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GALAHAD GLRT

USER DOCUMENTATION GALAHAD Optimization Library version 5

1 SUMMARY

Given realn by n symmetric matricesl andM (with M positive definite), reah vectorsc ando, and scalarg > 0,
€ > 0 andfo, this package finds ampproximate minimizer of the regularised objective function

10[]|x+ 0|3 +€]P/2+ 1xTHx + cTx + fo,

where||v|m = VVTMv is theM-norm ofv. This problem commonly occurs as a subproblem in nonlingtmazation
calculations involving cubic regularisation. The methaayrbe suitable for largeas no factorization dfl is required.
Reverse communication is used to obtain matrix-vector yetslof the formHz andM ~1z.

ATTRIBUTES — Versions: GALAHAD_GLRT_si ngl e, GALAHAD_GLRT_doubl e. Uses: GALAHAD_SYMBOLS, GALA-
HAD_SPACE, GALAHAD_RAND, GALAHAD_NORMS, GALAHAD_GLTR, GALAHAD_ROOTS, GALAHAD_SPECFI LE, *TTRF. Date:
November 2007.0rigin: N. I. M. Gould, Oxford University and Rutherford Appleton h@ratory. Language:
Fortran 95 + TR 15581 or Fortran 2003.

2 HOW TO USE THE PACKAGE

Access to the package requiredSk statement such as

Single precision version
USE GALAHAD_GLRT_si ngl e

Double precision version
USE GALAHAD_GLRT_doubl e

If it is required to use both modules at the same time, thevddriypesGLRT_cont r ol _t ype, GLRT.i nf or m.t ype,
GLRT_dat a_t ype, (Section 2.1) and the subroutin@sRT_i ni ti al i ze, GLRT_sol ve, GLRT_t er m nat e (Section 2.2)
andGLRT_r ead_specfil e (Section 2.6) must be renamed on one of WBE statements.

2.1 The derived data types

Three derived data types are accessible from the package.

2.1.1 The derived data type for holding control parameters

The derived data typ@_.RT_cont r ol _t ype is used to hold controlling data. Default values may be olethby calling
G.RT.initialize (see Section 2.2.1). The component§&dRT_cont r ol _t ype are:

error is a scalar variable of type defalNTEGER, that holds the stream number for error messages. Printiegar
messages iBLRT_sol ve andGLRT_t er i nat e is suppressed érror < 0. The defaultisrror = 6.

out is a scalar variable of type defallNTEGER, that holds the stream number for informational messagastirigy
of informational messages ®L.RT_sol ve is suppressed dut < 0. The default iout = 6.
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print_|evel isa scalar variable of type defallNTEGER, that is used to control the amount of informational output
which is required. No informational output will occurpkint_level <O. If print _| evel = 1 asingle line
of output will be produced for each iteration of the procdégrint _| evel > 2 this output will be increased
to provide significant detail of each iteration. The deféftri nt _| evel = 0.

itmax is a scalar variable of type defadINTECER, that holds the maximum number of iterations which will be
allowed inGLRT_sol ve. If i t max is set to a negative number, it will be reset®@RT_sol ve to n. The default is
itmax = -1.

extra_vectors is a scalar variable of type defalNTECGER, that specifies the number of additional vectors of length
nthat will be allocated to try to speed up the computationryithe second pass. The defaulbisra_vect ors
= 0.

st oppi ng_rul e is ascalar variable of type defalUNTECER, that flags the stopping rule to be used (stem_r el ati ve
andst op_absol ut e below). Appropriate values are in the rari@e2], and any value outside this range will be
interpreted as 0. The defaultdsoppi ng_rule = 0.

freq is ascalar variable of type defalNTECGER, that defines the frequency at which the tridiagonal sudprobvill
be solved. Specifically, the subproblem will be solved oratiensk = 1+ freq =i, fori =1,2,..... If i t max
is <1, itwill be reset byG_RT_sol ve to 1. The defaultis$req = 1.

uni t m is a scalar variable of type defaul®G CAL, that must be setTRUE. if the matrixM is the identity matrix, and
. FALSE. otherwise. The defaultisnitm = . TRUE. .

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

deal | ocate_error _fatal isascalarvariable of type defaulldG CAL, that may be setTRUE. if the user wishes the
package to return to the user in the unlikely event that aariat array deallocation fails, andfALSE. if the
package should be allowed to try to continue. The defadk#s| ocat e_error fatal = . FALSE. .

stop_rel ative andstop_absol ut e are scalar variables of tyg&AL (double precision iftALAHAD_GLRT _doubl e),
that holds the relative and absolute convergence tolesafse® Section 4). The computed solutiois ac-
cepted byGLRT_sol ve if the computed value ofHx + AMx + ¢y, -1 is less than or equal to m@ax|c||y;-1*
stop_rel ative, stop_absol ute), where = of||x + 0|/, +€]”>~ andv depends on the stopping rule se-
lected byst oppi ng__rul e: for st oppi ng_rul e = 0,v =1, forst oppi ng_rul e = 1,v = min(1, ||x||), and for
stoppi ng_rul e =2,v =min(1, ||x||/ max1,0)). The defaults aret op_rel ati ve = /uandst op_absol ute
= 0.0, whereuis EPSI LON( 1. 0) (EPSI LON( 1. 0D0) in GALAHAD_GLRT _doubl e).

fraction_opt is a scalar variable of type defalEAL (double precision irfGALAHAD_GLRT _doubl e), that specifies
the fraction of the optimal value which is to be consideredeatable by the algorithm. A negative value is
considered to be zero, and a value of larger than one is cmesido be one. Reducirigacti on_opt below
one will result in a reduction of the computation performédh@ expense of an inferior optimal value. The
defaultisfraction_opt = 1.0.

f .0 is a scalar variable of type defal#AL (double precision ittALAHAD_GLRT_doubl e), that gives the value of the
constant ternfg in the objective function. This value has no effect on the potad minimizex. The default is
f_0=0.0.

rmnvr _zero is a scalar variable of type defal®EAL (double precision irGALAHAD_GLRT _doubl e), that gives the
smallest value that the square of thlenorm of the gradient of the objective function may be befiors
considered to be zero. The defaultis nvr _zero = 10 u, whereu is EPSI LON( 1. 0) (EPSI LON( 1. 0D0) in
GALAHAD_GLRT_doubl e).
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prefix is a scalar variable of type defaARACTER and length 30, that may be used to provide a user-selected
character string to preface every line of printed outpuedirally, each line of output will be prefaced by the
stringpref i x(2: LEN(TRI M prefi x))- 1), thusignoring the first and last non-null components of tipptied
string. If the user does not want to preface lines by suchiegstthey may use the defagltefix = ""

2.1.2 The derived data type for holding informational parameters

The derived data typ€LRT_i nf or mt ype is used to hold parameters that give information about tlegness and
needs of the algorithm. The component&oRT_i nf or m.t ype are:

status is a scalar variable of type defallNTEGER, that gives the current status of the algorithm. See Sexfad
and 2.4 for details.

al | oc_status is ascalar variable of type defalINTEGER, that gives the status of the last internal array allocation
deallocation. This will be O it atus = 0.

bad_al | oc is a scalar variable of type defa@HARACTER and length 80, that gives the name of the last internal array
for which there were allocation or deallocation errors.sMill be the null string ifstat us = 0.

obj is a scalar variable of type defaBAL (double precision ittALAHAD_G_RT _doubl e), that holds the value of the
objective function.

mul tiplier is a scalar variable of type defalEAL (double precision irGALAHAD_GLRT_doubl e), that holds the
value of the multiplied = of||x + ol|%; +¢]?/?~1.

| ef t nost is a scalar variable of type defaBEAL (double precision itALAHAD_GLRT_doubl €), that holds an estimate
of the leftmost eigenvalue of the matrix pengil,M).

i ter isa scalar variable of type defallNTECGER, that holds the current number of Lanczos vectors used.

i ter_pass2 is ascalar variable of type defalNTEGER, that holds the current number of Lanczos vectors used in the
second pass.

negative_curvature is a scalar variable of type defall©d CAL, that is set TRUE. if H has been found to be
indefinite during the calculation andrALSE. otherwise.

2.1.3 The derived data type for holding problem data

The derived data typ€LRT_dat a_t ype is used to hold all the data for a particular problem betweadls ©of GLRT
procedures. This data should be preserved, untouched tfr@initial call toGLRT_i ni ti al i ze to the final call to
GLRT_term nate.

2.2 Argument lists and calling sequences

There are three procedures for user calls (see SectionXirfoer features):
1. The subroutin€LRT_i nitial i ze is used to set default values, and initialize private data.

2. The subroutin€LRT_sol ve is called repeatedly to solve the problem. On each exit, #ae may be expected
to provide additional information and, if necessary, réeethe subroutine.

3. The subroutin€LRT_t er i nat e is provided to allow the user to automatically deallocatayacomponents of
the private data, allocated I8/RT_sol ve, at the end of the solution process. It is important to doittiie data
object is re-used for another problem sif@eRT_i ni ti al i ze cannot test for this situation, and any existing
associated targets will subsequently become unreachable.

We use square brackédts] to indicateOPTI ONAL arguments.

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

GALAHAD GLRT (May 8, 2013) 3



GLRT GALAHAD

2.2.1 The initialization subroutine

Default values are provided as follows:
CALL GLRT.initialize( data, control, inform)

dat a is a scalat NTENT( | NOUT) argument of typ& RT_dat a_t ype (see Section 2.1.3). It is used to hold data about
the problem being solved.

control is a scalat NTENT( QUT) argument of typ&LRT_cont r ol _t ype (see Section 2.1.1). On exdgyntrol con-
tains default values for the components as described ino®ettl.1. These values should only be changed after
callingGLRT.initialize.

i nform is a scalat NTENT( QUT) argument of type&sLRT.i nf or m.t ype (see Section 2.1.2). A successful calQo
RT_ini tialize is indicated when the componesttat us has the value 0. For other return valuesbét us,
see Section 2.4.

2.2.2 The optimization problem solution subroutine

The optimization problem solution algorithm is called aldfws:
CALL GLRT_solve( n, p, sigma, X, R VECTIOR data, control, infornl, eps, Q )

n is a scalafl NTENT(I N) argument of type defaultNTEGER, that must be set to the number of unknowns,
Restriction: n> 0.

p is a scalat NTENT( 1 N) variable of type defauREAL (double precision ittALAHAD_G_RT _doubl e), that must be
set on initial entry to the desired ordeiof regularisationRestriction: p > 2.

si gma is a scalat NTENT(I N) variable of type defauREAL (double precision iGALAHAD_GLRT_doubl €), that must
be set on initial entry to the value of the weighassociated with the regularisation terRestriction: ¢ > 0.

X is an arrayl NTENT( | NOUT) argument of dimension and type defaulREAL (double precision iftALAHAD_GL-
RT_doubl e), that holds an estimate of the solutivmf the linear system. On initial entr){,need not be set. It
must not be changed between entries. On &dfntains the current best estimate of the solution.

R is an arrayl NTENT( | NOUT) argument of dimension and type defaulREAL (double precision ifALAHAD_GL-
RT_doubl e), that is used to hold the gradieri + c of the objective function at the current estimate of the
solution. On initial entryR must contain the vectar. If i nf orndst at us = 5 on exit, it must be reset tg
otherwise it must be left unchanged. On eRitontains the gradient of the objective function at the qurbest
estimate of the solution.

VECTOR is an arrayl NTENT( | NOUT) argument of dimension and type defaulREAL (double precision irGALAH
AD_GLRT_doubl e), that is used to pass information from and3dT_sol ve, as explained in Section 2.3. On
initial entry, VECTCR need not be set. On exit, the actual content of the array dispen the value of the
parameter nf or P&t at us (see Section 2.3).

dat a is a scalat NTENT( | NOUT) argument of typ&RT_dat a_t ype (see Section 2.1.3). It is used to hold data about
the problem being solved. It must not have been altegetthe usersince the last call t&LRT_i ni ti al i ze.

control is ascalat NTENT(IN) argument of typ&LRT_control _t ype. (see Section 2.1.1). Default values may be
assigned by callin@_RT_i ni ti al i ze prior to the first call td&a_RT_sol ve.

i nform is a scalal NTENT( | NOUT) argument of typea RT_i nf or mt ype (see Section 2.1.2). On initial entry, the
componenst at us must be set td. The remaining components need not be set. A successfulocal-t
RT_sol ve is indicated when the componesttat us has the value 0. For other return valuessoét us, see
Sections 2.3 and 2.4.

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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eps is an optional scaldrNTENT( | N) variable of type defauREAL (double precision iGALAHAD_GLRT _doubl e). If
eps is PRESENT, it must be set on initial entry to the value of the skitissociated with the regularisation term.
Restriction: € > 0.

0] is an optional array NTENT( | N) variable of type defauREAL (double precision iftALAHAD_GLRT _doubl €). If
Ois PRESENT, it must be set on initial entry to the value of the offeetssociated with the regularisation term.

2.2.3 The termination subroutine

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

dat a is a scalaf NTENT( | NOUT) argument of typea RT _dat a_t ype exactly as forGLRT_sol ve that must not have
been alteredby the usersince the last call t&LRT_i nitial i ze. On exit, array components will have been
deallocated.

control isa scalaf NTENT(I N) argument of typ&LRT_cont r ol _t ype exactly as foilG_RT_sol ve.

i nf or m is a scalat NTENT( OUT) argument of typ&LRT_t ype exactly as foGLRT_sol ve. Only the componerst at us
will be set on exit, and a successful call@RT_t er ni nat e is indicated when this componesttat us has the
value 0. For other return values gffat us, see Section 2.4.

2.3 Reverse communication

A positive value of nf or nifst at us on exit fromGLRT_sol ve indicates that the user needs to take appropriate action
before re-entering the subroutine. Possible values are:

2. The user must perform the preconditioning operation
y: =M1z

and recallGLRT_sol ve. The vector is available in the arrayECTOR, and the resuly must be placed iRECTOR.
No argument exceptECTOR should be altered before recalli®@RT_sol ve. This return can only occur when
control %uni t mis. TRUE. .

3. The user must perform the matrix-vector product
y:=Hz

and recallGLRT_sol ve. The vector is available in the arrayECTOR, and the resuly must be placed iRECTOR.
No argument excepfECTOR should be altered before recalliGgRT_sol ve.

4. The user should res&to c and recallGLRT_sol ve. No argument exce® should be altered before recalling
GLRT_sol ve.

5. The user must perform the operation
y =Mz,
and recallGLRT_sol ve. The vector is available in the arrayECTOR, and the resuly must be placed iWECTOR.

No argument exceptECTOR should be altered before recalli®@RT_sol ve. This return can only occur when
bothcont rol %uni t mis . TRUE. andOis PRESENT.

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

A negative value of nf or n¥st at us on exit fromGLRT_sol ve or GLRT_t er i nat e indicates that an error has occurred.
No further calls should be made until the error has been ctatie Possible values are:

-1. Anallocation error occurred. A message indicating theraffeg array is written on undont r ol %er r or, and the
returned allocation status and a string containing the nafittee offending array are held imf or n?@l | oc _-
stat us andi nf or n¥bad_al | oc respectively.

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

-3. (GLRT_sol ve only) One or more of the restrictioms > 0, si gnma > 0,eps > 0 orp > 2 has been violated.

-7. (G.RT_sol ve only) The problem is unbounded from below. This can only leapif p < 2. In this case, the
problem is unbounded along the &e-a VECTOR asa increases.

-15. (GLRT_sol ve only) The matrixM appears not to be positive definite.
-18. (GLRT_sol ve only) More tharcont r ol % t max iterations have been performed without obtaining convecge

-25. (GLRT_sol ve only)i nf or n¥st at us is not> 0 on entry.

2.5 Re-entry with a new value ofo

It commonly happens that, having solved the problem for séiqudar value of the weight, a user now wishes to
solve the problem for a different value of Rather than restarting the calculation withf or n¥status = 1, a
useful approximation may be found resettsigjma to the new required value arrto c, and recallingadRT_sol ve
with i nf or nPst at us = 6 and the remaining arguments unchanged. This will deterthia®est solution within the
Krylov space investigated in the previous minimizatiore(Section 4).

2.6 Further features

In this section, we describe an alternative means of settimjrol parameters, that is components of the variable
control of typeG.RT_control _type (see Section 2.1.1), by reading an appropriate data spamficfile using the
subroutineaLRT_r ead_specfi | e. This facility is useful as it allows a user to char@€T control parameters without
editing and recompiling programs that c@llRT.

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

The portion of the specification file used ByRT_r ead_specf i | e must start with aBEG N GLRT” command and
end with an END’ command. The syntax of the specfile is thus defined as follows

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

keywor d val ue

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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END
(.. lines ignored by GLRT read_specfile .. )

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

BEG N GLRT SPECI FI CATI ON
and
END GLRT SPECI FI CATI ON

are acceptable. Furthermore, between 8#3'N GLRT” and “END” delimiters, specification commands may occur in
any order. Blank lines and lines whose first non-blank chtaras! or* are ignored. The content of a line aftetr a
or* character is also ignored (as is ther * character itself). This provides an easy manner to "comrmetitsome
specification commands, or to comment specific values odicecbntrol parameters.

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

The specification file must be open for input wh@rRT_r ead_specfil e is called, and the associated device
number passed to the routine in device (see below). Notettieatorresponding file iBEW NDed, which makes it
possible to combine the specifications for more than onerprofjoutine. For the same reason, the file is not closed
by GLRT_read_specfil e.

2.6.1 To read control parameters from a specification file

Control parameters may be read from a file as follows:

CALL GLRT_read_specfile( control, device )

control isascalal NTENT( | NOUT) argument of typ&LRT_cont r ol _t ype (see Section 2.1.1). Default values should
have already been set, perhaps by calGhBT_i ni ti al i ze. On exit, individual components abnt r ol may
have been changed according to the commands found in th@lep&pecfile commands and the component
(see Section 2.1.1) @bnt r ol that each affects are given in Table 2.1.

devi ce is a scalait NTENT( | N) argument of type defaultNTEGER, that must be set to the unit number on which the
specfile has been opened.dHvi ce is not opengont rol will not be altered and execution will continue, but
an error message will be printed on ucdnt r ol %err or .

2.7 Information printed

If control %rint_I evel is positive, information about the progress of the alganitkill be printed on unitont r ol -

Y%ut . If control %rint_|level = 1, asingle line of output will be produced for each iteratidrite process. This
will include the iteration number, the value of the objeetfunction, theM ~X-norm of its gradient|(H +AM )x +
¢|lm-1, the value of the multiplieh = o[||x + o||%, +€]”/?~1, the number of Newton steps required to filcand the
exit code from this calculation (0 = successful, 1 = 1, sthll2= more than 100 steps).dént r ol %rint _| evel >

2, this output will be increased to provide significant detdibach iteration. This extra output includes a complete
history of the inner iteration required to solve the “trigganal” subproblem, and for each Newton iteration records th
estimate of\, the erro®(A) = [||x + 0|3, +€]P/>~1 — A /o and theM -norm ofx.

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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command component otontr ol value type
error-printout-device Y%error integer
printout-device Yout integer
print-1level Y%rint _| evel integer
maxi num nunber-of -iterations | %t nmax integer
nunber-extra-n-vectors-used | %extra_vectors integer
stopping-rul e Yst oppi ng_rul e integer
tri-diagonal -sol ve-frequency | %req integer
rel ative-accuracy-required Ustop-relative real
absol ut e-accuracy-required Yt op_absol ute real
fraction-optimality-required | % raction_opt real
constant-termin-objective % 0 real
zero-gradi ent-tol erance % mi nvr _zero real
two- normregul arisation Yuni t m logical
space-critical Yspace_critical logical
deal | ocate-error-fatal %leal | ocate_error fatal | logical

Table 2.1: Specfile commands and associated componecustafol .

3 GENERAL INFORMATION

Use of common: None.
Workspace: Provided automatically by the module.

Other routines called directly: GLRT_sol ve calls the LAPACK subroutinePTTRF, where* is S for the default real
version and for the double precision version.

Other modules used directly: G_RT_sol ve calls theGALAHAD package$ALAHAD_SYMBOLS, GALAHAD_SPACE, GA-
LAHAD_RAND, GALAHAD_NORVS, GALAHAD_GLTR, GALAHAD_ROOTS andGALAHAD_SPECFI LE.

Input/output: Output is under control of the argumentsit r ol %error, cont r ol %out andcontrol %rint _| evel .
Restrictions: n>0, ¢ > 0.

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

4 METHOD

The required solutior necessarily satisfies the optimality conditigr +AMx +c+Ao= 0, where\ = o{||x+ 0|2, +
€]P/2-1, In addition, the matrixd +AM will be positive semi-definite.

The method is iterative. Starting with the vechr'c, a matrix of Lanczos vectors is built one column at a time so
that thek-th column is generated during iteratiknThese columns span a so-called Krylov space. The resuitiyg

k matrix Qx has the property tha] HQ, = T, whereTy is tridiagonal. An approximation to the required solution
may then be expressed formally as

Xi+1 = QkYk

whereyy solves the “tridiagonal” subproblem of minimizing
ioflly +d|5+€P 2+ 3y Ty + e -€]y, (4.)

whered = Q] Mo ande; is the first unit vector.

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

8 GLRT (May 8, 2013) GALAHAD



GALAHAD GLRT

To minimize (4.1), the optimality conditions
(Tk+Aly(A) = —c—Ad, (4.2)

whereX = o[||ly(A) +d|2, +€]P/>~1 are used as the basis of an iteration. Specifically, giverstimateA for which
Tk + Al is positive definite, the tridiagonal system (4.2) may becifitly solved to givey(A). It is then simply a
matter of adjusting (for example by a Newton-like process) to solve the scalaftinear equation

000 = [ly\) +dlfy + P> -2 ~o @3)

In practice (4.3) is reformulated, and a more rapidly cogivey iteration is used.

It is possible to measure the optimality measl|iiHx + AMx + ¢+ Ao||,-1 without computingxy;1, and thus
without needingk. Once this measure is sufficiently small, a second passsreztito obtain the estimatg 1 from
yk- As this second pass is an additional expense, a record fsokdipe optimal objective function values for each
value ofk, and the second pass is only performed so far as to ensurem fgaction of the final optimal objective
value. Large savings may be made in the second pass by chjdbsirequired fraction to be significantly smaller than
one.

Special code is used in the special cpse 2, as in this case a single pass suffices.

Reference: The method is described in detail in

C. Cartis, N. I. M. Gould and Ph. L. Toint, Adaptive cubic ogstimation methods for unconstrained optimization.
Technical Report RAL-TR-2007-007, Rutherford Appletorbbeatory, 2007.

5 EXAMPLE OF USE

Suppose we wish to solve a problem in 10,000 unknowns, whatseisl

-2 1 2 1 1
1 -2 2 1 1
H= . , M= . , C= . ando=—-1| . |,
-2 1 2 1 1
1 -2 2 1 1

with a weighto = 10 and shife = 1. Suppose further that we are content with an approximatttoh is within 99%
of the best. Then we may use the following code

PROGRAM GALAHAD GLRT_EXAMPLE | GALAHAD 2.4 - 15/05/2010 AT 14:30 GMI.
USE GALAHAD GLRT DOUBLE I doubl e precision version
I MPLICI'T NONE

I NTEGER, PARAMETER :: working = KIND( 1.0D+0 ) ! set precision

REAL ( KIND = working ), PARAMETER :: one = 1.0_working, two = 2.0_working

I NTEGER, PARAMETER :: n = 10000 I probl em di nensi on
INTEGER :: i
REAL ( KIND = working ) :: p = 3.0_working order of regulatisation

REAL ( KIND

!
working ) :: eps = 1.0_working I shift
!

— — — —

(
REAL ( KIND = working ) :: sigma = 10.0_working ! regul atisation weight
REAL ( KIND = working ), DIMENSION( n) :: X, R VECTOR, Hvector, O
TYPE ( GLRT data_type ) :: data
TYPE ( GLRT_control _type ) :: control
TYPE ( GLRT_informtype ) :: inform
CALL GLRT_initialize( data, control, inform) ! Initialize control parameters

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
For any commercial application, a separate license must begned.
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control %nitm = . FALSE.
control %raction_opt = 0.99

Mis not the identity matrix
Only require 99% of the best

R = one The linear termc is a vector of ones
O = - one The offset o is a vector of mnus ones
informstatus = 1
DO I Iteration to find the mnimzer

CALL GLRT_solve( n, p, sigm, X R VECTOR data, control, inform &

eps = eps, 0=0)

SELECT CASE( infornistatus ) Branch as a result of inforn¥status

|
CASE( 2 ) I Formthe preconditioned vector
VECTOR = VECTOR / two I Preconditioner is two tinmes identity
CASE ( 3) ! Formthe matrix-vector product
Hvector( 1) =- tw * VECTOR( 1) + VECTOR( 2 )
DOi =2, n-1
Hvector( i ) = VECTOR( i - 1) - tw * VECTOR( i ) + VECTOR( i + 1)
END DO

Hvector( n) = VECTOR( n- 1) - tw * VECTOR( n )
VECTCR = H vector

CASE ( 4) I Restart
R = one | setrtoc

CASE( 5) ! Formthe product of the preconditioner
VECTOR = two * VECTOR I with a vector

CASE ( 0) ! Successful return

VWRITE( 6, "( 1X, 10, ' 1st pass and ', 10, ' 2nd pass iterations’ )" ) &
informPbter, infornPbter_pass2

Hvector( 1) =-two * X( 1) + X 2)

DOi =2, n-1

Hvector( i ) =X i -1)-tw* X i)+Xi+1)
END DO
Hvector( n) =X n-1)-tw * X n)
WRITE( 6, "( ' objective recurred and calculated = ', 2ES16.8 )" ) &
i nforndebj, 0.5 working * DOT_PRODUCT( X, H.vector ) + SUM X ) + &

(sigmm/ p) * ( two * DOT_PRODUCT( X+ QO X+ O) +eps ) ** ( p/tw )
CALL GLRT_terninate( data, control, inform) ! delete internal workspace
EXIT
CASE DEFAULT ! Error returns
WRITE( 6, "( ' GLRT_solve exit status ="', 16 ) " ) inforn¥status
CALL GLRT terminate( data, control, inform) ! delete internal workspace
EXIT
END SELECT
END DO
END PROGRAM GALAHAD GLRT_EXANPLE

This produces the following output:

3 1st pass and 1 2nd pass iterations
obj ective recurred and cal cul ated = 9.88721600E+03 9. 88721600E+03

All use is subject to licence. Sebttp://gal ahad. rl. ac. uk/ gal ahad- ww/ cou. htm .
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