0
0.0 0.0 5.0 5.0 5.0
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9.1 Program Text

Note. The listing of the example program presented below uses bold italicised terms to denote precision-dependent details.
Please read the Users’ Note for your implementation to check the interpretation of these terms. As explainedin the Essential
Introduction to this manual, the results produced may not be identical for all implementations.

FO8HCF Example Program Text.
Mark 19 Release. NAG Copyright 1999.

* .. Parameters ..
INTEGER NIN, NOUT
PARAMETER (NIN=5,NOUT=6)
INTEGER NMAX, KDMAX, LDAB, LDZ
PARAMETER (NMAX=9,KDMAX=4,LDAB=KDMAX,LDZ=NMAX)
INTEGER LWORK, LIWORK
PARAMETER (LWORK=4*NMAX*NMAX, LIWORK=5*NMAX+2)
* .. Local Scalars ..
INTEGER I, IFAIL, INFO, J, KD, N
CHARACTER JOB, UPLO
* .. Local Arrays ..
real AB(LDAB,NMAX), W(NMAX), WORK(LWORK), Z(LDZ,NMAX)
INTEGER IWORK(LIWORK)
* .. External Subroutines ..
EXTERNAL ssbevd, X04CAF
* .. Intrinsic Functions ..
INTRINSIC MAX, MIN
* .. Executable Statements ..
WRITE (NOUT,*) ’'FO8HCF Example Program Results’
* Skip heading in data file

READ (NIN,*)
READ (NIN,*) N, KD
IF (N.LE.NMAX) THEN

Read A from data file

READ (NIN,*) UPLO
IF (UPLO.EQ.’U’) THEN
DO20I =1, N
READ (NIN,*) (AB(KD+1+I-J,J),J=I,MIN(N,I+KD))
20 CONTINUE
ELSE IF (UPLO.EQ.’L’) THEN
DO 40 I =1, N
READ (NIN,*) (AB(1+4I-J,J),J=MAX(1,I-KD),I)
40 CONTINUE
END IF

READ (NIN,*) JOB
* Calculate all the eigenvalues and eigenvectors of A

CALL ssbevd(JOB,UPLO,N,KD,AB,LDAB,W,Z,LDZ,WORK,LWORK, IWORK,
+ LIWORK, INFO)

WRITE (NOUT,*)
IF (INFO.GT.O) THEN

WRITE (NOUT,*) ’Failure to converge.’
ELSE

* Print eigenvalues and eigenvectors
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WRITE (NOUT,*) ’Eigenvalues’

WRITE (NOUT,99999) (W(I),I=

WRITE (NOUT,*)

1,N)

FOSHCF (SSBEVD/DSBEVD)

IFAIL = O
*
CALL XO04CAF(’General’,’ ’,N,N,Z,LDZ,’Eigenvectors’,IFAIL)
*
END IF
END IF

STOP
*

99999 FORMAT (3X, (8F8.4))
END

9.2 Program Data

FOBHCF Example Program Data

5 2 :Values of N and KD
'L? :Value of UPLO
1.0 2.0 3.0
2.0 2.0 3.0 4.0
3.0 3.0 3.0 4.0 5.0
4.0 4.0 4.0 5.0
5.0 5.0 5.0 :End of matrix A

AR :Value of JOB

9.3 Program Results

FOBHCF Example Program Results

Eigenvalues

-3.2474 -2.6633 1.7511 4.1599 14.

Eigenvectors
1 2 3 4
0.0394 -0.6238 -0.5635 0.5165
0.5721 0.2575 0.3896 0.5955
-0.4372 0.5900 -0.4008 0.1470
-0.4424 -0.4308 0.5581 -0.0470
0.5332 -0.1039 -0.2421 -0.5956

o W N
o O O OO

9997

.1582
.3161
.5277
.5623
.5400

[NP3390/19]
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FOSHEF (SSBTRD/DSBTRD) — NAG Fortran Library Routine Document
Note. Before using this routine, please read the Users’ Note for your implementation to check the interpretation of bold
italicised terms and other implementation-dependent details.

1 Purpose
FOSHEF (SSBTRD/DSBTRD) reduces a real symmetric band matrix to tridiagonal form.

2 Specification

SUBROUTINE FOSHEF(VECT, UPLO, N, KD, AB, LDAB, D, E, Q, LDQ, WORK,
1 INFO)

ENTRY ssbtrd(VECT, UPLO, N, KD, AB, LDAB, D, E, Q, LDQ, WORK,
1 INFO) .

INTEGER N, KD, LDAB, LDQ, INFO

real AB(LDAB,*), D(x), E(x), Q(LDQ,*), WORK(x)
CHARACTER=*1 VECT, UPLO

The ENTRY statement enables the routine to be called by its LAPACK name.

3 Description

The symmetric band matrix A is reduced to symmetric tridiagonal form 7' by an orthogonal similarity
transformation: T = QT AQ. The orthogonal matrix Q is determined as a product of Givens rotation
matrices, and may be formed explicitly by the routine if required.

The routine uses a vectorisable form of the reduction, due to Kaufman [1].

4 References

[1] Kaufman L (1984) Banded eigenvalue solvers on vector machines ACM Trans. Math. Software 10
73-86

[2] Parlett B N (1980) The Symmetric Eigenvalue Problem Prentice-Hall

5 Parameters

1: VECT — CHARACTER*1 Input

On entry: indicates whether @ is to be returned as follows:

if VECT = ’V’, then Q is returned (and the array Q must contain a matrix on entry);
if VECT = "U’, then @ is updated (and the array Q must contain a matrix on entry);
if VECT = ’N’, then @ is not required.
Constraint: VECT ='V’,’U’ or 'N’.
2: UPLO — CHARACTER*1 Input

On entry: indicates whether the upper or lower triangular part of A is stored as follows:

if UPLO = ’U’, then the upper triangular part of A is stored;
if UPLO = ’L’, then the lower triangular part of A is stored.

Constraint: UPLO = U’ or ’L’.
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10:

11:

N — INTEGER Input

On entry: n, the order of the matrix A.

Constraint: N > 0.

KD — INTEGER Input
On entry: k, the number of super-diagonals of the matrix A if UPLO = "U’, or the number of
sub-diagonals if UPLO = 'L".

Constraint: KD > 0.

AB(LDAB,*) — real array Input/Output
Note: the second dimension of the array AB must be at least max(1,N).

On entry: the n by n symmetric band matrix A, stored in rows 1 to k+ 1. More precisely, if UPLO
= ’U’, the elements of the upper triangle of A within the band must be stored with element a;j in
AB(k + 14— j,j) for max(1,j — k) <7 < j; if UPLO =L, the elements of the lower triangle of
A within the band must be stored with element a,; in AB(1+4+i—j,j) for j <i<min(n,j+ k).

On ezxit: A is overwritten.

LDAB — INTEGER Input

On entry: the first dimension of the array AB as declared in the (sub)program from which FOS8HEF
(SSBTRD/DSBTRD) is called.

Constraint: LDAB > max(1,KD+1).

D(*) — real array Output
Note: the dimension of the array D must be at least max(1,N).

On ezit: the diagonal elements of the tridiagonal matrix T'.

E(x) — real array Output
Note: the dimension of the array E must be at least max(1,N—1).

On ezit: the off-diagonal elements of the tridiagonal matrix T'.

Q(LDQ,*) — real array Input/Output

Note: the second dimension of the array Q must be at least max(1,N) if VECT = "V’ or 'U’, and
at least 1 if VECT = °N’.

On entry: if VECT = *U’, Q must contain the matrix formed in a previous stage of the reduction
(for example, the reduction of a banded symmetric-definite generalized eigenproblem); otherwise Q
need not be set.

On ezit: if VECT = "V’ or 'U’, the n by n matrix Q.
Q is not referenced if VECT = 'N’.

LDQ — INTEGER Input

On entry: the first dimension of the array Q as declared in the (sub)program from which FOSHEF
(SSBTRD/DSBTRD) is called.

Constraints:
LDQ > max(1,N) if VECT = "V’ or 'U’;
LDQ > 1if VECT = "N’

WORK(*) — real array Workspace
Note: the dimension of the array WORK must be at least max(1,N).
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12: INFO — INTEGER Output
On ezit: INFO = 0 unless the routine detects an error (see Section 6).

6 Error Indicators and Warnings

INFO < 0

If INFO = —i, the ith parameter had an illegal value. An explanatory message is output, and
execution of the program is terminated.

7 Accuracy
The computed tridiagonal matrix T is exactly similar to a nearby matrix A + E, where
| E [l < c(n)el| A ],

¢(n) is a modestly increasing function of n, and ¢ is the machine precision.

The elements of T’ themselves may be sensitive to small perturbations in A or to rounding errors in the
computation, but this does not affect the stability 