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ABSTRACT

This report forms the user’s guide for Version 1.0 of LSSOL, a set of Fortran 77 subroutines for
Iinearly constrained linear least-squares and convex quadratic programming. The method of LSSOL
is of the two-phase, active-set type, and is related to the method used in the package SOL/QPSOL
(Gill et al., 1984b). Two main features of LSSOL are its exploitation of convexity and treatment
of singularity.

LSSOL may also be used for lincar programming, and to find a feasible point with Tespect to a

set of linear inequality constraints. LSSOL treats all matrices as dense, and hence is not intended
for large sparse problems.
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1. PURPOSE 1

1. PURPOSE

LSSOL is a collection of Fortran 77 subroutines designed to solve a class of quadratic programming
problems that are assumed to be stated in the following general form:

LCLS Inineig},ize F(z)

. z
subject to £ < {C:c} < u,

where C is my, x » (m, may be zero) and F(z) is one of the following objective functions:

FP: None (find a feasible point for the constraints)
LP: cTz

QP1: %zTAz A symmetric and positive semi-definite,
qQr2; Tz + %:TAz A symmetric and positive semi-definite,
QP3: %zTATAz A m x n upper-trapezoidal,

Qp4: cTz + %zTATAz A m x n upper-trapezoidal,

Ls1: 2o — Az|? Amxn,

Ls2: cT:1:+%||b-—A:r.|l2 Amxn,

LS3: 3116 — Az A m x n upper-trapezoidal,

Ls4: e’z + b — Az A m x n upper-trapezoidal,

with ¢ an n-vector and b an m-vector. The specific objective function to be minimized is selected
using the optional parameter Problem Type (see Section 4.2). In all that follows, problems of
type “LP”, “QP” and “LS” will be referred to as linear programming, quadratic programming and
constrained least-squares problems respectively.

The constraints involving C will be called the general constraints. Note that upper and lower
bounds are specified for all the variables and for all the general constraints. An equality constraint
is specified by setting £; = u;. If certain bounds are not present, the associated elements of £ or u
can be set to special values that will be treated as —co or +oc. {See the description of the optional
parameter Infinite Bound in Section 4.2.)

The constant second-derivative matrix of F(z) is defined as H, the Hessian matrix. In the
LP case, H = 0. In QP cases 1 and 2, H = A; and in QP cases 3 and 4, H = ATA. In all LS
cases, H = ATA. Problems of type QP3 or QP4 with A not in trapezoidal form should be solved
as type L51 or LS2 with b = 0. When considering problems of type LS, we shall refer to A as the
least-squares matrix and to b as the vector of observations.

The user must supply an initial estimate of the solution. If the Hessian matrix is non-singular,
LSSOL will obtain the unique (global) minimum. If H is singular, the solution may still be a global
minimum if all active constraints have nonzero Lagrange multipliers. Otherwise, the solution
obtained will either be a weak minimum (i.e., with a unique optimal objective value, but an
infinite set of optimal z), or else the objective function is unbounded below in the feasible region.
The last case can occur only when F () contains an explicit linear term (as in problems of type
LP, QP2, QP4, 152 and LS4).

The LSSOL package contains approximately 6000 lines of ANSI Fortran 77, of which about
50% are comments.
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2. DESCRIPTION OF THE ALGORITHM

Here we briefly smnmarize the main features of the method af LSSOL. Where possible, explicit

reference is made to the names of variables that are patameters of subroutine LSSOL or appear in
the printed output.

The method of LSSOL is a two-phase (primal) quadratic programming method {see Gill ¢t al.,
1984b) with features to exploit the convexity of the objective function. (In the full-rank case, the
method is related to that of Stoer, 1971.}) The two phases of the method are: finding an initial
feasible point by minimiziug the sum of infeasibilities (the feasibility phase), and minimizing the
quadratic objective function within the feasible region (the optimality phase). The computations
in both phases are performed by the same subroutines. The two-phase nature of the algorithm is
reflected by changing the function being minimized from the sum of infeasibilities to the quadratic
objective function. The feasibility phase does not perform the standard simplex method (i.e., it
does not necessarily find a vertex), except in the LP case when m, < n. Once any iterate is feasible,
all subsequent iterates remain feasible.

In general, an iterative process is required to solve a quadratic program. (For simplicity, we
shall always consider a typical iteration and avoid reference to the index of the iteration.) Each
new iterate & is defined by

Z=z+ ap, (1)
where the step length o is 2 non-negative scalar, and p is called the search direction.

At each point z, a working set of constraints is defined to be a linearly independent subset
of the constraints that are satisfied “exactly” (to within the tolerance defined by the optional
parameter “Feasibility Tolerance”; see Section 4.2). The working set is the current prediction
of the constraints that hold with equality at a solution of LCLS. The search direction is constructed
so that the constraints in the working set remain unaltered for any value of the step length. For
a bound constraint in the working set, this property is achieved by setting the corresponding
component of the search direction to zero. Thus, the associated variable is fixed, and specification
of the working set induces a partition of = into fixed and free variables. During a given iteration,
the fixed variables are effectively removed from the problem; since the relevant components of the
search direction are zero, the columns of C corresponding to fixed variables may be ignored.

Let m,, denote the number of general constraints in the working set and let n., denote the
number of variables fixed at one of their bounds (mw and npy are the quantities “Lin” and “Bnd”
in the printed output from LSSOL). Similarly, let npp (nrr = n — ngy) denote the number of free
veriables. At every iteration, the variables are re-ordered so that the last nyy variables are fixed,
with all other relevant vectors and matrices ordered accordingly. The order of the variables is
indicated by the list of indices KX, a parameter of LSSOL.

Let Cry denote the my, X n., submatrix of general constraints in the working set corresponding
to the free variables, and let p;, denote the search direction with respect to the free variables only.
The general constraints in the working set will be unaltered by any move along p if

Crnppn = 0. (2)
In order to compute pg,, the T'Q factorization of Crr 1s used:
CFRQF‘R = ( 0T )9 (3)

where T is a nonsingular m, X m reverse-triangular matrix (i.e., t; =0if i+ 7 < my), and the
non-singular npy X nep matrix Qrg is the product of orthogonal transformations (see Gill et al.,
1984a). If the columns of Q.5 are partitioned so that

an—_'(z Y)s (4)
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where ¥ is npq X My, then the n; (n, = 7y —~ my ) columns of Z form a basis for the null space
of Crr. Thus, per will satisfy (2) only if

Prr = ZP; (5)
for some vector p,.

Let O denote the n x n matrix

0= (Q“ I) (©)

where I« is the identity matrix of order nyx. Let R denote an n x n upper-triangular matrix (the
Cholesky factor) such that

QTHQ = RR, (7)

and let the matrix of first n; rows and columns of R be denoted by R,. (Recall that H in (7) will
in general have been re-ordered.)

The definition of p, in (5) depends on whether or not the matrix R, is singular at z. In the
non-singular case, p, satisfies the equations

Rngpz = =8z (8)

where g, denotes the vector Z7g,, and g denotes the objective gradient. (The norms of gps is
the printed quantity Norm Gf.) When p; is defined by (8), z + p is the minimizer of the objective
function subject to the comstraints (bounds and general) in the working set treated as equalities.
In general, a vector f, is available such that RTf, = ~g,, which allows p, to be computed from
a single back-substitution R,p, = f,. For example, when solving problem LS1, f, comprises the
first n, elements of the transformed residual vector

f=P(b- Ax), (9)

which is recurred from one iteration to the next, where P is an orthogonal matrix.
In the singular case, p; is defined such that

R.p; =0 and glp, <0. (10)

This vector has the property that the objective function is linear along p and may be reduced by
any step of the form z + ap, a > 0.

The vector Z7g;, is known as the projected gradient at z. If the projected gradient is zero,
z is a constrained stationary point in the subspace defined by Z. During the feasibility phase, the
projected gradient will usually be zero only at a vertex (although it may be zero at non-vertices in
the presence of constraint dependencies). During the optimality phase, a zero projected gradient
implies that = minimizes the quadratic objective when the constraints in the working set are treated
as equalities. At a constrained stationary point, Lagrange multipliers A, and Ay for the general
and bound constraints are defined from the equations

CI?RAC =gz and Ap = Gex — szAc' (11)

Given a positive constant 6 of the order of the machine precision, the Lagrange multiplier Aj
corresponding to an inequality constraint in the working set is said to be optimal if Aj < 6 when
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the associated constraint is at its upper bound, or if A; 2 —& when the associated constraint is
at its lower bound. If a multiplier is non-optimal, the objeclive function (either the true obicetive
or the sum of infeasibilities) can be reduced by deleting the corresponding constraint (with index
Jdel: see Section §) from the working set.

If optimal multipliers occur during the feasibility phase and the sum of infeasibilities is nonzero,
there is no feasible point, and LSSOL will continue until the minimum value of the sum of infeasi-
bilities has been found. At this point, the Lagrange multiplier A; corresponding to an inequality
constraint in the working set will be such that —(1446) < A; < & when the associated constraint
is at its apper bound, and -6 < A; €1+ 6 when the associated constraint is at its lower bound.
Lagrange multipliers for equality constraints will satisfy |A;| < 1+ 4.

The choice of step length is based on remaining feasible with respect to the satisfied constraints.
If R, is nonsingular and z + p is feasible, a will be taken as unity. In this case, the projected
gradient at £ will be zero, and Lagrange multipliers are computed. Otherwise, a is set to a,,, the
step to the “nearest” constraint (with index Jadd; see Section 5), which is added to the working
set at the next iteration.

If A is not input as a triangular matrix, it is overwritten by a triangular matrix R satisfying
(7) obtained using the Cholesky factorization in the QP case, or the QR factorization in the LS case.
Column interchanges are used in both cases, and an estimate is made of the rank of the triangular
factor. Thereafter, the dependent rows of R are eliminated from the problern.

Each change in the working set leads to a simple change to Crg: if the status of a general
constraint changes, a row of Cpy is altered; if a bound constraint enters or leaves the working set,
a columzn of Crp changes. Explicit representations are recurred of the matrices T, Jrgr and R; and
of vectors QTg, Q7c and f, which are related by the formulae

F=Pb-~ (?) Q%z (b=0 for the QP case),

and
Q% = Q% - R'Y.

Note that the triangular factor R associated with the Hessian of the original problem is updated
during both the optimality and the feasibility phases.

The treatment of the singular case depends critically on the following feature of the matrix
updating schemes used in LSSOL: if a given factor R, is non-singular, it can become singular
during subsequent iterations only when 2 constraint leaves the working set, in which case only its
last diagonal element can become zero. This property implies that a vector satisfying (10) may
be found using the single back-substitution R,p, = ez, where R, is the matrix R, with a unit
last diagonal, and e, is a vector of all zeros except in the last position. If H is singular, the
matrix R (and hence R;) may be singular at the start of the optimality phase. However, R, will
be non-singular if enough constraints are included in the initial working set. (The nunll matrix is
positive definite by definition, corresponding to the case when C;j contains ngq constraints.) The
idea is to include as many general constraints as necessary to ensure a non-singular R,.

At the beginning of each phase, an upper-triangular matrix Ry is determined that is the largest
non-singular leading submatrix of R,. The use of interchanges during the factorization of 4 tends
to maximize the dimension of R,. (The rank of R, is estimated using the optional parameter Rank
Tolerance; see Section 4.2.) Let Z; denote the columns of Z corresponding to R;, and let Z be
partitioned as Z = ( Z, Z, ). A working set for which Z; defines the nyll space can be obtained
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by including the rows of Z7 as “artificial constraints”. Minimization of the objective function then
procecds within the subspace defined by Z;.
The artificially augmented working set is given by

= Crs
CFB. = ( Z;r ) 3 (12)

so that prp will satisfy Cppper = 0 and ZJpsy = 0. By definition of the TQ factorization, Crpq
automatically satisfies the following:

GMQM=(§‘§)Q“=(§?)(Z; Z, Y)=(0 T),

_ (0 T)
T= ,
I 0

and hence the TQ factorization of (12) requires no additional work.

The matrix 2> need not be kept fixed, since its role is purely to define an appropriate null space;
the TQ factorization can therefore be updated in the normal fashior as the iterations proceed.
No work is required to “delete” the artificial constraints associated with Z, when ZIgen = 0,
since this simply involves repartitioning (g, When deciding which constraint to delete, the
“artificial” multiplier vector associated with the rows of Z7 is equal to ZJg;», and the multipliers
corresponding to the vows of the “true” working set are the multipliers that would be obtained if
the temporary constraints were not present.

The number of columns of Z and Z,, the Euclidean norm of ZTgy, and the condition estimator
of R, appear in the printed output as Nz, Nz1, Norm Gz1 and Cond Rzl (see Section 5).

where

Although the algorithm of LSSOL does not perform simplex steps in general, there is one
exception: a linear program with fewer general constraints than variables (i.e., m, < n). (Use
of the simplex method in this situation leads to savings in storage.} At the starting point, the
“natural” working set (the set of constraints exactly or nearly satisfied at the starting point)
is augmented with a suitable number of “temporary” bounds, each of which has the effect of
temporarily fixing a variable at its current value. In subsequent iterations, a temporary bound is
treated as a standard constraint until it is deleted from the working set, in which case it is never
added again.

Ono of the moot impurtaut fcatures of LSSOL Is its control ot the conditioning of the working
set, whose nearness to linear dependence is estimated by the ratio of the largest to smallest diagonals
of the TQ factor T (the printed value Cond T; see Section 5). In constructing the initial working set,
constraints are excluded that would result in a large value of Cond T. Thereafter, LSSOL allows
constraints to be violated by as much as a user-specified Feasibility Tolerance (see Section
4.2) in order to provide, whenever possible, a choice of constraints to be added to the working set

at a given iteration. Let o, denote the maximum step at which z + a,p does not violate any

constraint by more than its feasibility tolerance. All constraints at distance a (a < a,,)} along p
from the current point are then viewed as acceptable candidates for inclusion in the working set.
The constraint whose normal makes the largest angle with the search direction is added to the
working set. In order to ensure that the new iterate satisfies the constraints in the working set as
accurately as possible, the step taken is the exact distance to the newly added constraint. As a
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consequence, negative steps are occasionally permitted, since the current iterate may violate the
constraint to be added by as much as the feasibility tolerance.

LSSOL has been designed to be efficient when used to solve a sequence of related problems—for
example, within a scquential quadratic programiing method for nonlinearly constrained optirniza-
tion (e.g., the NPSOL package of Gill et al., 1986). In particular,
working set (the indices of the constraints believed to be satisfied
discussion of the optional paramcter Warm Start in Section 4.2.

the user may specify an initial
exactly at the solution); sce the

¥
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3. SPECIFICATION OF SUBROUTINE LSSOL
The forinal specification of LSSOL is the following:
SUBROUTINE LSSOL ( M, N,

NCLIN, NROWC, NROWA,

C, BL, BU, CVEC,

ISTATE, XX, X, A, B,
INFORM, ITER, OBJ, CLAMDA,
IW, LENIW, W, LENW )

INTEGER M, N, NCLIN,
NROWG, NROWA, INFORM, ITER, LENIW, LENW
INTEGER ISTATE(N+NCLIN), KX(N}, IW(LENIW)
REAL 0BJ
REAL C(NROWC,*), BL(N+NCLIN), BU(N+NCLIN)},

CVEC(*), X(N), A(NROWA,=*),
B(*), CLAMDA(N+NCLIN), W(LENW)

Note: Here and elsewhere, the specification of 2 parameter as REAL should be interpreted as working
precision, which may be DOUBLE in some installations.

3.1. Formal parameters

KCLIN

NROWC

NROWA

BL

(Input)} The number of rows in the array A. If the problem is specified as type FP or
LP (see Section 4), M is not referenced and is assumed to be zero.

If the problem is of type QP, M will usually be N, the number of variables. However, a
value of M less than N is appropriate for QP3 or QP4 if A is an upper-trapezoidal matrix
with M rows. Similarly, M may be used to define the dimension of a leading block of
non-zeros in the Hessian matrices of QP1 or QF2, in which case the last N — M rows and
columns of A are assumed to be zero. In the QP case, M should not be greater than N;
if it is, the last M — N rows of 4 are ignored.

If the problem is specified as type LS1, LS2, LS3 or LS4, M is also the dimension of the
array B. Note that all possibilities (M < N, M= N and ¥ > N) are allowed.

(Input) The number of variables, i.e., the dimension of X. (N must be positive.)

(Input) The number of general linear constraints in the problemn. (NCLIN may be
zero. }

(Input) The declared row dimension of C. (NROWC must be at Ieast 1 and at least
NCLIN.)

(Input) The declared row dimension of the array A. (NROWA must be at least 1 and
at least M.)

(Input} A real array of declared dimension (NROWC,*), where the second dimension
must be at least N. The i-th row of C contains the coefficients of the i-th general
constraint, 1 = 1 to NCLIN. If NCLIN is zero, C is not accessed; the actual parameter
may then be any convenient array or an array with dimension (1,1).

(Input) A real array of dimension at least N + NCLIN that contains the lower bounds
for all the constraints, in the following order (which is also observed for BU, ISTATE,
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BU

CVEC

ISTATE

and CLAMDA): the first N elements of BL contain the lower bounds on the variables; if
NCLIN > 0, the next NCLIN elenients of BL contain the lower bounds for the general
linear constraints. In order for the problem specification to be meamngful, it is
required that BL(j) < BU(j) for all j. To specify a non-existent lower bound (i.e.,
{; = —o0), the value used must satisfy BL(j) < —BIGBND, where BIGBND is the value of
the optional parameter Infinite Bound, whose default value is 10° (see Section 4.2).
To specify the j-th constraint as an equality, the nser must set BL(j) = BU(j) = 3,
say, where |3| < BIGBND.

(Input) A real array of dimension at least N+NCLIN that contains the upper bounds
for all the constraints, in the same order described above under BL. To specify a
non-existent upper bound (i.e., ; = oo), the value used must satisfy BU(7} > BIGBND.

(Input)} A real array of dimension at least N containing the coefficients of the explicit
linear term of the objective function. If the problem is of type FP, QP1, QP3, LS1 or
LS3, CVEC is not accessed; CVEC may then be declared to be of dimension (1), or the
actual parameter may be any convenient array.

(Input) An integer array of dimension at least N + NCLIN. ISTATE need mot be
initiahzed if Cold Start (the default) is specified. For a Warm Start, ISTATE specifies
the desired status of the constraints at the start of the feasibility phase. The ordering
of ISTATE is the same as that described above for BL, i.e., the first N components of
ISTATE refer to the upper and lower bounds on the variables, and components N + 1
through N + NCLIN refer to the upper and lower bounds on Cz. Possible values for
ISTATE are:

ISTATE(;) Meaning
0 The corresponding constraint should not be in the initial working set.
1 The constraint should be in the initial working set at its lower bound.
2 The constraint should be in the initial working set at its upper bound.
3 The constraint should be in the initial working set as an equality. This

value must not be specified unless BL(j) = BU(j). The values 1, 2 or 3
all have the same effect when BL(j) = BU(j).

Other values of ISTATE are also acceptable. In particular, if LSSOL has been called

previously with the same values of N and NCLIN, ISTATE already contains satisfactory
information.

(Output) If LSSOL exits with INFORM = 0, 1 or 3, the values in the array ISTATE in-
dicate the status of the constraints in the active set at the solution. Otherwise, ISTATE
indicates the composition of the working set at the final iterate. The significance of
each possible value of ISTATE(;) is as follows:

ISTATE(;) Meaning

-2 The constraint violates its lower bound by more than the feasibility tol-
erance. '

-1 The constraint violates its upper bound by more than the feasibility
tolerance. .

0 The constraint is satisfied to within the feasibility tolerance, but is not
in the working set.
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1 This inequality constraint is included in the working sct at its lower
bound.
2 This inequality constraint is included in the working set at its upper
bound.
3 The constraint is included in the working set as an equality. This value

KX

of ISTATE can occur only when BL{j) = BU(j).

(Input) An integer array of dimension at least N. KX must be defined on input for
problems QP3, QP4, LS3 or LS4, i.e., problems in which 4 is specified as an upper-
trapezoidal matrix. KX must define the order of the columns of the matrix A with
respect to the ordering of X. Thus, if KX(1) = 5, column 1 of A is the column associated

with variable X(3). For problems of type FP, LP, QP1, QP2, LS1 or 152, KX need not
be initjalized.

(Output) KX gives the order of the columns of &4 with respect to the ordering of X,
as described above.

(Input) A real array of dimension at least N. X contains the initial estimate of the
solution.

(Output) X is the last iterate of LSSOL. If INFORM = 0,1 or 3, X will be an estimate
of the solutiovn.

(Input) A real array of dimension (NROWA,*), where the second dimension must be
at least N. A defines the data matrix A in LCLS.

If the problem is of type FP or LP, 4 is not accessed and may be dimensioned (1 ,1).

If the problem is of type QP1 or QP2, the first M rows and columns of 4 must contain
the leading M by M rows and columns of the symmetric Hessian matrix. Only the
diagonal and upper-triangular elements of the leading M rows and columns of A arg
referenced. The remaining elements are assumed to be zero and need not be assigned.

For problems QP3, QP4, LS3 or LS4, the first M rows of A must contain an M by N upper-
trapezoidal factor of either the Hessian matrix or the least-squares matrix, ordered
according to the KX array (see above). The factor need not be of full rank, i.e., some of
the diagonals may be zero. However, as a general rule, the larger the dimension of the
leading non-singular submatrix of 4, the fewer iterations will be required. Elements

outside the upper-triangular part nf tha firct M rowo of & azc assuiued (0 De zero and
need not be assigned.

If a constrained least-squares problem contains a very large number of observations,
storage limitations may prevent storage of the entire least-squares matrix. In such
cases, the user should transform the original A into a triangular matrix before the
call to LSSOL and solve the problem as type LS3 or LS4,

(Output) If the problem is of type LS or QP, A contains the upper-triangular matrix
R of (7}, with colurmns ordered as indicated by KX (see above), This matrix may
be used to obtain the variance-covariance matrix or to recaver the upper-triangular
factor of the original least-squares matrix.

{Input) A real array of dimension at least M. If the problem is of type FP, LP or QP,
B is not accessed and may be dimensioned (1). If the problem is of type LS, B must
contain the vector of observations b in problem LCLS.
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{Output) On exit from a problem of type LS, B contains the transformed residual
vector (9).
INFDRY (Output) Aun integer that indicates the result of LSSOL. (If Print Level > Q, a
short description of INFORM is printed.) The possible values of INFORM are:
INFORM Meaning
0 X is a strong local minimum. (The projected gradient is negligible, the
Lagrange multipliers are optimal, and R, is non-singular.)
1 X is a weak local minimum. (The projected gradient is negligible, the

Lagrange multiplicrs are optimal, but R, is singular or there is a small
multiplier.) This means that the final X is not unique.

2 The solution appears to be unbounded. This value of INFORM implies
that a step as large as Infinite Bound would have to be taken in order
to continue the algorithm. This situation can occur only when A is
singular, there is an explicit linear term, and at least one variable has
no upper or lower bound.

3 No feasible point was found, i.e., it was not possible to satisfy all the
constraints to within the feasibility tolerance. In this case, the constraint
violations at the final X will reveal a value of the tolerance for which a
feasible point will exist—for example, if the feasibility tolerance for each
violated constraint exceeds its Residual at the final point. The modified
problem (with an altered feasibility tolerance) may then be solved using
a Warm Start (see Section 4).

4 The limiting number of iterations (determined by the parameters Feasi~
bility Phase Iterations and Optimality Phase Iterations) was
reached before normal termination occurred.

5 The algorithm could be cycling, since & total of 50 changes were made
to the working set without altering X. :
6 An input parameter is invalid.
ITER (Output) An integer that gives the total number of iterations performed in the

feasibility phase and the optimality phase.

oBJ (Output) The value of the objective function at X if X is feasible, or the sum of
infeasibilities at X otherwise. If the problem is of type FP and X is feasible, OBJ is zera.

CLAMDA (Output} A real array of dimension at least N 4+ NCLIN that contains the Lagrange
multiplier for every constraint with respect to the current working set. The ordering
of CLAMDA follows the convention given above under BL, i.e., the first N components
contain the multipliers for the bound constraints on the variables, and the remaining
components contain the multipliers for the general linear constraints. If ISTATE(j) = 0
(ie., comstraint j is not in the working set), CLAMDA(j) is zero. If X is optimal,
CLAMDA(j) should be non-negative if ISTATE(j) = 1 and non-positive if ISTATE(F) = 2.

3.2. Workspace parameters

Iw (Input) An integer array of dimension LENIW that provides integer workspace for
LSSOL.
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LENIW (Input) The dimension of IW. LENIW must be at least N.
W (Input) A real array of dimension LENW that provides real workspace for LSSOL.
LENW (Input) The dimension of W. If the problem is of type FP and N < NCLIN, LENW must

be at least 2N? + 6 N+ 6 NCLIN. If the problem is of type FP and 0 < NCLIN < N, LENW
must be at least 2 (NCLIN + 1) + 6 N 4 6 NCLIN. If NCLIN = 0, LENW must be at least
6N.

If the problem is of type LP and N < NCLIN, LENW must be at least 2N% + 7N +6 NCLIN.
If the problem is of type LP and N > NCLIN > 0, LENW must be at least 2 (NCLIN +
1)+ 7N+ 6NCLIN. If the problem is of type LP and NCLIN = 0, LENW must be at least
TN

For problems QP1, QP3, LS1 and 1S3, LENW must be at least 2N% + 9N + 6 NCLIN if
NCLIN > 0, and at least 9N if NCLIN = 0. For problems QP2, QP4, LS2 and LS4, LENW
must be at least 2N + 10N + 6 NCLIN if NCLIN > 0, and at least 10 ¥ if NCLIN = 0.

If Print Level > 0, the amounts of workspace provided and required are printed. As an alterna-
tive to computing LENIW and LENW from the formulas given above, the user may prefer to obtain
appropriate values from the output of a preliminary run with a positive value of Print Level and
LENIW and LENW set to 1. (LSSOL will then terminate with INFORM ~ 6.)
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4. OPTIONAL INPUT PARAMETERS

Several optional parameters in LSSOL define choices in the problem specification or the algorithm
logic. In order to reduce the number of formal parameters of LSSOL, these optional parameters
have associated default values (see Section 4.2) that are appropriate for most problems. Therefore,
the user need specify only those parameters whose values are to be different from their default
values. The remainder of this section can be skipped by users who wish to use the default values
for all optional parameters. '

Each optional parameter is defined by a single character string of up to 72 characters, con-
taining one or more items. The items associated with a given option must be scparated by spaces
or equal signs (=). Alphabetic characters may be upper or lower case. An example of an optional
parameter is the string

Print level = §

For each option, the string contains the following items.

1. The keyword (required for all options).

2. A phrase (one or two words) that qualifies the keyword (only for some options).

3. A number that specifies either an INTEGER or a REAL value (only for some options).
Such numbers may be up to 16 contiguous characters in Fortran 77’s I, F, E or D
formats, terminated by a space.

Blank strings and comments are ignored and may be used to improve readability. A comment begins
with an asterisk (*) and all subsequent charactcrs are ignored. If the string is not a comment and
is not recognized, a warning message is printed on the specified output device {see Section 7.5).
Synonyms are recognized for some of the keywords, and abbreviations may be used.

The following are examples of valid option strings for LSSOL:

NOLIST

warm start

COLD START

Problem type = Least Squares

Problem type = LP

Problem Type QP4

Feasibility tolerance 1.0E-8 # for IBM in double precision
CRASH TOLERANCE = .002

* This string will be completely ignored.
Feasibility phase iteration limit 100
Optimality phase iteration limit = 10 »

"

u

4.1. Specification of the optional parameters
Optional parameters may be specified in two ways, as follows.

¢ Using subroutine LSFILE and an external file

The subroutine LSFILE provided with the LSSOL package will read options from 2n external options
file, and should be called before a call to LSSOL. Each line of the options file defines a single optional
parameter. The file must begin with Begin and end with End. (An options file consisting only of
these two lines corresponds to supplying no options.)

The specification of LSFILE is

SUBROUTINE LSFILE( IOPTNS, INFORM )
INTEGER I0OPTNS, INFORM
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IOPTNS must be the unit number of the options file, in the range [0, 99, and is unchanged on exit
fromn LSFILE. INFORM need not be sct on entry. On return, INFORM will be 0 if the fle is a valid
options file and IOPTNS is in the correct range. INFORM will be set to 1 if TOPTNS is out of range,
and will be set to 2 if the file does not begin with Begin or end with End.

An cxample of & valid options file is

Begin
Print level = b
Problem type LP
End

If the options file is on unit number 5, it can be read by the call

CALL LSFILE( 5, INFORM )

e Using subroutine LSOPTK

The second method of setting the optional parameters is through a series of calls to the subroutine
LSOPTN provided with the LSSOL package. The specification of LSOPTN is

SUBROUTINE LSOPTIN( STRING )
CHARACTER= (+) STRING

STRING must be a single valid option string (see above), and will be unchanged on exit. LSOPTN
must be called once for every optional parameter to be set. An example of a call to LSOPTN is

CALL LSOPTN( ’Print level = 5’ )

¢ Use of the Nolist and Defaults option

In general, each user-specified optional parameter is printed as it is read or defined. By using the
special parameter Nolist, the user may suppress this printing for a given call of LSSOL. To take
effect, Nolist must be the first parameter specified in the options file; for example,

Begin

Nolist

Problem type LP
End

Alternatively, the first call to LSOPTN, before or after a call to LSSOL, must be
CALL LSOPTN( ?Nolist’ ),

All parameters not specified by the user are automatically set to their default values. Any
optional parameters that are set by the user are not altered by LSSOL, and hence changes to the
options are cumulative. For example, calling LSOPTN( ’Print level = 5’ ) sets the print level
to 5 for all subsequent calls to LSSOL until it is reset by the user. The only exception to this






