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Abstract

A linear program (or a linear programming problem, or an LP) is an op-
timization problem that involves minimizing or maximizing a linear function
subject to linear constraints. Linear programming plays a fundamental role not
only in optimization, but also in economics, strategic planning, analysis of al-
gorithms, combinatorial problems, cryptography, and data compression. When
linear programs are formulated in so-called standard form the set of variables
satisfying the linear constraints (the feasible set) is a convex polytope. If this
polytope is bounded and non-empty, then a solution of the linear program must
lie at a vertex. The simplex method for linear programming moves from one
vertex to another until an optimal vertex is found. Almost all practical linear
programs are degenerate, i.e., there are vertices that lie at the intersection of
a set of linearly dependent constraints. The conventional simplex method can
cycle at a degenerate vertex, which means that the iterations can be repeated
infinitely without changing the variables. In the first part of this thesis, we
discuss the effects of degeneracy and investigate several non-simplex methods
that avoid cycling by solving a linear least-squares subproblem at each itera-
tion. In the second part, we propose a new active-set method based on adding
a penalty term to the linear objective function. Numerical results indicate that
the proposed method is computationally efficient.
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4 Anti-Cycling Methods for Linear Programming

1. Introduction

In this paper we consider methods for the solution of the linear programming (LP)
problem in standard form, i.e.,

minimize ¢z

(LP) z

subject to Az =b x>0,

where A is a constant m X n matrix, and b and ¢ are constant vectors with m and
n components, respectively. The set of variables satisfying the linear constraints of
(LP) (the feasible set) is a convex polytope. If this polytope is bounded and non-
empty, then a solution of the linear program (LP) must lie at a vertex of the feasible
set. A vertex is characterized by a non-negative basic solution of the equations
Az = b that is calculated by solving an m x m system of equations Bxz = b, where
the columns of B are a subset of the columns of A. The set of indices of the columns
of A used to define B is known as a basis. The variables associated with the columns
of B are known as the basic variables. The variables with indices that are not in
the basis are known as the nonbasic variables.

The simplex method was the first method to be proposed for solving a linear
program (see, e.g., [5]). The simplex method moves repeatedly from one vertex to
an adjacent vertex until an optimal vertex is found. Each change of vertex involves
moving a variable from the nonbasic set to the basic set and vice-versa. Each itera-
tion involves solving two systems of linear equations of order m. Almost all practical
linear programs are degenerate, i.e., there are vertices that lie at the intersection of
a set of linearly dependent constraints. Unfortunately, the conventional simplex
method can cycle at a degenerate vertex, which means that the iterations can be
repeated infinitely without changing the variables. A crucial decision associated
with the simplex method is the choice of which variable should enter the basis at
each iteration. This choice is determined by so-called pivot rules. A good choice
of pivot can prevent cycling on degenerate problems and enhance the speed of the
method. The “Dantzig rule” [5] is the earliest and simplest pivot rule and chooses
the variable with the most negative reduced cost to enter the basis. Unfortunately,
the simplex method implemented with the Dantzig rule can cycle. Bland’s pivot
rule [3] defines a choice of entering and leaving variable that precludes the possibil-
ity of cycling. However, an implementation of the simplex method with Bland’s rule
usually requires substantially more iterations to solve an LP than an implementa-
tion based on the Dantzig rule. One variation of Dantzig rule is the steepest-edge
algorithm [7,16]. It chooses an entering index with the largest rate of change in the
objective. The steepest-edge simplex method can be efficient in terms of reducing
the number of simplex iterations, but can also cause the simplex method to cycle.

In the 71 years since the simplex method was first proposed, two other types
of method for solving a linear program have been proposed. The first of these is
the interior-point method. Interest in these methods was initiated by Karmarkar’s
announcement [17] in 1984 of a polynomial-time linear programming method that
was 50 times faster than the simplex method. Amid the subsequent flurry of interest
in Karmarkar’s method, it was shown in 1985 [11] that there is a formal equivalence
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between Karmarkar’s method and the classical logarithmic barrier method applied
to linear programming. This resulted in many long-discarded barrier methods being
proposed as polynomial-time algorithms for linear programming. One of the main
features of an interior method is that every iterate lies in the strict interior of the
feasible set, which implies that there is no basis defined. In the past thirty years,
many efficient implementations of the interior-point method and its variants have
been developed [18,20-22]. Extensive numerical results indicate that robust and
efficient implementations of the interior-point method can solve many large-scale
LP problems. As all the iterates lie inside the feasible set, it is not possible for an
interior-point method to cycle.

This paper will focus on the second alternative to the simplex method, which
is an active-set method that does not necessarily move from vertex to vertex. This
method is similar to the simplex method in the sense that it uses a basis with
independent columns. However, unlike the simplex method, the basis matrix does
not have to be square.

Instead of solving (LP) directly by using an active-set method, we consider
methods based on solving a non-negative least-squares subproblem of the form

minimize |[Agzz — b||?
(NNLS) ;
subject to x > 0,
where ||| denotes the two-norm of a vector, and Ay denotes a working basis matrix.

2. Notation, Definitions and Theorems
2.1. Notation

Unless explicitly indicated otherwise, ||-|| denotes the vector two-norm or its induced
matrix norm. Given vectors a and b with the same dimension, min(a, b) is a vector
with components min(a;, b;). The vectors e and e; denote, respectively, the column
vector of ones and the jth column of the identity matrix I. The dimensions of e,
e; and I are defined by the context. Given vectors x and ¥, the column vector
consisting of the components of x augmented by the components of y is denoted by

(z,y).

2.2. Definitions

Definition 2.1. The primal and dual linear programs associated with problem (LP)
are

(P) miniﬂr{lize ¢’z subject to Az =0b, x>0,
TER™
and
(D) max%nize by subject to ATy < e,
yeR™

where (D) is the dual of problem (P).
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Definition 2.2. (Feasible direction) Let § be a feasible point for the linear in-
equality constraints ATy < c. A dual feasible direction at § is a vector p satisfying

p#0 and AY(G+ ap) < c¢ for some a > 0.

2.3. Theorems and Lemmas
Theorem 2.1. (Farkas’ Lemma) Let A € R™*" and b € R™. Then ezxactly one
of the following two systems is feasible:

1. {z: Az =0b, = >0},

2. {y: ATy <0, Ty > 0}.

Theorem 2.2. (Dual active-set optimality conditions for an LP)
A point x* is a solution of (LP) if and only if Ax* =b, Apx}, = b with 27 > 0, and
there exists a y* such that ATy* < ¢, where Ay is the active-constraint matriz at y*.

3. Primal-Dual Non-Negative Least Squares

In this section we present a modification of the method of Barnes et al. [1] to
solve the linear program (LP). The primal-dual non-negative least-squares method
(PDNNLS) is based on solving the dual problem (D) instead of the primal problem
(P). A strict feasible ascent direction for the dual is found by using the residual
vector from the solution of a non-negative least squares sub-problem (NNLS). A
suitable step along this direction will increase the objective function of (D) at each
iteration.

The main algorithm PDNNLS is described in section 3.1.2 and its corresponding
formulation of phase 1 problem is described in Section 3.1.3. In Section 3.2 we
present methods for solving (NNLS) subproblem that can be used in PDNNLS.

3.1. Solving the Linear Program

3.1.1. Finding a feasible ascent direction

Theorem 3.1. Let x* be the solution of the problem

(NNLS) mini%{ltize | Agz —b||?  subject to z >0,
re

where Ag is the submatriz corresponding to B, and |B| =t. Let Ay =b— Agz*. If
Ay # 0 then Ay is a feasible ascent direction for (D), i.e. b7 Ay > 0.

Proof. The Lagrangian of (NNLS) with y as the multiplier is given by

L(z,y) = 2 (Apz — b)(Apz — b) — y"a.
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The Kuhn-Tucker optimality conditions imply that

AT(Agz* —b) =y, (3.1a)
z* >0, (3.1b)

y >0, (3.1c)

yTz* = 0. (3.1d)

The optimality conditions for (NNLS) are then given by: (i) the feasibility conditions
(3.1b); (ii) the nonnegativity conditions (3.1c) for the multipliers associated with the
bounds x > 0; (iii) the stationarity conditions (3.1a); and (iv) the complementarity
conditions.(3.1d). Then the following holds,
AL(Apz* —b) >0, (3.2a)
T AL(Apz* —b) = 0. (3.2b)
From the definition of Ay, condition (3.2a) can be rewritten as ALAy < 0. The
condition (3.2b) then gives
biAy = bTAy + 2*T AL(Agz™ — b)
= bl (Apz* —b) + 2T AL (Agz* — b)
= (Apz* —b)T(Apz* —b)
= |Apz* —b|*> > 0.
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3.1.2. The PDNNLS algorithm

The motivation for the algorithm PDNNLS is to solve problem (NNLS) at each
iteration and use Ay = b — Azz™ as an ascent direction for the dual problem. The
algorithm is described below.

Algorithm 1 Primal-Dual Non-Negative Least Squares (PDNNLS).
1: input A, b, ¢, and a dual feasible point y;
2: while not convergent do
3: Let B be the active set for ATy < ¢, so that ALy = cp;

4: Solve (NNLS) for z*;

5: if Agx* = b then

6: stop; [(z*, y*) is optimal]
T: else

8: Ay + b— Agx™,

9: end if

10:  if ALAy <0 then

11: stop; [The dual is unbounded below]
12: else .

13: o min 2%,

ieN,alAy>0 a; Ay’
14: end if

15: Yy y+ aAy;

16: end while

17: return z, y;

3.1.3. Finding a feasible point

If ¢ > 0, then yo = 0 is feasible for the constraints ATy < ¢ and 3y can be used
to initialize Algorithm PDNNLS. Otherwise, an initial dual feasible point can be
computed by solving the phase 1 linear program:

minimize 6

yER™ R

subject to ATy +6e<e¢, 6<0.

An initial feasible point for this LP is given by (yo, fo), where yo = 0 and 6y = min; ¢;.

0
Consider the quantities A € RmtDx(n+1) ¢ Rm+1 & ¢ R*H1 and initial dual
feasible point gg such that

(A 0y | __(c (o
A=) o= o) = 6) m= ()

Use A, b, ¢, and g as input for (PDNNLS). If the associated dual (D) is feasible,
then the phase 1 problem will have an optimal solution with zero objective value
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and final iterate y = (y1,0). If the optimal phase 1 objective is nonzero the dual is
infeasible and the primal (P) is unbounded. If phase 1 terminates with a feasible
y1, the original coefficient matrix A, cost vector ¢, and the bound constraint vector
b can be used as input for a second phase to solve using (PDNNLS).

3.2. Solving the NNLS Sub-problem

Over the years, various methods have been developed for solving NNLS. Generally,
approaches can be divided into three broad categories. The first includes iterative
methods such as gradient projection methods and barrier methods. The second cat-
egory includes methods based on transforming NNLS into a least-distance problem
that is solved as a linear inequality constrained least-squares problem. The third
category includes other active-set methods that do not transform NNLS into an
equivalent least-distance problem.

In this section we focus on active-set methods. Specifically, we present the
classical Lawson and Hanson algorithm and its improved version known as the fast
non-negative least squares method (FNNLS).

3.2.1. Optimality conditions for NNLS

The classical NNLS algorithm was proposed by Lawson and Hanson [19] in 1974 for
solving the following problem

miniﬁlize ||Az — b|| subject to Dx > f,
TER™

where A € R™*™ and b € R™. This problem is equivalent to NNLS if D = I and
f = 0. Consider the problem

minimize ||Az —b|| subject to z > 0.
T€R™
which is equivalent to the problem

(NNLS) miniIngnize Az — b||*  subject to x > 0.
zeR™

Proposition 3.1. (Kuhn-Tucker Conditions) A vector x € R"™ is an optimal
solution for problem (NNLS) if and only if there exists a y € R™ satisfying

AT(Az —b) =y, (3.3a)
x>0, (3.3b)

y >0, (3.3¢)

Ty = 0. (3.3d)

Proof. The Lagrangian for (NNLS) is

L(z,y) = (Az — b)(Az — b) — y'a.
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Stationary of the Lagrangian with respect to x implies that
AT(Az —b) —y =0. (3.4)

The optimality conditions for (NNLS) are then given by: (i) the feasibility conditions
(3.3b); (ii) the nonnegativity conditions (3.3c) for the multipliers associated with the
bounds x > 0; (iii) the stationarity conditions (3.3a); and (iv) the complementarity
conditions.(3.3d). 1

3.2.2. The Lawson and Hanson method

The NNLS algorithm is described below. The inputs include a matrix A € R™*"™
and a vector b € R™. The dual vector y is calculated and the corresponding working
set B and non-working set N are defined and modified each iteration. The working
set is changed as follows: in the main loop, the algorithm calculates the dual vector
1y, selects the most negative index of the dual vector and adds it to B. In the inner
loop, the algorithm tries to satisfy the primal feasibility condition (3.3b) by finding
an vector z such that its subvector zz corresponding to B solves the least-square
problem while its subvector zy corresponding to N will always be held at value zero.
Inside the primal feasibility loop, x5 will always be zeros while x5z will be free to
take values other than zero. If there is any variable x; < 0, i € B, the algorithm
will either take a step to change it to a positive value, or set the variable to 0 and
move it to N.

Algorithm 2 Non-Negative Least Squares.

B+ 0; N« {1,...,n}; <+ 0; [Fix all variables on their bounds]
y « AT(Az — b);
while A # () and Ji : y; < 0 do

[ + argmin; y;;

i€
B+ BUIl, N+ N\I;
zy 0 and find zp by solving mini%{ize |Azz —b|l;
z€E
while Ji € B: z; < 0 do

k < argmin xz;/(x; — 2;);

1€B,2;<0
a < xp /(K — 21); [Compute the maximum feasible step]
T+ a(z—z);
E«{i:x; =0}

B+ B\E& N+ NUE;

zy 4 0 and find zz by solving mini{R%ize |Azz — b|l;
zEe

end while

T 2

y <+ AT(Az —b);
end while
return z, y;
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Proposition 3.2. On termination of Algorithm 2, the solution x and the dual vec-
tor y satisfy

z; >0, y,=0, 1 €B,
x; =0, y; >0, ieN.

Proof. The resulting solution vector = after the primal feasibility loop will satisfy
x = 0 and x5 > 0, where x5 is the solution of

minimize ||Agz — b||.
z€R?

The vector x5z can be written as zz = ATBb, where AL is the Moore-Penrose pseu-
doinverse of Ag. (If Ap has full column rank then Al = (ALAL)"1ATh). Then

Az —b = Apzy+ Ayzy — b= AgALb—b = —(I — Az Al)b,
and the subvector of y corresponding to B is
ys = Af(Az = b) = —A[(I — Az AL)b = 0,

because the vector (I — ABAL)b lies in the null space of AL. The termination of the
main loop implies that y, > 0, which implies that y > 0. 1

The NNLS algorithm requires a finite number of iterations to obtain a solu-
tion. For the finiteness of NNLS algorithm, we refer readers to [19] for more detail.
However, the significant cost of computing the pseudoinverse AL in Steps 6 and 13
implies that the method is slow in practice.
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3.2.3. Fast NNLS algorithm

Many improved algorithms have been suggested since 1974. Fast NNLS (FNNLS) [4]
is an optimized version of the Lawson and Hanson’s algorithm which implemented
in the MATLAB routine lsqnonneg. It uses precomputed cross-product matrices in
the normal equation formulation and used them repeatedly.

Algorithm 3 Fast non-negative least squares.
Choose x; Compute N = {i:2; =0} and B= {i: z; > 0};
repeat
repeat
zp = argmin, |Agz — b||; 2y =0;
if min;ep 2z; < 0 then
k < argmin x;/(x; — 2;);

1€8,2;<0
a < o/ (TE — 2k); [Compute the maximum feasible step]
N — NU{k}, B+ B\{k}; [fix 2} on its bound]
T+ x4+ a(z—x);
else
x = z;
end if
until z = 2
y < AT(Az —b);
Ymin < Min y;; | < argmin y;;
ieN ieN
if Ymin < 0 then
B+« BU{l}; N+ N\{l} [free z; from its bound]

end if
until yy,i, >0
return z, y;

4. Mixed Constraints

The idea of solving linear programming by solving a least-squares subproblem for
the dual feasibility can be extended to problems with a mixture of equality and
inequality constraints. Consider the following problem

minimize ¢’z
zeR” T . e . (4.1)
subject to a;x =0b;, for i €&, a;x>10b;, for i €T,

where &, T are partitions of M = {1,...,m} with ENZ = (). The quantity £ denotes
the index set of the equality constraints, and it is assumed that |€] = m;. Similarly,
7 denotes the index set of the inequality constraints, with |Z| = mgy. Also, let B
denote the indices of a basis. Let A be an m x n matrix with i-th row vector given
by al'. Let Ay and A; denote the matrices consisting of rows of A with indices in €
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and Z, respectively. Therefore, (4.1) is equivalent to
(Pac) miniﬂgﬂize clx
MC zeR?
subject to Agx =bg, Apx>b;.

4.1. Solving the Mixed-Constraint LP
4.1.1. Optimality conditions

Proposition 4.1. A vector x € R™ is an optimal solution for problem (Pnc) if and
only if there exists a y € R™ such that

Apz = by, (4.2a)

Az > by, (4.2b)

ATy = ¢, (4.2¢)

yr >0, (4.2d)

yi (A —by) =0, (4.2¢)

where yg, and y; are the vectors of components of the Lagrangian multiplier y as-
sociated with € and I, respectively.

The Lagrangian is given by
L(z,y) = 'z —yL(Apz — by) —yL (Arz — by)
=a'(c— ALy — ATy:) + bpye + bl us
= biys + bl yr + 2’ (c — ATy)
=bly —27(ATy — ),
which implies that the dual problem is

maximize b’y

(Dmc) yeR™
subject to ATy =¢, y; >0.

From the formulation of (Dyic), the following proposition holds.

Proposition 4.2. Let B denote a working basis. If y; > 0 fori € TNB, and y; =0
for i € N, then y solves problem (Dyc).

Proof. The complementary slackness conditions (4.2¢) are satisfied when alz —b; =
0, for ¢ € ZNB. The non-negativity of the multipliers associated with the inequality
constraints (4.2d) requires y; > 0 for i € ZNB. For i € M\ B it holds that alz # b,

and y; must be zero to satisfy the complementarity conditions.

By Proposition 4.2, the mixed constraint problem (4.1) is equivalent to solving
the bound constrained linear least-squares subproblem
minimize [|AL y — ¢/
(BLS) yeR! ¥
subject to y; >0, i€ INK.
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If the subvector y% is the optimal solution of problem (BLS) and y% = 0, then y* is
the optimal solution of problem (Dyic). Otherwise, we find a feasible descent direc-
tion for the primal problem (Pyic) and update the current iterate. An appropriate
method for solving problem (BLS) is described in Section 4.2.

4.1.2. Finding a descent direction

The method for solving a problem with mixed constraints uses two different types
of descent direction. Each of these directions is the residual vector at the solutions
of a linear least-squares problem.
A Type-1 descent direction is computed by solving the unconstrained least-
squares problem
minimize ||ALy — ¢
yeR?

If y* is the optimal solution of this problem, then Az = ALy* — ¢ is a feasible
descent direction for the primal. For a proof, we refer the reader to [10]. The search
direction may be regarded as a gradient descent direction in range(Apg).

A Type-2 descent direction is found by solving the bound-constrained problem
(BLS). To establish that the optimal residual of this problem is a feasible descent
direction, we first state the optimality conditions of (BLS).

Proposition 4.3. A vector y € R is an optimal solution for problem (BLS) if and
only if there exists a vector A\ € R™ satisfying the following conditions.

y; >0, i€ INB, (4.3a)

Ap(ATy —c) = )\, (4.3b)
A >0, (4.3¢)

Ay =o0. (4.3d)

The motivation for finding the feasible descent direction is similar to the idea
described in Section 3.1. We use the residual vectors as the search direction. The
following proposition proves that such direction is a feasible descent direction for
the (Pumc).

Proposition 4.4. Assume that y* solves (BLS) and let r = ALy* —c. Ifr =0,
then x solves the mixed-constraint linear program (4.1). Otherwise, r is a feasible
descent direction for (Pyc).

Proof. Assume that r = 0. Let p be a feasible direction, i.e., p satisfies aiTp > 0 for
i€ZNBandalp=0forie&. Then

Tp= ALy ) p=y"(ALp) = > wialp)+ > yi(alp)= > yi(alp) > 0.
1€EINB i€E i€INB

It follows that every feasible direction is a direction of increase for the objective,
which implies that x solves (4.1).
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If r #£ 0, it follows directly from Proposition 4.3 that
Apr = Ag(ALy* —c) =1 >0.
Also, since ¢ = ALy* — r, and conditions (4.3b) and (4.3d) hold, we have
clr=(Agy* —r)Tr =y T Apr — 7> = A~ |Irl* = —|Ir||* < 0.

This proves the claim. |

4.1.3. The algorithm

Algorithm 4 below gives the steps of the algorithm for solving an LP with mixed
constraints. In the main loop, a Type-1 direction is used until the stationarity
conditions are satisfied, at which point the inner loop is entered. A Type-2 descent
direction is found in the inner loop. Then the algorithm tests if the problem is
unbounded above by checking if the search direction Ay satisfies AL Ay > 0. The
step size « is then found by calculating the largest step along Ay that maintains
the dual feasibility.

The use of a mixture of Type-1 and Type-2 directions significantly reduces the
number of times that it is necessary to solve problem (BLS). A similar scheme can
be applied to problem PDNNLS to improve the efficiency.

Algorithm 4 Mixed Constraints.
Input A, b, ¢, a feasible point x, and 7
while not converged do
Let B be the active set such that Az = bg;
Solve minimize ||AZy — ¢||? for y;
yeR?

if ALy =c then
if y; > 0,9€ZNB then
Stop; [optimal solution]
end if
Compute g, the solution of

minimize |AZy — c||* subject to y; >0, i € ZNB;
yeR

end if
Az ALy —¢;
if AyAx > 0 then

stop; [unbounded above]
else
a min bi;aiTz'
iHieN aTAz<0 %A%
end if
T+ x+ aAux;
end while

return z, y;
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4.1.4. Finding a feasible point

If necessary, a phase 1 linear program must be solved for an initial feasible point.
Consider choosing B such that |[B] < n and £ C B. One choice of such B is to let
B = &£. Let by, by be subvectors of b associated with B and A. The initial zg is
calculated by solving Agxg = bg. If Ayxg > by, then there is no need to solve a
Phase 1 problem, i.e., xg is feasible. Otherwise, we define the auxiliary variable 6
as

0o = —min (alzo—b;).
0 grel}{}(azﬂfo i)

The phase 1 problem for mixed constraints is

minimize 6 subject to Agxr =by, A;x+0e>b, 0>0.
z€R™ 0ER

Define A € RmTDx(n+1) e Rm+l & e R*1 and initial feasible point o such that

0
_ (A exn - (b . (0
A_(O 1)7 b_<0>7 C = : ) IO_(90>5

1

where ey € R™ with [ey]; = 1if ¢ € N and 0 otherwise.
If the optimal solution (x*, 6*) satisfies 8* = 0, then z* is a feasible point for
(Pumc). Then we use * as the initial feasible point for the phase 1 problem.

4.2. Solving Bounded Least Square Problems

In this section, we describes two methods for solving the (BLS). The method in
Section 4.2.1 uses the singular value decomposition, and transforms the (BLS) to a
least distance problem (LDP). It also takes the advantages of the classical (NNLS).
In section 4.2.2, we present a modified method of (NNLS) based on Dax’s paper [6].

4.2.1. Solving BLS using the singular-value decomposition

Let D be a t x t diagonal matrix with D;; = 1if i € ZN B and D;; = 0, otherwise.
Therefore, (BLS) is equivalent to

minimize ||AZy —¢||?> subject to Dy > 0.
yeR?

One way to solve (BLS) is to solve the least-distance problem (LDP) in the following
form in instead,

(LDP) miniﬁgize ||z|| subject to Ez > f.
zE
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Proposition 4.5. Solving (BLS) is equivalent to solving (LDP).

Proof. Given Ay is a matrix of dimension ¢ X n, the singular value decomposition
gives

N )
AT =UxvT = (U1 o) <0> VT,

where U and V are orthogonal with dimension n x n and ¢ X ¢ respectively. Besides,
U, is of dimension n x ¢, Us is of dimension n x (n —t), and ¥ is a diagonal matrix
of dimension t x t. The objective function of (BLS) can be written as
1ALy — el = |[USVTy — ¢
= [svTy —UTe|?
=1 () - () e
0 U2Tc

= [=VTy = Ufe|? + U5 ¢|?

= [[=lI* + 1U5 %,
where z = XVTy —Ul'c. By change of variables, y = VX ~1(z+U{ ¢), the constraint

of (BLS) becomes

DVE~lz > —DVyiUlc
If the constant second term ||U{ ¢||? is omitted, then (LDP) and (BLS) are equivalent
for E=DVX!and f=-DVES~Ule. 1

The classical NNLS algorithm can be used to compute the solution for (LDP).
Instead of computing z directly, we can compute a ¢ vector u solves the problem

ET
fT

where e;y1 is a t + 1 vector with everywhere zeros except its (¢t + 1) entry. Further,

minimize H < ) U — et+1H2 subject to u > 0,

u€eR?

T
if r= (?T) U — e411, then the following proposition holds.
Proposition 4.6. If z; =r;/ri11, 1 =1, 2, ..., t, then z solves (LDP).

. . . ET .
Proof. The gradient of the objective function 3| (fT> u—epy1]|? at a is

g=(E f){(?;>a—€t+1}= (B f)r

From the KKT condition for the NNLS problem, the complementary slackness con-
dition (3.3d) requires g7@ = 0. Then

|’7’H2*TTT*TT E. u—e =qglu— = — 0
= = t+1 ¢ =9 U —Tt41 = —Tt41 > U

fT
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As z; = —ri/riyq, for i =1, 2, ..., t, we have

z
= —T¢+1 (_1> .

The dual feasibility condition (3.3c) requires g > 0,

g=(B Hr=—(E 1) ()= N 20

The strict inequality —ryy1 > 0 implies that Ez > f, which establishes the feasibility
of constraints.

It remains to show that z is the minimizer. The KKT conditions for (LDP)
require that z must be a nonnegative linear combination of rows of E.

(M 1 1
Tn+1 T'n+1 [[7]]
Tn

ETa,

where u > 0 from the primal feasibility condition of the non-negative least squares
problem (3.3b). Therefore, z is the solution of Problem (LDP). 1

By change of variable, i.e., y = VI~!(z + U ¢), (LDP) can be solved as well.
The BLS algorithm using NNLS is described below.

Algorithm 5 Bounded Least Square-NNLS.
Input Ag, ¢;
Calculate the economy-size singular value decomposition of A%

AT = »vT,
E <+ DVY™l f+ —DVE~U] ¢
Use NNLS to compute u, the solution of

ET ?
minimize T U— €ty

subject to u > 0;

u€eR?
ETY

U <fT) U — €413
if » = 0 then

stop; [Ez > f is not compatible]
else

Zi _Ti/’rt—i-h it=1,...,%
end if

Yy« VY z+Ufc);
return y;
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This algorithm performs well for low dimensional problems. However, since com-
puting the singular value decomposition involves approximately m?n + n? floating-
point operations for a matrix of dimension m X n, it is not efficient to compute the
singular-value decomposition from AZ directly. Instead, we use the economy-size
QR factorization in the outer loop if n > ¢t and compute the singular value decom-
position of the square upper-triangular matrix R. This gives the decomposition

R=UxVT,
which implies that AL can be written as
AL =QiR=QUsVT =U SV, with Uy = Q,U.

The singular-value decomposition of R requires 2¢3 floating-point operations.

4.2.2. Dax’s method for BLS

Without loss of generality, consider solving the (BLS) in the following form

minimize  ||Ax — b||?
(BLS) wER™
subject to x; >0, i €7,

where A € R™*™ and Z C {1, 2, ..., n}. To solve the mixed constraints problems
using the following algorithm, simply substitute A, z, and b with AL, y and c
respectively.

From Proposition 4.3 and using an appropriate substitution, the following result
holds.

Proposition 4.7. If x is a feasible point for (BLS) and the following equations are
satisfied

y; =0, ZfZES,
v, =0, ifieZNB, x; >0,
y; >0, ifieZNB, x;=0,

then x is the optimal solution for (BLS).

Dax’s method is given in Algorithm 6 below. The method performs well when
there is no degeneracy. However, if a problem is degenerate, a large number of
iterations may be required to solve the bounded least squares problem.
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Algorithm 6 Bounded least squares.

function BOUNDED_LEAST_SQUARES(A, b, Z, x¢)
Define a feasible point x as

S 0, [$0]i<0, 1 €1,
‘ [x0)i, otherwise;

while not convergent do

N {i:x; =0, i€Z}; B+ {l,...,n}\N;

r < Axr —b;

Azy < 0 and find Azy by solving minélﬂ"gtize |Apz — 7|

€T
if |AAxz —r| > ||r|| then
y < Alr; [Calculate the gradient]

0, 7€ N, y; > 0;
y;, otherwise;
if y* =0 then

stop; [ is the optimal solution]
else

Yi =

j o argmaslytl; - A= e
iEN
end if
end if
Find the largest step « € (0, 1] such that x + aAz > 0;
T 4 x + aAx;
end while
return z, y;
end function

The algorithm described above starts with a feasible point satisfying x; > 0, for
1 € Z, and calculates the search direction by solving an unconstrained linear least-
squares problem. If the search direction is a descent direction, then it is used to
perform the line search. Otherwise, a dual vector y* is calculated and the optimality
conditions of Proposition 4.7 are checked. An auxiliary dual vector y is used to
calculate y*. If the current point is not optimal, the index of the largest dual
violation is selected use to compute a new primal search direction. The step length
« satisfies a € (0, 1], which implies that the new iterate always satisfies the primal
feasibility condition, i.e., z + aAz > 0.

5. A Primal-Dual Active Set Method for Regularized LP

The method considered in this section is based on applying a quadratic regularization
term to the linear program (LP) and solving the resulting regularized problem using
a primal-dual quadratic programming (QP) method. (For more details on solving
convex quadratic programming problems, see [8].) The regularized linear program
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(RLP) is given by
ST T 1, T
minimize c'x -+ 5
z€R", yeR™ MY (5.1)
subject to Ax 4+ puy =056, x>0,

where p (0 < p < 1) is a fixed regularization parameter, and A, b and ¢ are the
quantities associated with the linear program (LP). A solution of the regularized
linear program (5.1) is an approximate solution of (LP).

5.1. Formulation of the Primal and Dual Problems

For given constant vectors ¢ and r, consider the pair of convex quadratic programs

minimize % pyly + e + T
subject to  Ax + py = b, T > —q,
and
ma;cirrzlize —% pyly + b1y — ¢"=
(DLPq7T) jy’ T
subject to A'y+ z =¢, z > —r.

(The significance of the shifted constraints x > —q and z > —r is discussed below.)
The following result gives joint optimality conditions for the triple (z,y,z) such
that (z, y) is optimal for (PLP,,), and (z,y, z) is optimal for (DLP,,). If ¢ and r
are zero, then (PLPgg) and (DLPgg) are the primal and dual problems associated
with (5.1). For arbitrary ¢ and r, (PLP,,) and (DLP,,) are essentially the dual of
each other, the difference is only an additive constant in the value of the objective
function.

5.2. Optimality Conditions and the KKT Equations

Proposition 5.1. Let ¢ € R™ and r € R™ denote given constant vectors. If (z, y,
z) is a given triple in R™ x R™ x R", then (x, y) is optimal for (PLP,,) and (x, y,
z) is optimal for (DLPy,) if and only if

Az +py —b=0, (5.2a)
c—Aly—z=0, (5.2b)
r+q =0, (5.2¢)
z4+1r>0, (5.2d)

(z+q) (z+7)=0. (5.2¢)

In addition, it holds that optval(PLP,,) —optval(DLP, ) = —q¢’r. Finally, (5.2) has
a solution if and only if the primal and dual feasible sets

{(z,y,2) : ATy+2z=¢, 2> -1} and {x:Az+puy=">0, > —q}

are both nonempty.
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Proof. Without loss of generality, let i denote the Lagrange multipliers for the
constraints Ax + uy — b = 0. Let z + r be the multipliers for the bounds = + ¢ > 0.
With these definitions, a Lagrangian function L(z,y,y, 2) associated with (PLP,,)
is given by

L(z,y,5,2) = (c+ )z + juy"y — g7 (Az + py = b) = (= + 1) "(@ + q),
with z 47 > 0. Stationarity of the Lagrangian with respect to x and y implies that
cHr—Aly—z—r=c- ATy —2=0, (5.3a)
py — py = 0. (5.3b)

The optimality conditions for (PLP,,) are then given by: (i) the feasibility condi-
tions (5.2a) and (5.2¢); (ii) the nonnegativity conditions (5.2d) for the multipliers
associated with the bounds = 4+ ¢ > 0; (iii) the stationarity conditions (5.3); and
(iv) the complementarity conditions (5.2e). The vector y appears only in the term
py of (5.2a) and (5.3b). In addition, (5.3b) implies that py = py, in which case we
may choose y = 3. This common value of y and y must satisfy (5.3a), which is then
equivalent to (5.2b). The optimality conditions (5.2) for (PLP,,) follow directly.

With the substitution y = y, the expression for the primal Lagrangian may be
rearranged so that

L(z,y,2) = —%uyTy + bTy —qlz+ (c— ATy — z)Tx —qr. (5.4)

Substituting y = 7 in (5.3), the dual objective is given by (5.4) as —3uy’y + by —
q'z —q"r, and the dual constraints are ¢ — ATy — 2z = 0 and z +7 > 0. It follows that
(DLPg,) is equivalent to the dual of (PLP,), the only difference is the constant
term —¢”r in the objective, which is a consequence of the shift z + r in the dual
variables. Consequently, strong duality implies optval(PLP,,) — optval(DLP,,) =
—g'r. In addition, the variables z, y and z satisfying (5.2) are feasible for (PLP,)
and (DLP,,) with the difference in the objective function value being —qr. It
follows that (z,y, z) is optimal for (DLP,,) as well as (PLP,,). Finally, feasibility
of both (PLP,,) and (DLP,,) is both necessary and sufficient for the existence of
optimal solutions. 1

If 7 denotes the index set Z = {1, 2, ..., n}, let B and N denote a partition
of Z. The basic and non-basic variables are defined as the subvectors xz and zy,
where 2 and z denote the components of = associated with B and A respectively.
A set B is associated with a unique solution (z,y, z) that satisfies the equations

c— ATy —z =0, Ty +qn =0, (5.5)
Az + py — b =0, zp+1rp=0. (5.6)
If A; and Ay denote the matrices of columns of A associated with B and N respec-
tively, then the equations above can be written as
CB_Agy_ZBzou $N+QN:O)
CN—AE?J—ZNZO, zpt+715 =0,
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These equations may be written in terms of the linear system

(2 ()= (Go) 5

by substituting z, = —gy from the equation xy 4+ ¢y = 0. Once y is known, zy can
be calculated as zy = cy — ALy.

It follows that if the system (5.8) has a unique solution, then the systems (5.5)
and (5.6) have a unique solution (z,y, z), and the matrix

0 AT
Ky = B
’ (AB —pl )
is nonsingular. As in Gill and Wong [13], any set B such that K is nonsingular is
known as a second-order consistent basis. The next result shows that a second-order

consistent basis may be found by identifying an index set of independent columns
of A.

Proposition 5.2. If Ag has linearly independent columns then the matriz

0 AL
fo = (AB uf)

s nonsingular.

Proof. Suppose that Az € R™*". Consider the matrix decomposition

0 AL\ _ (Ir —iAg iAgAB 0 I, 0
Ag —ul 0 I, 0 —uly, _%AB Iy )~
The full-rank assumption on Ay implies that AL Ay is an 7 x r symmetric positive-

definite matrix. Let AZA, = LLT be its corresponding Cholesky decomposition.
Then K5 can be written as

_1)T 1 T
K, — I =3 AR\ (L 0N (L 0 LT 0 {m 0y
0 In 0 In 0 —uly, 0 In) \~34s I

The product of the eigenvalues of K is the product of the eigenvalues of the diagonal
entries of each of the five matrices above, which are all nonzero. It follows that Kp
is nonsingular. 1

The proposed primal-dual method generates a sequence (xg, yx, 2) that satisfies
the identities (5.5) and (5.6) at every iteration. In order to satisfy the optimality
conditions of Proposition 5.1 the search direction (Az, Ay, Az) must always satisfy

ATAy —Az=0, Azy=0, (5.9)
AAz + pAy =0, Azp = 0. (5.10)
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The iterates are designed to converge to optimal points that also satisfy the require-
ments x5 + ¢ > 0 and zy + 7y > 0. This provides the motivation for an algorithm
that changes the basis by removing and adding column vectors while maintaining
the conditions mentioned above. Consider a new partition BUN U {l} = {1, 2,
..., n}, where the index [ has been removed from either the previous B or . The
conditions (5.9) and (5.10) can be written in matrix form as

0 0 CLZT Al‘l 1
0 0 AL Axg | = [0] Az, and Azy = —AT Ay.
ap A —ul —Ay 0

In the following discussion we use K; to denote the matrix

0 0 alT
K=10 0 AL

Proposition 5.3. If Az; > 0 and K; is nonsingular, then the following holds.

1. If the index l is such that z;+r; < 0, then (Ax, Ay) is a strict descent direction
for (PLPy ,);

2. If the index | is such that x;+q < 0, then (Ay, Az) is a strict ascent direction
for (DLP,,.).

Proof. Without loss of generality, assume that Az; = 1. The equations for Ax;y,
Axp and Ay are then

0 0 af Ax; 1
0 0 AL Azg | =(0]. (5.11)
ap Ag —pul —Ay 0

As K is nonsingular by assumption, Az must have full column rank and the matrix
AL A is nonsingular. This implies that the solution of (5.11) may be computed as

7
Ary = ——,
! alTPal
K T —1 4T
Axg = — ALA ALay,
B alTPal( B B) B
A L P
= — a,
4 a;‘FPal :
1
Azy = —— Al Pay,
o alTPal v

where P is the orthogonal projection P = I — Az(ALA,) 1AL,
The objective function of primal problem is the quadratic function

fo(@) = suy'y + Tz +r’e = g'p+ pTHp
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o~ [(Ax\ 5 (0 0 . [c+T . -~
w1thp—<Ay),H—(0 MI) andg—( 0 ).Thegradlentoffp at p is

o~ fe+r
Vi, =g+ Hp= :
fr=0 D (uy>

Then the directional derivative at p is

(Vfe)'P = (c+r) Az + py"Ay
I T/ AT —1 4T

= ——(q+ - + AL A A —

alTPal (e + 1) a;[Pal (c5 +75)" (Apds) Bl alTPal

N aT/jDal (e +11) —y" Ap(AGAR) " Afar — y" (I = Ap(AGAR) " A )ar)
l

H T
= a+nr)—y a
alTPal(( 1) -y a)
I

= TP ((a+m)—(a—2a) =

y" Pay

——— (2 + 7).
alTPal(l 2

The assumption that z; + r; < 0 implies that the directional derivative is negative
and D is a descent direction for the primal problem, as required.
.. ~ Az\ = 0 0\ -~ q .
Similarly, let p = <Ay>’ H = <0 ,uI)’ qg= <—b>' The dual objective is then

fo®@) = —3uyy + by — 'z = —g"p — 1p" Hp,

which has the gradient
iy = (5 + Hp) = < 4 ) .
The directional derivative at p is

1) 5= (="~ - 7) (57)

L 77 T | T
= — A Pa; — qAz — (— +b Pa
a'fPaqu vPa; — qldz — (—py )alTPal l
L po.r r 1
= — A Pa; — qAz — (Ax Pa
alTPaqu vPa — qdz — (Ax) T Pa !
1
= ———(qx AN Pay + 2" AT Pa)) — q Az
a; Pay
1

=75 (quEPal + nggPal + asgAgPal + xlalTPal) —q
a; Pa;

1
— _TPCLZ((QN + xN)TAEPal + nggPal + xlalTPal) —q
l

= —(x;+q) > 0.
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The last equality follows from the condition gy + x5 = 0 of (5.5), and the identity
ATP =0, which holds because P is the projection onto null(AT).

It is important to maintain the nonsingularity of K; by enforcing the linear
independence of the columns of Ag. Therefore, if [ is to be added to B, it may be
necessary to remove some indices from B before appending a; to ensure that a; is
not in range(Ag).

The primal-dual search direction (Azg, Ay) defined by the equations

0 A~ Azg\ (0
(2 (2= (o (5.12)
will always satisfy (5.9) and (5.10) if Azp =0 and Ax; = 1.

Proposition 5.4. If A has linearly independent columns then the search direction
(Ay, Az) computed from (5.12) is nonzero if and only if a; is linearly independent
of the columns of Ag.

Proof. Given the full rank assumption of Az, the matrix Ky is nonsingular from
Proposition 5.2. The solution (Axg —AyT) is unique, and can be calculated as

Axy = —(ALAL) 1AL,

1
Ay = —;(I — Ap(ATAL) T ATq,.

Suppose that a; is linearly dependent on the columns of Ag, i.e., a; € range(Ag).
As (I — Ag(ALAR)"1AT) projects a; onto the orthogonal complement of range(Az),
it follows that

Ay =0, and Azy =—-ALAy=0.

Conversely, if a; is linearly independent of the columns of A, then Ay # 0 and
Az#0. 1

Proposition 5.5. If a; is linearly independent of the columns of Ag, and Ax; > 0
then the following holds.

1. If zp+1r; <0, then (Az, Ay) is a strict descent direction for (PLP, ;).

2. If 1+ q <0, then (Ay, Az) is a strict ascent direction for (DLP,).

Proof. Without loss of generality, assume Az; = 1. The proof follows directly from
Proposition 5.3 by replacing the constant factor u/ alTPal by one. 1
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5.3. The Primal Active-Set Method

The primal active-set method starts and ends with a primal feasible point (z,y, z)
that satisfies

c—ATy—2=0, ay+qv=0, Ts+gs>0, (5.13a)
Az + py —b=0, zg+ 715 =0, (5.13Db)

where B is constructed such that Az has linearly independent columns. Over the
course of an iteration, an index [ of a dual infeasible constraint z;+7; < 0 is identified
and removed from N. This infeasibility is driven to zero, at which point the index
[ is added to B.

An iteration begins with a so-called base sub-iteration in which a step is taken
along a search direction computed from the linear system (5.12). It follows from
Proposition 5.5 that the search direction is always a strict descent direction for
(PLP,,). The base sub-iteration continues with the calculation of a step length «
that is the smaller of o, and auax, where a, is the step that moves z; + r; to zero
and amay is the largest step that maintains the feasibility of the primal constraints
x > —q. If a = a, the index [ is added to B and the iteration is complete. Otherwise,
0 = amax and the index of a blocking constraint z; > —q; is moved from B to N.
In this case, a sequence of one or more intermediate sub-iterations is calculated. An
intermediate sub-iteration involves taking a step along a search direction computed
from the linear system (5.11) involving K;. Proposition 5.3 shows that the computed
search direction is always a strict descent direction for (PLP,,). As in the base sub-
iteration, the step length « is the smaller of o, and apax, where a, is the step that
moves 2; + 1 to zero and apax is the largest step that maintains primal feasibility.
If & = amax, then the index of a blocking constraint is moved from B to N and the
intermediate sub-iterations are repeated until o = a,, at which point z; + 7, = 0
and the index [ is added to B.

Proposition 5.6. On completion of the base sub-iteration, a; is linearly indepen-
dent of the columns of Ag.

Proof. There are two cases to consider.

Case 1: Suppose that [ is chosen such that a; and columns of Ay are linearly
independent. If o = a,, then z; 4+ r; will move to zero. In this case, no index is
removed from B in the base sub-iteration and Az does not change. If & = apmax, the
vector a; will continue to be independent of the columns of the new Ag after the
index of the blocking constraint is removed.

Case 2: Suppose [ is chosen such that a; and columns of Ay are linearly depen-
dent. From Proposition 5.4,this must imply that Az; = 0, in which case o, = c0. If
the primal problem is bounded below, then ap.x will be taken as the step. By the
linear dependence assumption and that index k € B is chosen such that Az < 0,
we have

a; = Z Az;a; = Z Az;a; + Axay,.
i€B ieB\{k}
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After removing the index k£ from B, the column a; cannot be written as a linear
combination of columns of the new Ag, which implies that they must be linearly
independent. 1

Proposition 5.7. The matriz K; will remain nonsingular during a sequence of in-
termediate sub-iterations.

Proof. Follows from Proposition 5.2 and Proposition 5.6. 1

It is important to note that if o = amax in the base sub-iteration, then at least
one intermediate sub-iteration is needed because the dual infeasibility could not be
eliminated by taking the longer step o = «,. It is also possible for a to be zero
in a base or intermediate sub-iteration. However, once a zero step is taken, an
index will be deleted from B, and the execution of an intermediate sub-iteration
must follow. The intermediate sub-iterations continue until a nonzero step is taken
and z; + r; becomes non-negative. The degenerate case is considered in Section 5.5
below, where it is shown that in the worst case, if all the indices are deleted from
B by the intermediate sub-iterations, then the search direction must be nonzero by
Proposition 5.10 and « > 0 will drive z; + r; to zero.

The primal active-set method is described in Algorithm 7.
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Algorithm 7 A Primal Active-Set Method for Linear Programming.
while d1: 2 +7r, <0do
N — N\ A{l}
PRIMAL_BASE(B, N, I, z, y, 2); [returns B, N, z, y, 2]
while z; +r; < 0 do
PRIMAL_INTERMEDIATE(B, N, I, =, y, 2); [returns B, N, z, y, 2]
end while
B« BU({l};
end while
function PRIMAL BASE(B, N, [, z, y, 2)
T
Ax; < 1;  Solve (AOB :4;[> ( _AAwyB> = - (f(l)l);
Azy +— —AL Ay;
Az + —a] Ay; [Az = 0]
a,  —(z + 1) /Ax; [ar, 400 if Az = 0]
Omax < min  (z; + ¢;)/(—Ax;); k< argmin (z; + ¢;)/(—Ax;);
1:Ax; <0 i:Ax; <0
o ¢ min (a*, amax);
if @ = 400 then
stop; [((DLPy,,) is infeasible]
end if
T 1+ alx;; xp < v+ alrg;
Yy y+ady;, z+ z1+alz; zy < zy +alzy;
if z; 4+ 1 < 0 then
B+ B\{k}; N+ NU{k};
end if
return B, N, z, y, z;
end function
function PRIMAL_INTERMEDIATE(B, N, I, z, y, 2)
0 0 af Az 1
Az +1; Solve |0 0 AL Azpg | = | 0]; [Az; > 0]
aj AB —/1[ —Ay 0

Azy —AEAy;
a, — —(z1+1);

Omax < min  (x; + ¢;)/(—Ax;); k<« argmin (x; + ¢;)/(—Ax;);
i:Ax; <0 1:Ax; <0

« < min (a*, amax);
1+ alx; v — x5+ alxg;
y—y+aldy, z+ z1+alz; zy — zy + alzy;
if z;4+ 7, < 0 then
B+ B\{k}; N+ NU{k};
end if
return B, N, z, y, z;
end function
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5.4. The Dual Active-Set Method

The dual active-set method starts and ends with a dual feasible point (z,y, z) that
satisfies the equations

c— ATy — 2 =0, Ty +qn =0, (5.14a)
Ax+ py — b =0, zg+1r5 =0, Zy +1ry >0, (5.14b)

where B is constructed so that Ap has linearly independent columns. At each
iteration, an index [ of a primal-infeasible constraint x; + ¢; < 0 is identified and
removed from B. This infeasibility is driven to zero over the course of an iteration,
at which point the index [ is added to V.

An iteration begins with a so-called base sub-iteration in which a step is taken
along a direction computed from the linear system (5.11). It follows from Propo-
sition 5.3 that the search direction is always a strict ascent direction for (DLPg,).
The base sub-iteration continues with the calculation of a step length « that is the
smaller of «, and amax, where «, is the step that moves x; + ¢; to zero, and umax
is the largest step that maintains the feasibility of the dual constraints z > —r.
If @ = «, the index [ is added to B and the iteration is complete. Otherwise,
' = Qax, and the index of a blocking constraint z; > —7 is moved from A to B.
In this case a sequence of one or more intermediate sub-iterations is calculated. An
intermediate sub-iteration involves taking a step along the primal-dual search direc-
tion (Ax g, Ay) satisfying the equations (5.12). This direction satisfies the equations
(5.11) with Az; = 1 and Az = 0. It follows from Proposition 5.5 that the search
direction is a strict ascent direction for (DLP,,). As in the base sub-iteration, the
step « is the smaller of o, and ayax, where a, is the step that moves z; + r; to zero,
and amax is the largest step that maintains dual feasibility. If @ = apax the index
of a blocking constraint is moved from A to B and the intermediate sub-iterations
are repeated until o = «,, in which case z; + ¢ = 0 and the index [ is added to N.

If B is empty at the beginning of the dual algorithm, then only the base sub-
iteration is needed to drive x;4¢q; to zero. Otherwise, if B is nonempty and o = apax
in the base sub-iteration then at least one intermediate sub-iteration is needed.

Proposition 5.8. The matrix Ag always has linearly independent columns at the
end of the dual algorithm.

Proof. If a; and the columns of Ay are linearly dependent at the beginning of an
intermediate sub-iteration, then Proposition 5.4 gives Az = 0. In this case, the set
{i : Az; < 0} is empty and « must take the value «,, then the updated primal
violation x; + ¢; is zero. At this point no more indices will be added to B, the index
[ is added to N, and the full-rank matrix is not changed. 1

The dual active-set method is given in Algorithm 8.
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Algorithm 8 A dual active-set method for linear programming.

while 4/ :2;+ ¢ < 0do
B« B\ {l};

DUAL_BASE(B, N, I, z, y, 2); [Base sub-iteration)]

while z; + ¢, < 0 do

DUAL_INTERMEDIATE(B, N, I, =, y, 2); [Intermediate sub-iteration]

end while
N — N U{i};
end while
function DUAL BASE(B, N, [, z, y, 2)
0 0 af Az 1
Az +1; Solve [0 0 AT Azg | = [0 |;
ap A —pl —Ay 0
Azy + —AL Ay;

[Az; > 0]

o, + —(z1+ q)/Axy; [, < 400 if Az; = 0]

Omax < min  (z; +73)/(=Az); k< argmin (z; +r;)/(—Az);
1:Az; <0 1:Az; <0

« < min (a*, amax);
if o = +o00 then

stop; [(PLP,,) is infeasible]

end if
T 1 +alx;; xp < v+ alrg;
Yy y+ady;, z+ z1+alz; zy < zy +alzy;
if z; + q; < 0 then
B+« BU{k}; N« N\ {k};
end if
return B, N, z, y, z;
end function
function DUAL_INTERMEDIATE(B, N, [, z, y, 2)

_ 0 AL Azg\ (0.
Ax; <+ 1; Solve <AB —uI><—Ay = {q)

Az + —alTAy;
Azy + —AL Ay,
a, +— —(z1+ q);

Qmax < min  (z; + 1) /(—=Az); k< argmin (z; +1r;)/(—A%);
:Az; <0 1:A2; <0

a < min (a*, amax);
x 1+ aldx; T — x5+ alxg;
y—y+aldy, z+ z1+alz; zy — zy +alzy;
if ;1 4+ q; < 0 then
B+ BU{k}; N« N\ {k};
end if
return B, N, z, y, z;
end function

[Az > 0]
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5.5. Degeneracy

An iteration is said to be degenerate if a zero step is defined in each of the base
and intermediate sub-iterations. Specifically, the primal problem is nondegenerate
if a nonzero step is taken at every base sub-iteration. The nonsingularity of the
regularized term ul will guarantee that the primal problem is nondegenerate.

We require that the constrained gradient Az to be linearly independent from
beginning, and our method for adding and deleting constraints from working set for
subsequent working set will still maintain the property of linearly independence.

Proposition 5.9. If Az > 0, K; nonsingular and pu # 0, then the primal step is
nondegenerate.

Proof. The proof follows from the fact that Ax; = u/alTPal > 0, where P =
(I — Ap(ATAR)TAL).
Proposition 5.10. The primal-dual active-set method does not cycle.

Proof. Suppose that at the end of the intermediate sub-iterations, every variable
in B is deleted. The equation becomes

(c?z —GZI> (—AAZCJ[) - <(1)> - (5.15)

(Axl —Ay)T has the unique solution

() = e (2)
~4y )~ Jal? \a

as u>0,a;>0. 1

5.6. Combining Primal and Dual Active-set Methods

The primal active-set method proposed in Section 5.3 may be used to solve (PLP, )
for a given initial basis B satisfying the conditions (5.13). An appropriate initial
point may be found by solving a conventional phase-1 linear program. Alternatively,
the dual active-set method of Section 5.4 may be used in conjunction with an ap-
propriate phase 1 procedure to solve the quadratic program (PLP,,) for a given
initial basis B satisfying the conditions (5.14). An alternative to the conventional
phase-1/phase-2 approach is to create a pair of coupled quadratic programs from
the original by simultaneously shifting the bound constraints. The idea is to solve a
shifted dual problem to define an initial feasible point for the primal, or vice-versa.
This strategy provides an alternative to the conventional phase-1/phase-2 approach
that utilizes the phase-1 objective function while finding a feasible point.

An algorithm that combines the primal and dual active-set methods is given in
Algorithm 9. The algorithm begins with a second-order consistent basis satisfying
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(5.5) and (5.6). If the initial point is both primal and dual feasible then the triple (z,
Y, z) is an optimal solution and the algorithm is terminated. If x is primal feasible,
then the primal active-set method PRIMAL_LP of Algorithm 7 is used to find an
optimal solution. If z is dual feasible, then the dual active-set method DUAL_LP of
Algorithm 8 is used to find an optimal solution. If the initial point is neither primal
nor dual feasible, then one of the shifts ¢ or r can be defined to make the initial
point either primal or dual feasible.

5.6.1. Shifting the primal problem

Assume that the given initial point is neither primal nor dual feasible. If we choose
to shift the primal problem, the shifts are defined as follows.

1. Define the shifts r and ¢ such that r = 0 and gy = 0, ¢ = max{—zz,0}.
2. Compute the solution of (PLP,.).

3. Compute a point (z(M), y(1), (V) satisfying (5.5) and (5.6).

4. Starting at the point (z(1), y(), (1) solve (DLPy,0).

After applying the shifts in Step 1, the point x satisfies z + ¢ > 0, i.e., z is an
initial primal-feasible point for (PLP, ). The optimal solution of the primal problem
(PLP,,) solved in Step 2 satisfies

C_ATy(l)_Z(l):()? xg\})+QN:07 xg)—i_QBZO?
Az 4+ ,uy(l) —b=0, zl(gl) =0, z,(vl) > 0.

Without the shift, this solution may violate (5.5) and (5.6), in which case z(!) must
be recomputed in Step 3 by solving the linear least-squares problem

minimize ||Azz — b+ uy™Y].
z€R?

The point (zM), y1), 2() found in Step 3 will be dual feasible for the original
problem and Step 4 will compute the required optimal solution.

5.6.2. Shifting the dual problem

Again, assume that the given initial point is neither primal nor dual feasible. If we
choose to shift the dual problem, the shifts are defined as follows:

1. Define the shifts ¢ and r such that ¢ =0, r5 = 0 and ry = max{—zy,0}.

2. Compute a solution of (DLP, ).

w

. Compute a point (z1), y(), (D) satisfying (5.5) and (5.6).

W

. Starting at the point (z(1), y(1), 2()) solve (PLPg ).
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After applying the shifting procedure of Step 1, the point z satisfies z + r > 0, i.e.,
z is an initial dual feasible point for (DLP,,). The optimal solution of (DLP,,)
satisfies

¢ AT, L0 g, Y =0, 24 >0,
Az + liy(l) —-b=0, 21(31) +rp =0, Zl(vl) +ry 2 0.

Without the shift, this solution may violate (5.5) and (5.6), in which case () and
2 must be recomputed in Step 3 using

y(l) — l(b — ABxg)) and Z](\/l) =CNn — A%?/(l)
1

The point (:n(l), yW, z(l)) computed in Step 3 will be primal feasible, and Step 4
will compute an optimal solution for the original problem.
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Algorithm 9 Primal-Dual Active Set Method for Regularized LP
input: A, b, ¢, u, choice;
Find a second-order consistent basis B;

0 AL g\ _ [—¢cB).
Solve (AB —,UI> < )= b |
q= O’ r =0; [Inltlahze the ShlftS]

xN:O, ZB:O, ZNZCN_A£y7
if x > 0 and z > 0 then

stop; [(z,y,2) is optimal]
else if z > 0 then [Primal feasible]
PRIMAL_LP(B, N, z, y, 2, A, b, ¢, q, 7, i);
else if z > 0 then [Dual feasible]
DUAL_LP(B, N, z, y, z, A, b, ¢, q, v, j1);
else [Neither primal nor dual feasible]
if choice = primal first then
gy = 0; ¢ = max{—xz,0}; [Redefine the shift ¢]

(B, N]=PRIMAL_LP(B, N, A, b, ¢, q, T, p);

0 Ag I\ _ [ —CBY),
Solve (AB —MI> (—y) —< Nk

zy =0; z5=0; ZN:CN_A£ZJQ q=0;
DUAL_LP(B, N, z, y, 2, A, b, ¢, q, 7, i);
else if choice = dual_first then
rg =0; 7y =max{—zy,0}; [Redefine the shift 7]
B, N|=puaL_Lp(B, N, A, b, ¢, q, r, u);

0 Ag Tp —CB,
save (4, ) ()= (%)
ty=0; 2p=0; zy=cy—ALy; r=0;
PRIMAL_LP(B, N, x, y, z, A, b, ¢, q, T, p);

end if
end if
return z, y, z, B, N ;

6. Matrix Factorizations and Updating

When solving the linear least-squares problem mingegpm | Az — bl| it is crucial that
a factorization of the matrix A is used instead of directly computing the inverse of
ATA for the normal equations. Consider an m x n matrix A with m > n. The QR

factorization of A is given by
QTA = (ﬁ) , (6.1)

where () is an orthogonal matrix of dimension m x m, and R is an upper-triangular
matrix of dimension n x n.

It is also necessary to update this factorization when columns or the rows of A
are added, deleted, or both.
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6.1. Using the QR Decomposition for Solving Least-Squares Problems

6.1.1. Calculating a null-space descent direction

In addition to using QR decomposition to calculate a least-squares solution, it can
also be used to calculate the matrix Z such that ALZ = 0.

Lemma 6.1. Consider the QR factorization (6.1) of Ag, with Q = (Q1 Qg),

where Q1 = (ql q - qn), Qs = (Qn+1 qm), and the ¢;, 1 =1,2, ..., m
are independent orthonormal column vectors. The matriz Z = Q2 satisfies ALZ = 0.

Proof. Substituting the QR factors of Ag in Az Z and using the identities QlTQQ =0
and Q3 Qo = I,,,_,, gives

ATZ = (BT 0) (gg) Q2= (RT 0) (gggz) — (BT 0) < 0 ) _

6.1.2. Calculating the projection matrix

Let Ag be a matrix of size mxn with m > n. Let b be a vector of size m. Assume Ag
has linearly independent columns. The least-squares solution to the unconstrained
optimization problem
minimize ||Azz — b|> 6.2
nimize || Ayz b (62)

is

v = (ALAp) " ALD, (6.3)
where Af; = (AT Ap)~1AL is the Moore-Penrose pseudoinverse of Ap.

We now consider how to use the QR decomposition to calculate the pseudoinverse
and projection matrix in the full-rank case. The full-size QR factorization is

-a(f)-to ot

Let Q1R = Ag be the corresponding “economy-size” QR factorization, where R is
a n X n upper-triangular matrix and ) is the m x n submatrix of the orthonormal
matrix Q. Note that QT Q1 = I, but Q1QT # I,. Furthermore, by the full-rank
assumption of Ay, R must be invertible, and its diagonal entries are all nonzero.
Then (6.3) can be solved as

v = (A5 Az) T Aph = (RTQTQ1R) ' RT Qb
RTRx = RTQTb
Rz = QTb.
This implies that forward substitution can be used to compute x. The cost of cal-

culating Qb is O(mn), and one iteration of backward substitution requires O(m?).
Then, if Q and R are already known, the complexity of solving (6.2) is O(m?).
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Now consider the calculation of the orthogonal projection matrix onto range(Ap),

P=Az(ATA,) AT = Qi R(RTR)'RTQT
=Q:RR'RTTRTQY

= Qi 1,Q7
= Q101
Similarly, the orthogonal projection onto null(A%) can be calculated as
M =TI, - Q7 (6.4)
or
WSV AVAA Y AR (6.5)

where the columns of Z form a basis for null(AZ). By using the result from (6.1)
2(2'2)71 2" = Q2(Q3Q2) 7' Q3 = Qalm—n Q3 = Q203

When m > n it is more efficient to store only @1 and calculate the steepest-descent
direction in the null space, i.e., p= —Z(Z7Z)"1ZT ¢ using (6.4),

p=(Q1Q7 — Ic.
The cost of calculating the steepest-descent direction in null(AZ) is approximately
2mn + m flops.

6.1.3. Solving the KKT equations

By using the results above, the solution of the linear system (5.11) can be written
as

Ax; = /Bluv
Arg = -BRQ1a,
_Ay = /B(al —+ ABAZ'B) = ,6((1[ - QlQ’{al%

where
B=alMa; =al (I, — Q1Q1)a;.
The cost of computing (5.11) by given QR decomposition is O(m?).

6.2. Updating the QR Factorization

It is critical to consider the modification as recomputing the QR factorization is too
expensive as it requires approximately mn? floating-point operations.
Three kinds of modification of the matrix A; are considered:

1. a rank-one change of Ay;

2. the deletion and addition of a column of Ag; and
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3. the deletion and addition of a row of Aj.

First, consider two basic transformations that are essential tools for matrix updating—
Givens rotations and Householder transformations.

Lemma 6.2. (Givens Rotation) Given z = <§1), with at least one of the quan-
2

tities x1 and x2 monzero, then there exists an orthogonal matrix

with ¢2 + s2 =1 such that

o= (W)

Proof. The result follows directly with ¢ and s defined as

x1
(22 + 29)1/2

Z2

and S:W'

CcC =

To exploit the symmetric structure, we instead define the symmetric Givens
matrix

with the same ¢ and s as in (6.6).

Lemma 6.3. (Householder transformation) Given a non-zero vector v € R™,
there exists an orthogonal matriz Q such that

Qu = —ol|v] e1
with e; = (1,0,...,0)T and o = sign(vy).

Proof. Define .

Q:Im—Quu

Ty with u = v + o||v||e;1.

6.3. Modification after a Rank-one Change
Given the QR decomposition of the matrix Ay € R™*"

A = Qg <}?)k> ;
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we want to compute the QR decomposition after the rank-one change

R
A1 = A+ w’ = Qrys < ]6+1> :

First, compute w = Q{u € R™ and define a sequence of Givens rotations Gy, j1,
k=1,2, ..., m—1 such that

T T
G1,2' e Gmfl,mw = £lwller.

These transformation will produce an upper-Hessenberg matrix when apply to R-

factor
=t ().

For Aj41, we have
T Ry,
A1 = Ap +uv’ = Qp{ o)t wol},

R
QgAk+1 = < 0k> + vaa

Gy GL 1 QT Ay = H + [|w]|ero”.

m—1,m

Adding e;v” to an upper-Hessenberg matrix is still an upper-Hessenberg matrix
because only the first row of H is modified. Let H = H + ||w|e;v” and define a
sequence of Givens rotations ék’k_l'_l, k=1,2,...,nthat "zero out” the (k, k+1)-th
entry of f[, i.e.,

. ~r = _ (Bin
Gz;,n—H o 'G{QH = ( O+ ) :
Finally, the orthogonal matrix Q1 can be found by

Qr+1 = QkGm-1,m - G12G12- - Gppt1.

The matrices Q41 and Ry, are the desired updated QR factors. A total of m?
flops are required to compute w, and 4n? flops are required to calculate H and
Rpy1. Finding Q41 requires 4(m? +mn) flops. In total, 5m? + 4mn +4n? flops are
required for one rank-one update. However, as recalculating the QR decomposition
for a general m x n matrix requires O(mn?) flops, when m > n it may be beneficial
to compute the factorization from scratch rather than perform a matrix update.

6.4. Adjoining and Deleting a Column

6.4.1. Adjoining a column

Given the QR decomposition of A € R™*"

A = Qg (%k> ;
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we require the QR decomposition after appending one column vector ag41, i.e.,

App1 = (Ar  arm)

First, let bg11 = ank-i-l- Premultiply Axy1 by Qr and partition the matrix

R R .
QT Ay = < o bkﬂ) - ( o ‘Z’“) with b1 = (if) , (6.7)

where si, is a vector of dimension n and v is a vector of dimension m — n. Using a
Householder transformation of the form (6.3) we define

u=uv+olv|e, (6.8)
T
~ uu
with ej the (m — n)-vector e; = (1,0,...,0)T. Let
I, 0
H = ~ .
(¢ )

As H is symmetric, the equation (6.7) can be premultiplied by H” to give

Ry, Sk
I 0 Ri s
wofa = (7 5) (5= 0 ~olulla ),
0 0

R
Qi1 Apt1 = ( %H) ,
with o = sign(v1), and Qg+1 = QrH.

6.4.2. Removing a column

Given the QR decomposition of A € R™*"

A = Qy, (%k> ;

we require the QR factorization when the j-th column is removed from Ay, where
1 < j < n. An explicit method proposed by Golub and Saunders [14] defines

Ak+1 = (al e aj—l aj_,’_l ‘e an) s
where a; is the i-th column of Aj. Premultiplying by Q;{ gives
QZAkH = (7’1 o Ti-1 Ti41 Tn) )

with 7; is the i-th column vector of R;. We then define a sequence of Givens
transformations G 41, ¢ = J, ..., n — 1, where G} ;41 zeros out the i-th element of
the (i + 1)-th row. The orthogonal matrix Qg1 is found by

T T
Qk+1 = QijJJrl e Gn—l,n'
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The matrix Ry, is found by explicitly calculating the last (n — j + 1)-th columns

as
R
Qb 1Ars1 = < ]6+1> :

where the first (j — 1) columns of Ry are the same as those of Ry.

6.5. Adjoining and Deleting a Row
6.5.1. Adjoining a row

Given a QR decomposition of Aj € R™*"

A = Qg <1?)k> ;

we require the QR decomposition after adjoining the row vector ax; € R”, i.e.,

A R
App1 = < " > = Qk+1 < IB“) :
11

First, we apply an orthogonal matrix diag(Qg, 1),

Qr 0 Ay, B Jq?k
0 1 T = 0 = Hn—i—l,m—l—l CLkJrl s
Akt ol 0
k+1

where II;,11,m+1 is a permutation matrix that interchanges rows n +1 and m + 1.
Then use a sequence of Givens rotations Gjpnt1, ¢ = 1, ..., n where G 41
eliminates the i-th element of the (n + 1)-th row,

Ry, Ry
Gn,n+1Gn—1,n+1 e Gl,n+1Hn+1,m+1 T = s
Apt1 0

and the updated Qr4+1 becomes

Qr 0
Qry1 = ( 0 1 Hn—&-l,m-&-lG{nﬁ-l"'G?j;,n—&-l'

The updating procedure is stable and requires approximately 2n? operations with
standard Givens rotations.

6.5.2. Deleting a row

Given a QR decomposition of the matrix A; € R™*"
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without loss of generality, we want to compute the QR decomposition of A1, i.e.,
the submatrix of Ay, 1 without the first row,

R
Apt1 = Qr41 < IB“) -

Note that the removal of k-th row can be done by the same procedure except that
we premultiply a permutation matrix I1; ; to Ay and @} in order to interchange
row 1 and row k. The algorithm given below is then applied to I1; Ay and Iy 1, Qy,
instead.

First find the QR decomposition of (61 Ak),

Qi (e1 Ap) = (ql }ék > :

where ¢ is the first row of Q.
Then define a sequence of Givens transformation G;;41, %=1, ..., m — 1 such
that
G{z : "Gzﬂnfl,mQ1 =aey, [laof| =1.

Then we have
T

T T Ry, o
Gia Gmim | @ 0 =10 Rrq
0 0

In addition, we compute Q41 as below,

0
QkGm—1m - G12 = <a > .

0 Qrt1
aT Rk
ae= (i) = (0)

R
= Qkafl,m te 7G1,2G£2 T G%—l,m ( k>

Hence, we have

0
T

o 0 v
= R,
(0 Qk+1> k0+1

This algorithm for removing a row can be regarded as a special case of updating
after a rank-one change with u = —e; and v = a;.

6.6. Other Factorization Methods

6.6.1. The symmetric indefinite factorization

When a matrix K € R™*"™ is symmetric positive definite, the Cholesky factorization
K = LL" can be used to solve the linear system Kz = f. The Cholesky algorithm
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is efficient because it requires no pivoting. It only involves about %n?) floating-point
operations. However, if K is indefinite, the Cholesky factors do not exist because the
matrix has negative eigenvalues. Instead, we consider an alternative factorization

IOKI" =LpL”,

where I] is a permutation matrix and D is a block-diagonal matrix with either 1 x 1
or 2 x 2 diagonal blocks.

The calculation of the symmetric indefinite factorization requires approximately
%n?’ floating-point operations, which is comparable to the cost of the Cholesky fac-
torization.

Given the symmetric indefinite factorization of K, the solution of the linear
equations Kx = f can be calculated by solving the sequence of triangular and
block-diagonal systems

Lw = IIf, (6.10a)
Dy = w, (6.10Db)
LTz =y, (6.10c)

r=1I"2 (6.10d)

(6.10a) and (6.10c) can be solved by forward and backward substitution respectively,
and the solution of (6.10b) can be found by explicitly calculating the inverse of each
diagonal block.

7. Numerical Examples

In this section, we present some numerical experiments for simple MATLAB imple-
mentation applied to two types of problems.

The first set of examples are randomly generated assignment problems that are
highly degenerate. The second set of examples are problems that have been known
to cycle when solved by the conventional simplex method.

In both parts, we focus on comparing the methods PDNNLS and PDLP described
in Sections 3 and 5. All the problems are formulated in standard form. For each
problem, we record the row number m, column number n of the coefficient matrix
A, and the optimal objective. For PDNNLS, we set ¢ and r in (5.1) to be zero,
and use p = 1078, We test both the “primal-first” and “dual-first” options of
PDLP and record the corresponding primal and iteration numbers as well as the
total running time. If the problem is primal feasible at the beginning, we record
only the iteration numbers and running time for the primal method and leave dual
entries blank. An analogous annotation is used when the initial point is dual active.
For testing problems using PDLP, we use the phase-1/phase-2 scheme starting with
the initial dual point yg = 0. We use the MATLAB routine Isqnonneg to solve the
non-negative linear least squares problem. We record the iteration numbers for the
main algorithm of PDNNLS, the number of times a NNLS subproblem is solved,
the number of subiterations in the NNLS algorithm, and the corresponding running
time. All running times are given in units of a second. Tolerance levels are set to
be €01 = 1076 and €q, = 1076 in both implementations.
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7.1. Highly Degenerate Problems
7.1.1. Test problems

Below we give the pseudocode for the assignment problem. The pseudocode returns
the matrix A, and vectors b and ¢ associated with a linear program in standard form

miniﬂr{?ize ¢z subject to Az =0, x>0.
xe n

Given an integer n, the assignment algorithm returns A € R@n—Dxn? p ¢ R2n-1
and ¢ € R”Q, where A is sparse with unit entries. The matrix A has significantly
more columns than rows, which increases the chance of selecting a dependent basis
in a conventional active-set method. The problem is highly degenerate.

Algorithm 10 The assignment problem.
function ASSIGN(n)

C = rand(n);

for i =1ton do
b(i,1) = 1;
b(n+i,1)=1;

for j =1 tondo
A(i,n(i—1)+j) =1,
An+i,n(j —1)+14) =1;
end for
end for
return A, b, c;
end function

7.1.2. Computational results

In this section we present the results of numerical experiments on the assignment
problems for n = 25, 50, 75, 100, 125, 150, 200, and 300. As the cost vector c is
non-negative, the initial point yy = 0 is dual feasible for PDNNLS and it is necessary
to solve only the phase 1 problem for this method. For this reason, in all the tables
for PDNNLS, only the iteration numbers and running times for the phase 1 problem
are recorded.
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Table 1: Results for PDNNLS on Assignment Problems
PHASE 1
m n Objective Itn NNLS-Itn NNLS-Sub Time

49 625  1.2766622E+00 37 622 1 0.0352

99 2500 1.6111842E+00 | 113 5376 268 0.3951

149 5625  1.5963300E+00 | 185 14461 362 1.2308

199 10000  1.7456917E+00 | 225 20723 610 1.9004

249 15625  1.6131899E+00 | 257 28257 737 2.9211

299 25000 1.5795925E+00 | 303 38904 909 4.4300

399 40000 1.6880131E+00 | 504 109440 3938 | 17.5161

599 90000 1.5619877E+00 | 693 212082 7497 | 45.3444

Table 2: Results for PDLP on Assignment Problems
Primal-First Dual-First
m n Objective Itn P-Itn D-Itn Time Itn P-Itn D-Itn Time
49 625  1.2766622E+00 64 46 18 0.0322 140 92 48 0.0415
99 2500 1.6111842E+00 122 22 100 0.1468 358 250 108 0.2174
149 5625  1.5963300E+00 226 62 164 0.4080 699 377 322 0.7280
199 10000 1.7456917E+00 444 133 311 1.0075 | 1083 641 442 1.6531
249 15625  1.6131899E+00 374 59 315 1.5745 | 1200 810 390 2.6100
299 25000 1.5795925E+00 846 258 588 3.3927 | 1714 1021 693 5.4173
399 40000 1.6880131E+00 | 1358 348 1010 9.5163 | 2725 1679 1046  17.5705
599 90000 1.5619877E+00 | 1934 518 1416  37.0491 | 3749 2047 1702  57.8660
7.2. Cycling Problems
7.2.1. Test problems

In addition to the assignment problem, we also give results for PDNNLS and PDLP
on 12 problems that are known to cycle when solved by the simplex method. For
more details about the formulation of these problems, we refer the reader to [9]

and [15].
7.2.2. Computational results
Table 3: Results for PDNNLS on Cycling Problems
PHASE 1 PHASE 2

Name m n Objective | Itn NNLS-Itn NNLS-Sub | Itn NNLS-Itn NNLS-Sub Time
HOFFMAN 3 1 0 2 4 1 1 1 0 | 0.0103
BEALE 3 7 -0.05 3 6 1 2 5 0 | 0.0920
Y&G-1 3 7 -0.5 4 13 2 1 3 0 | 0.0033
Y&G-2 3 7 -1 3 10 2 1 3 0 | 0.0030
KUHN 3 7 -2 5 11 0 1 4 1 | 0.0050
M&S-1 2 6 0 0 0 0 1 0 0 | 0.0016
M&S-2 4 7 -2 4 14 1 1 4 0 | 0.0031
SOLOW 2 6 0 3 7 1 1 0 0 | 0.0027
SIERKSMA 2 6  unbounded 3 6 0 1 0 0 | 0.0049
CHVATAL 3 7  unbounded 3 6 0 1 1 0 | 0.0049
N&T 3 8 unbounded 4 9 1 2 2 1 | 0.0038
H&M 4 6  unbounded 0 0 0 1 4 1 | 0.0048
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Table 4: Results for PDLP on Cycling Problems!

Primal-First Dual-First

Name m n Objective | Itn P-Itn D-Itn Time Itn P-Itn D-Itn Time

HOFFMAN 3 11 0 0 0 0 0.0149 0 0 0 0.0115
BEALE 3 7 -0.05 8 8 0 0.0195 - - - -
Y&G-1 3 7 -0.5 10 10 0 0.0110 - - - -
Y&G-2 3 7 -1 8 8 0 0.0140 - - - -
KUHN 3 7 -2 6 6 0 0.0108 - - - -
M&S-1 2 6 0 6 6 0 0.0217 - - - -
M&S-2 4 7 -2 10 10 0 0.0107 - - - -
SOLOW 2 6 0 4 4 0 0.0123 - - - -
SIERKSMA 2 6  unbounded 4 4 0 0.0217 - - - -
CHVATAL 3 7  unbounded 2 2 0 0.0179 - - - -
N&T 3 8 unbounded 0 0 0 0.0493 - - - -
H&M 4 6  unbounded - - - - 2 0 2 0.0291

8. Summary and Conclusion

In this work, we have investigated two non-simplex methods for solving linear pro-
grams, one for constraints in standard form, and one for a mixture of general equal-
ity and inequality constraints. Both of these methods involve solving a linear least
squares subproblem and terminate in finitely many iterations. We also propose
a new active-set method based on adding a penalty term to the linear objective
function.

The numerical results given in Section 7 indicate that the proposed method is
computationally efficient. It is shown that both PDLP and PDNNLS perform well on
highly degenerate problems. However, PDLP is more efficient than PDNNLS in terms
of the number of iterations needed to solve the linear least-squares problem, and it
also requires less time as the size of the problem increases. In addition, the results
presented in Table 2 indicate that the “primal-first” option of PDLP is more efficient
than the “dual-first” option in terms of both iteration numbers and running times.
In general, the relative efficiency of the “primal-first” and “dual-first” options will
depend on the linear program being solved. For degenerate problems, both methods
converge in finitely many iterations.
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