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1 SUMMARY

This package provides@ossoverfrom a solution to the&onvex quadratic programming problem
minimize q(x) = ix"Hx +g'x + f

subject to the general linear constraints
d<a'x<d!, i=1,...,m,

and the simple bound constraints
X <x<xj=1,....n,

found by an interior-point method to one in which thatrix of defining active constraints/variables is of full rank.
Here, then by n symmetric, positive-semi-definite matti, the vectorg, a;, ¢', ¢V, X', xY, the scalarf are given. In
addition a solutiorx along with optimal Lagrange multipliegsfor the general constraints and dual variatdésr the
simple bounds must be provided (see Section 4). These wdllpested as necessary. Any of the constraint bounds
c}, c', x'j andx‘jJ may be infinite. Full advantage is taken of any zero coeffisiamthe matrixH or the matrixA of
vectorsa;.

ATTRIBUTES — Versions: GALAHAD_CRO i ngl e, GALAHAD_CRO.doubl e. Uses:GALAHAD CLOCK, GALAHAD_SYM
BOLS, GALAHAD_SPACE, GALAHAD_SPECFI LE, GALAHAD_TOOLS. GALAHAD_QPT, GALAHAD_SCU, GALAHAD_SLS, GALAHAD._-

ULS, Date: January 20120rigin: N. I. M. Gould, Rutherford Appleton LaboratoryLanguage: Fortran 95 + TR
15581 or Fortran 2003 arallelism: Some options may use OpenMP and its runtime library.

2 HOW TO USE THE PACKAGE

Access to the package requiredSk statement such as

Sngle precision version
USE GALAHAD_CROsi ngl e

Double precision version
USE GALAHAD_CRO.doubl e

If it is required to use both modules at the same time, theve@rypesSMI_t ype, QPT_pr obl em.t ype, NLPT_user -
data_type, CROti me_t ype, CRO.control _t ype, CRO.i nf or mt ype andCRO.dat a_t ype (Section 2.2) and the sub-
routinesCRO.i ni tial i ze, CRO.crossover, CROt erninate, (Section 2.3) an€RO.r ead_specfil e (Section 2.5)
must be renamed on one of tUgE statements.

2.1 OpenMP

OpenMP may be used by ti&L AHAD_CRO package to provide parallelism for some solver options areth memory
environments. See the documentation for @ AHAD packagesLS for more details. To run in parallel, OpenMP
must be enabled at compilation time by using the correct denffag (usually some variant ebpennp). The number
of threads may be controlled at runtime by setting the envivent variabléVP_NUM THREADS.

The code may be compiled and run in serial mode.
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2.2 The derived data types

Four derived data types are accessible from the package.

2.2.1 The derived data type for holding control parameters

The derived data typ@RO.cont r ol _t ype is used to hold controlling data. Default values may be oleiby calling
CRO.initialize (see Section 2.3.1), while components may also be changedlliyg CROr ead_specfil e (see
Section 2.5.1). The components@O_cont rol _t ype are:

error isascalar variable of type defallNTECGER, that holds the stream number for error messages. Printiegar
messages iBRO.cr ossover andCRO.t ermi nat e is suppressed #rror < 0. The defaultigrror = 6.

out is a scalar variable of type defalNTEGER, that holds the stream number for informational messagastirig)
of informational messages ERO.cr ossover is suppressed dut < 0. The default iDut = 6.

print_|evel isa scalarvariable of type defallNTEGER, that is used to control the amount of informational output
which is required. No informational output will occurgfint _| evel <O. If print_l evel =1, asingle line
of output will be produced for each iteration of the procdsgrint _| evel > 2, this output will be increased
to provide significant detail of each iteration. The deféftri nt _| evel = 0.

max_schur _conpl ement is a scalar variable of type defalNTEGER, that specifies the maximum number of columns
permitted in the Schur complement when updating the salutsee Section 4) before a re-factorization is
triggered. The default isax_schur _conpl enent = 75.

infinity isascalarvariable of type defaB®AL (double precision ittALAHAD_CRO._doubl e), that is used to specify
which constraint bounds are infinite. Any bound larger thaii ni ty in modulus will be regarded as infinite.
The defaultig nfinity =10

feasibility_tol erance is a scalar variables of type defaBEAL (double precision ifGALAHAD_CRO.doubl e), that
specifies the maximum violation of the KKT conditions thgpésmitted. The default iieasi bility_tol er-
ance =u, whereuis EPSI LON( 1. 0) (EPSILO\( 1. 0D0) in GALAHAD_CRO.doubl e).

check_i o0 is a scalar variable of type defalld CAL, that must be setTRUE. if the user wishes to check the input
and output data and~ALSE. otherwise. The package may run fastesfiice critical is.FALSE. but at the
possible expense of errors The defaultheck_i o = . TRUE. .

spacecritical is a scalar variable of type defallod CAL, that must be setTRUE. if space is critical when
allocating arrays andFALSE. otherwise. The package may run fastespéce_critical is. FALSE. but atthe
possible expense of a larger storage requirement. Theltlisfapace_critical = . FALSE. .

deal | ocat e_error _fatal is a scalar variable of type defaul®G CAL, that must be setTRUE. if the user wishes to
terminate execution if a deallocation fails, arffALSE. if an attempt to continue will be made. The default is
deal | ocate_error fatal = .FALSE..

symetric_l i near _sol ver is a scalar variable of type defa@HARACTER and length 30, that specifies the exter-
nal package to be used to solve any general symmetric liryséeras that might arise. Possible choices are
"sils', 'ma27, 'ma57', 'ma77’, 'ma86’, 'ma97’, 'pardiso’ and’wsnp’, although only sils’ is in-
stalled by default. See the documentation for @ AHAD packageSLS for further details. The default is
symetric_linear_solver =" sils’.

unsynmmetri c_l i near _sol ver is a scalar variable of type defaGHARACTER and length 30, that specifies the external
package to be used to solve any unsymmetric linear systeansrtight arise. Possible choices amg s’ ,
'ma28’ and’' na48’, although only gl s’ is installed by default. See the documentation for @ AHAD
packagelLS for further details. The default ismsymetric_l i near _sol ver = "gls’.
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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 = ""

SLS_control is a scalar variable argument of tyBeS_cont r ol _t ype that is used to pass control options to external
packages used to solve any symmetric linear systems that arige. See the documentation for L AHAD
packagesLs for further details. In particular, default values are asSids.

ULS_control is a scalar variable argument of typeS cont r ol _t ype that is used to pass control options to exter-
nal packages used to solve any unsymmetric linear systesmsnight arise. See the documentation for the
GALAHAD packagelLS for further details. In particular, default values are asUics.

2.2.2 The derived data type for holding timing information

The derived data typ@RO.t i me_t ype is used to hold elapsed CPU and system clock times for theusparts of the
calculation. The components 6ROt i me_t ype are:

total is a scalar variable of type defaldEAL (double precision ifzALAHAD_CRO.doubl e), that gives the total CPU
time spent in the package.

anal yse is a scalar variable of type defallEAL (double precision irGALAHAD_CRO.doubl e), that gives the CPU
time spent analysing the required matrices prior to faz&tion.

factorize is a scalar variable of type defatEAL (double precision ifsALAHAD_CRO.doubl e), that gives the CPU
time spent factorizing the required matrices.

sol ve is a scalar variable of type defatEAL (double precision isALAHAD_CRO doubl e), that gives the CPU time
spent computing corrections to the current solution.

clock_total isa scalarvariable of type defalAL (double precision ittALAHAD_CRO_doubl e), that gives the total
elapsed system clock time spent in the package.

cl ock_anal yse is a scalar variable of type defalEAL (double precision ifGALAHAD_CRO_doubl e), that gives the
elapsed system clock time spent analysing the requiredaesifprior to factorization.

clock_factorize isascalar variable of type defaBAL (double precision ittALAHAD_CRO.doubl e), that gives the
elapsed system clock time spent factorizing the requiretices.

cl ock_sol ve is a scalar variable of type defalREAL (double precision irGALAHAD_CRO.doubl €), that gives the
elapsed system clock time spent computing correctionsetauirent solution.
2.2.3 The derived data type for holding informational parameters

The derived data typ@RO.i nf or m.t ype is used to hold parameters that give information about thgneiss and needs
of the algorithm. The components@RO.i nf or m.t ype are:

status is a scalar variable of type defalllNTEGER, that gives the exit status of the algorithm. See Sectiorf®.4
detalils.

al l oc_status is a scalar variable of type defalNTEGER, that gives the status of the last attempted array allogatio
or deallocation. This will be O ift 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.shill be the null string ifstat us = 0.
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dependent is a scalar variable of type defaliNTEGER, that gives the number of dependent active constraints.

ti me is a scalar variable of typ€RO.t i ne_t ype whose components are used to hold elapsed CPU and systein cloc
times for the various parts of the calculation (see Sectigr.

SLS_control isa scalar variable argument of tyPleS_cont r ol _t ype that is used to pass control options to external
packages used to solve any symmetric linear systems that arige. See the documentation for L AHAD
packagesLs for further details. In particular, default values are asSids.

ULS_control is a scalar variable argument of typeS cont r ol _t ype that is used to pass control options to exter-
nal packages used to solve any unsymmetric linear systesmsriight arise. See the documentation for the
GALAHAD packagéelLS for further details. In particular, default values are asud.

scu_status is a scalar variable of type defaullNTEGER, that gives the return status from the Schur-complement
updating packag@ALAHAD_SCU. See the specification sheet f8AHAD_SCU for details.

SCU.i nform is a scalar variable of typ8CU.i nf 0_t ype whose components are used to provide information about
Schur-complement updating applied by the packaidi&HAD_SCU. See the specification sheet f& AHAD_SCU
for details.

2.2.4 The derived data type for holding problem data

The derived data typ@RO_dat a_t ype is used to hold all the data for a particular problem, or saqas of problems
with the same structure, between call<CB0 procedures. This data should be preserved, untouched tfr@initial
calltoCRO. ni ti al i ze to the final call toCRO.t er mi nat e.

2.3 Argument lists and calling sequences

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

1. The subroutin€RO.i nitialize is used to set default values, and initialize private datéoie solving one or
more problems with the same sparsity and bound structure.

2. The subroutin€RO.cr ossover is called to solve the problem.

3. The subroutin€RO.t er ni nat e is provided to allow the user to automatically deallocataypcomponents of
the private data, allocated IR0 cr ossover, at the end of the solution process.

We use square brackdts] to indicateOPTI ONAL arguments.

2.3.1 The initialization subroutine

Default values are provided as follows:

CALL CRO.initialize( data, control, inform)

dat a is a scalaft NTENT( | NOUT) argument of typ&€RO.dat a_t ype (see Section 2.2.4). It is used to hold private data
used by the crossover algorithm.

control is a scalat NTENT( QUT) argument of type€RO.control _t ype (see Section 2.2.1). On exitont rol con-
tains default values for the components as described ind®etP.1. These values should only be changed after
callingCRQ. ni tiali ze.

i nformis a scalarl NTENT( QUT) argument of typeCRO.i nf or mt ype (see Section 2.2.3). A successful call to
CRO. nitialize is indicated when the componegitat us has the value 0. For other return valuesodt us,
see Section 2.4.
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2.3.2 The crossover subroutine

The crossover algorithm is called as follows:

CALL CROcrossover( n, m mequal, Hval, Hcol, Hptr, Aval, &
Acol, Aptr, G CIl, Cu, XI, Xu, C X Y, &
Z, Cstat, Xstat, data, control, inform)

n is a scalad NTENT(IN) argument of type defaultNTEGER, that must be set to the number of optimization
variablesn. Restrictions: n > 0.

m  is a scalafd NTENT(I N) argument of type defaultNTEGER, that must be set to the number of general linear
constraintsm. Restrictions: m> 0.

mequés a scalad NTENT(I N) argument of type defaultNTEGER, that must be set to the number of general linear
constraints that are equalities, i.e., whose lower and uppends coincideRestrictions: m> mequal > 0.

Hval is anl NTENT(IN) rank-one array argument of dimensidmt r (n+1) - 1 and type defaulREAL (double preci-
sion iNnGALAHAD_CRO.doubl e), that must be set to hold the values of the nonzero entrigeetdwer triangular
part of the Hessian matrild. The entries must be ordered so that those inirappear directly before those in
row i+ 1 with no gaps; the order within each row is unimportant.

Hcol isanl NTENT(IN) rank-one array argument of dimensiamt r (n+1) - 1 and type default NTEGER, that must
be set to hold the column indices of tkmwer triangular part of H. These must be ordered so that they
correspond to the values storedHwal .

Hptr isanl NTENT(IN) rank-one array argumentof dimensiorl and type default NTEGER, whosej-th component,
j =1,...,n, holds the starting position of royvof thelower triangular part ofH as stored itl.val andHcol .
Then+ 1-st component must be set to the total number of entrieseitotlier triangular part dff plus one.

Aval isanl NTENT(IN) rank-one array argument of dimensiamt r (m+1) - 1 and type defaulREAL (double preci-
sion in GALAHAD_CRO. doubl e), that must be set to hold the values of the nonzero entridseafacobian matrix
A. The entries must be ordered so that those inirappear directly before those in raw 1 with no gaps; the
order within each row is unimportant.

Acol isanl NTENT(IN) rank-one array argument of dimensiamt r (mt1) - 1 and type default NTEGER, that must
be set to hold the column indices Af These must be ordered so that they correspond to the vabresl $n
Aval .

Aptr isanl NTENT(IN) rank-one array argument of dimensiotl and type default NTEGER, whose-th component,
i =1,...,m, holds the starting position of roinof A as stored irA.val andA col . The+1-st component must
be set to the total number of entriesArmplus one.

G is anl NTENT(I N) rank-one array argument of dimensiorand type defaulREAL (double precision irALA-
HAD_CRO_doubl e), that holds the gradierg of the linear term of the quadratic objective function. Tjth
componentof, j =1,...,n, must be set tg;.

C.| isanI NTENT(IN) rank-one array argument of dimensimand type defaulREAL (double precision irGALA-
HAD_CRO.doubl e), that holds the vector of lower boundson the general constraints. Théh component of
Cl,i=1,...,m must be set tm:!. Infinite bounds are allowed by setting the correspondingmanents of
C.l to any value smaller than nfinity, wherei nfinity is a component of the control arragntrol (see
Section 2.2.1).

C.u is anlI NTENT(IN) rank-one array argument of dimensimand type defaulREAL (double precision irGALA-
HAD_CRO_doubl €), that holds the vector of upper boundson the general constraints. Th¢h component
of Cu, i =1,...,m, must be set t@}'. Infinite bounds are allowed by setting the correspondingmnents
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of C_u to any value larger thannfi ni ty, wherei nfinity is a component of the control arragntrol (see
Section 2.2.1).

is anI NTENT(IN) rank-one array argument of dimensiorand type defaulREAL (double precision irGA-
LAHAD_CRO.doubl e), that holds the vector of lower bounds on the the variables. Thgth component of
X, j=1,...,n, must be set ta!. Infinite bounds are allowed by setting the correspondingmmnents of
X to any value smaller than nfinity, wherei nfinity is a component of the control arragntrol (see
Section 2.2.1).

is an| NTENT(I N) rank-one array argument of dimensiorand type defaulREAL (double precision irGA-

LAHAD_CRO.doubl e), that holds the vector of upper bounxtson the variables. Th¢-th component oK _u,
j =1,...,n, must be set t(x‘jJ. Infinite bounds are allowed by setting the correspondingmanents oX_u

to any value larger than thanfinity, wherei nfinity is a component of the control arragnt rol (see
Section 2.2.1).

is anl NTENT( | NOUT) rank-one array argument of dimensioand type defauREAL (double precision iGALA-
HAD_CRO_doubl e), that holds the values of the optimization variables. Theth component ok, j =1,...,n,
must be set ta; on input, and may have been adjusted to provide anothei@olom output.

is anl NTENT( | NOUT) rank-one array argument of dimensimiand type defaulREAL (double precision iA-
LAHAD_CRO.doubl e), that holds the value&x of the constraints. Thieth componento€, i =1,...,m, must be
set toa] x = (Ax); on input, and may have been adjusted to provide anotheiolom output.

is anl NTENT( | NOUT) rank-one array argument of dimensioand type defauREAL (double precision iGALA-
HAD_CRO_doubl €), that holds the valuegof estimates of the Lagrange multipliers corresponding¢ogeneral
linear constraints (see Section 4). TiHéga component ofr, i = 1,...,m, must be set tg; on input, and may
have been adjusted to provide another solution on output.

is anl NTENT( 1 NOUT) rank-one array argument of dimensio@and type defaulREAL (double precision iA-
LAHAD_CRO.doubl e), that holds the valuesof estimates of the dual variables corresponding to thelsitmpund
constraints (see Section 4). Th¢h componentoZ, j =1,...,n, must be set tg; on input, and may have been
adjusted to provide another solution on output.

Cstat isanl NTENT(IN) rank-ond NTENT( | NOUT) array argument of dimensiomand type defaultNTEGER, that in-

dicates which of the general linear constraints are in tmeectiactive set. Possible input valuesost at (i),
i =1,..., m and their meanings are

<0 thei-th general constraint is in the active set on its lower boueda] x = c,

>0 thei-th general constraint is in the active set on its upper bpueda x = ¢, and

0 thei-th general constraint is not in the active set, i< a7 x < c.

On output, the value d@_st at (i) may have changed to mean

-1 thei-th general constraint is both independent and active davitsr bound,

- 2 thei-th general constraint is on its lower bound but linearlyetegent on others,

1 thei-th general constraint is both independent and active arpiter bound,

2 thei-th general constraint is on its upper bound but linearlyeshglent on others, and
0 thei-th general constraint is not in the active set.

X.stat is anl NTENT(IN) rank-onel NTENT( | NOUT) array argument of dimensianand type default NTEGER, that

indicates which of the simple bound constraints are in tleetiactive set. Possible input valuesXast at (),
j=1,...,n, and their meanings are
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<0 the j-th simple bound constraint s in the active set on its lonarr, i.e. x; = x'j,
>0 the j-th simple bound constraint is in the active set on its uppemnil, i.e. x; = xj, and

0 the j-th simple bound constraint is not in the active set, k&eg Xj < x‘j’.
On output, the value of st at (j ) may have changed to mean

-1 the j-th simple bound constraint is both independent and activiésdower bound,
- 2 the j-th simple bound constraint is on its lower bound but lingddpendent on others,
1 the j-th simple bound constraint is both independent and actiésaipper bound,
2 the j-th simple bound constraint is on its upper bound but linedejpendent on others, and
0 the j-th simple bound constraint is not in the active set.
data is a scalarl NTENT(| NOUT) argument of typeCRO.dat a_t ype (see Section 2.2.4). It is used to hold pri-

vate data used by the crossover algorithm and must not hae ddteredby the user since the last call to
CRQOinitialize.

control is a scalat NTENT(IN) argument of typeCRO.cont rol _t ype (see Section 2.2.1). Default values may be
assigned by callin@RO.i ni ti al i ze prior to the first call taCRO.cr ossover.

i nform is a scalad NTENT( | NOUT) argument of typeCRO.i nf or mt ype (see Section 2.2.3). A successful call to
CRO.crossover is indicated when the componesitat us has the value 0. For other return valuesbét us,
see Section 2.4.

2.3.3 The termination subroutine

All previously allocated arrays are deallocated as foltows

CALL CROterninate( data, control, inform)

dat a is a scalat NTENT( | NOUT) argument of typ&€RO dat a_t ype exactly as folCRO_cr ossover, that must not have
been alteredy the user since the last call t€RO.i nitialize. On exit, array components will have been
deallocated.

control isascalat NTENT(IN) argument of typ&€RO.contr ol _t ype exactly as folCRO.cr ossover .

i nform is a scalat NTENT( OUT) argument of typ&€RO.i nf or m.t ype exactly as folCRO.cr ossover. Only the com-
ponentst at us will be set on exit, and a successful call@BO.t er m nat e is indicated when this component
st at us has the value 0. For other return valuestdt us, see Section 2.4.

2.4 Warning and error messages

A negative value of nf or n¥st at us on exit from CRO.cr ossover or CROt ermi nat e indicates that an error has
occurred. No further calls should be made until the errodesesn corrected. Possible values are:

-1. Anallocation error occurred. A message indicating theraffeg array is written on ungont r ol %r r or , and the
returned allocation status and a string containing the nanttee 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 containingdneaof the offending array are held inf or n¥al | oc _-
stat us andi nf or ntbad_al | oc respectively.

-3. One of the restrictiongr ob% > 0 or the requirement thatr ob%-.t ype contain its relevant stringDENSE' ,
" COORDI NATE' , ' SPARSE_BY_ROWS' or’ DI AGONAL' whenH is available, has been violated.
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-4. The bound constraints are inconsistent.
-7. The objective function appears to be unbounded from belothefeasible set.

-9. Anerror was reported b§L.S_anal yse. The return status froi8LS_anal yse is given ini nf or n?%8LS_i nf or n%
stat us. See the documentation for tRALAHAD packagesLS for further details.

-10. An error was reported b8LS f act ori ze or SCU_append. The return status froriLS_f act ori ze is given in
i nf or n¥BLS_i nf or n¥fst at us and that fromSCU_append in i nf or n¥scu_st at us. See the documentation for
the GALAHAD package$LS andSCU for further details.

-11. Anerrorwas reported b§LS_sol ve or SCU_sol ve. The return status froBLS_sol ve is givenini nf or n#8LS_-
i nf or n¥fst at us and that fronSCU_sol ve in i nf or n¥scu_st at us. See the documentation for tiBALAHAD
package$LS andSCU for further details.

-13. An error was reported byYLS f act ori ze. The return status frodLS_f act ori ze is given ini nf or nfaul s _-
factori ze_st at us. See the documentation for tBALAHAD packagelLS for further details.

-14. Anerrorwas reported byLS_sol ve. The return status frotd.S_sol ve is given ini nf or bl s_sol ve_st at us.
See the documentation for tiBALAHAD packagelLS for further details.

2.5 Further features

In this section, we describe an alternative means of settimgrol parameters, that is components of the variable
control of typeCROcontrol _type (see Section 2.2.1), by reading an appropriate data spimficfile using the
subroutineCRO.r ead_specfi | e. This facility is useful as it allows a user to chan@®0 control parameters without
editing and recompiling programs that c&aRo.

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 limit&@Dtoharacters, including the blanks separating keyword
and value.

The portion of the specification file used BROr ead_specfi | e must start with a BEG N CRO’ command and
end with an END’ command. The syntax of the specfile is thus defined as follows

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

keywor d val ue
END
(.. lines ignored by CRO read_specfile .. )

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

BEA N CRO SPECI FI CATI ON
and

END CRO SPEC! FI CATI ON
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are acceptable. Furthermore, between BE3'N CRO" 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 differggeggynamely integer, logical or real. Integer and real
values may be expressed in any relevant Fortran integer@atihil-point formats (respectively). Permitted valueas fo
logical parameters areédN’, " TRUE”, ". TRUE. ", " T", " YES", " Y”, or "OFF”, "NO’, "N’, "FALSE", ”. FALSE. " and "F".
Empty values are also allowed for logical control paransetand are interpreted asRUE".

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

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

CALL CRO read_specfile( control, device )

control is a scalat NTENT(| NOUT) argument of typ€RO_cont r ol _t ype (see Section 2.2.1). Default values should
have already been set, perhaps by caliRg.i nitial i ze. On exit, individual components @bntrol may
have been changed according to the commands found in th@lep&pecfile commands and the component
(see Section 2.2.1) @bnt r ol that each affects are given in Table 2.1.

command componentotontrol value type
error-printout-device Y%rror integer
printout - devi ce Y%out integer
print-1level Y%rint _| evel integer
maxi num di mensi on- of - schur - conpl ement | %vax_schur _conpl enent integer
infinity-value %nfinity real
feasibility-tol erance Y% easibility_tol real
check-i nput - out put Y%heck_io logical
space-critical Yspace_critical logical
deal | ocate-error-fatal Y%leal | ocate_error _fatal logical
out put-1ine-prefix Y%orefi x character
symetric-linear-equation-solver Ysynmmetric_linear _sol ver character
unsynmetric-1inear-equation-sol ver Y%unsymetric_l i near _sol ver | character

Table 2.1: Specfile commands and associated componetdstafol .

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

2.6 Information printed

If control %rint _I evel is positive, information about the progress of the alganithill be printed on unitont r ol -
Y%ut . If control %rint_l evel =1, a single line indicating how many dependent constrairltse removed. If
control %rint_level > 2, this output will be increased to provide details of the efgfent constraints, while if
control %rint _| evel > 5, full debugging details (probably only of interest to tloele developer) are provided.
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3 GENERAL INFORMATION

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

Other modules used directly: CROcr ossover calls theGALAHAD packages$sALAHAD_CLOCK, GALAHAD_SYMBOLS,
GALAHAD_SPACE, GALAHAD_SPECFI LE, GALAHAD_TOCOLS. GALAHAD_QPT, GALAHAD_SCU, GALAHAD_SLS andGALAHAD._-
ULS.

Input/output: Outputis under control of the argumentsit r ol %error, control %ut andcont rol %rint _l evel .

Restrictions: n > 0, m > m.equal, mequal > 0, prob%A_t ype and prob%.type € {' DENSE' , ' COORDI NATE',
" SPARSE_BY_ROWS' , ' DI AGONAL’ }. (if H andA are explicit).

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

4 METHOD

Any required solutiorx necessarily satisfies the primal optimality conditions

AXx=c (4.1)
and
d<e<cY, x <x<xY, (4.2)
the dual optimality conditions
Hx+g=ATy+z y=y +y' andz=7'+2", (4.3)
and
y' >0, y*<0, 2 >0 andz' <0, (4.4)
and the complementary slackness conditions
(Ax—cYTy' =0, (Ax—c")Ty'=0, (x—x"TZ =0 and (x—x")T2" =0, (4.5)

where the vectory andz are known as the Lagrange multipliers for the general lirmanstraints, and the dual
variables for the bounds, respectively, and where the vé@oegualities hold componentwise.

Denote the active constraints Byx = ca and the active bounds bByx = xa. Then any optimal solution satisfies

the linear system
H —-AL -I} X -g
An O 0 ya | =1 ¢ |,
IA 0 0 Zn XA

whereya andza are the corresponding active Lagrange multipliers and daréibles respectively. Consequently the
difference between any two solutiof¥sx, Ay, Az) must satisfy

H fA)_—\ — |;_r\ AX
An 0 0 Aya | =0. (4.6)
Ia 0 0 Azp

Thus there can only be multiple solution if the coefficientrixaK of (4.6) is singular. The algorithm used in GA-
LAHAD _CRO exploits this. The matriK is checked for singularity using thi@ALAHAD packageGALAHAD_ULS. If
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K is non singular, the solution is unique and the solution ir’qwthe user provides a linearly independent active set.
OtherwiseK is singular, and partition& X = (Alg ALy) andl} = (15 1}) are found so that

H Ak 1
A O
s O 0

is non-singular and the “non-basic” constraiAtg, andl 1 are linearly dependent on the “basic” orfégg | 5g). In
this case (4.6) is equivalent to

H —AL, -1 X Al 1T
ApB 0 0 AYAB = 0 Ayan + 0 Azpn. (4.7)
I AB 0 0 JAVAY:} 0 0

Thus, starting from the user(g,y, z) and with a factorization of the coefficient matrix of (4.7yfal by theGALAHAD
package€ALAHAD_SLS, the alternative solutiofx +ax,y +ay, z+ az), featuring(Ax, Ayag, Azag) from (4.7) in which
successively one of the componentdghy andAzay in turn is non zero, is taken. The scataat each stage is chosen
to be the largest possible that guarantees (4.4); this mayemavhen a non-basic multiplier/dual variable reaches, zer
in which case the corresponding constraint is disregamledhen this happens for a basic multiplier/dual variable,
in which case this constraint is exchanged with the nonebasé under consideration and disregarded. The latter
corresponds to changing the basic-non-basic partitiod.if)( and subsequent solutions may be found by updating
the factorization of the coefficient matrix in (4.7) followg the basic-non-basic swap using th&LAHAD package
GALAHAD_SCU.

5 EXAMPLE OF USE

Suppose we have solved the quadratic program

11 10 10
minimize ZX, +1 Zx.x.+1+ Ixg—Ixp— Zx. $x11
I* I

subject to Z)g =10, Zx, >9, %x. <10

and x>0, x,>1 fori=2,

(using, for exampleGALAHAD's CQP package), and have found the primal-dual solutios (0,1,1,....1), y =
(-1,3,-2) andz = (2,4,5,3,...5) for which all variables and constraints are active; cleargh a solution has
dependent active constraints. Then we may find a crossolgicsoin which the defining active set is linearly
independent using the following code:

I TH'S VERSION: GALAHAD 2.5 - 06/01/2012 AT 08:30 GMI.
PROGRAM GALAHAD CRO_EXAMPLE
USE GALAHAD CRO doubl e ! doubl e precision version
I MPLICI'T NONE
| NTEGER, PARAMETER :: wp = KIND( 1.0D+0 ) ! set precision
REAL ( KIND = wp ), PARAMETER :: infinity = 10.0_wp ** 20
TYPE ( CRO data_type ) :: data
TYPE ( CRO_control _type ) :: control
TYPE ( CRO.informtype ) :: inform
INTEGER :: i
I NTEGER, PARAMETER :: n = 11, m= 3, mequal =1, a_ne =30, h_ne =21
I NTEGER, DI MENSION( h_ne ) :: H.col
INTEGER, DIMENSION( n + 1) :: Hptr
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REAL ( KIND =

| NTEGER, DINENS

| NTEGER, DI MENSI ON

| start problemdata

Hval =(/ 1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, &
1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, &
1.0D+0, 5.0D-1, 1.0D+0, 5.0D-1, 1.0D+0 /) ! H val ues

Hcol =(/ 1, 1, 2, 2, 3, 3, 4 4, 5 5, 6,6, 7, 7,8 8 9, 9, 10, 10, &
11 7) ' H col ums

Hptr =(/ 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 /) ! pointers to H col

Aval = (/ 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+O0,
1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0,
1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, &
1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0 /) ! A values

, DOMENSION( m) :: CI, Cu, C Y
( m) :: C.stat
((n) :: Xstat

REAL ( KIND = wp ), DIMENSION( h_ne ) :: H.val
I NTEGER, DI l\/ENSI ON( a_ne ) :: A col
INTEGER, DIMENSION( m+ 1) :: A ptr
REAL ( KIND = wp ), DIMENSION( a_ne ) :: A val
REAL ( KIND = wp ), DIMENSION( n ) :: G X, Xu, X Z
w )
N

Acol =(/ 1, 2, 3, 4, 5, 6, 7 8 9, 10, 11, 3, 4, 5, 6, 7, 8, 9, 10, 11, &
2, 3, 4 5 6,7 8 9, 10, 11 /) ! A columns
Aptr = (/ 1, 12, 21, 31 /) ! pointers to A col ums
G =(/ 5001, -5.0D-1, -1.0D+0, -1.0D+0, -1.0D+0, -1.0D+0, -1.0D+O0, &
-1.0D+0, -1.0D+0, -1.0D+0, -5.0D-1 /) ! objective gradient
Cl =(/ 1.0D+1, 9.0D+0, - infinity /) I constraint |ower bound
Cu = (/ 1.0D+1, infinity, 1.0D+1 /) I constraint upper bound
X | = (/ 0.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, &
1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0 /) ! variable | ower bound
Xu =(/ infinity, infinity, infinity, infinity, infinity, infinity, &
infinity, infinity, infinity, infinity, infinity /) ! upper bound
C=(/ 1.0D+1, 9.0D+0, 1.0D+1 /) I optimal constraint value
X = (/ 0.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+0, 1.0D+O0, &
1.0D+0, 1.0D+0, 1.0D+0 /) ! optimal variables
Y =(/ -1.0D+0, 1.5D+0, -2.0D+0 /) ! optimal Lagrange nultipliers
Z = (/ 2.0D+0, 4.0D+0, 2.5D+0, 2.5D+0, 2.5D+0, 2.5D+0, &
2.5D+0, 2.5D+0, 2.5D+0, 2.5D+0, 2.5D+0 /) ! optimal dual variables
Cstat = (/ -1, -1, 11/) I constraint status

X stat = (/ -1, -1, -1, -1, -1, -1, -1, -1, -1, -1, -1 /) ! variable status
! problem data conpl ete
CALL CRO.initialize( data, control, inform) ! Initialize control paraneters

CALL CRO crossover( n, m mequal, Hval, Hcol, Hptr, Aval, Acol, &
Aptr, G CI, Cu, XI, Xu, C X Y, Z Cstat, &
X stat , data, control, inform) ! crossover
IF ( inforndstatus == 0 ) THEN I successful return
VWRITE( 6, "( x_| X X_Uu z stat’, /, &
& ( 4ES12.4, 15) )" ) &
(X ), XCi ), Xu(i), 2(i), Xstat( i), i 1, n)
WRITE( 6, "( ' c_| c c_u y stat’, /, &
& (4ESl24I5))) &
(ClrCi), i), CuCi), YCi ),C_Stat(i),izlym)
WRITE( 6, "( ' CROsoIve exit status ="', 10 ) " ) inforn¥status
ELSE I error returns
WRITE( 6, "( ' CROsolve exit status ="', 10) " ) infornistatus
END | F
CALL CRO terninate( data, control, inform) I delete internal workspace
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END PROGRAM GALAHAD CRO EXANPLE

This produces the following output:

PR RPRRPPRPRREPRRPRERO

1
9

-1

x_|
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00

c_|
0000E+01
0000E+00
. 0000E+20

PR R RPRRPRPRRERREPRRELO

1
9
. 0000E+01
CRO solve exit status = 0

1

X

. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00

c
0000E+01
0000E+00

PR R RRPRRPRRP PR

e

X_U

. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20
. 0000E+20

c_u

. 0000E+01
. 0000E+20
. 0000E+01

[eNeNeloNoNoeNoNoNeNeNe)

o O

z

. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00
. 0000E+00

y

. 0000E+00
. 0000E+00
. 0000E+00

sta

o e a0 a a a
PR R RPRRPRPRRPRRERREREN

sta

t

t

Notice that active variable 1 and constraints 2 and 3 areddoibe active but linearly dependent.
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