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Convex quadratic programming (CQP) is an optimization problem of minimiz-
ing a convex quadratic objective function subject to linear constraints. We pro-
pose an adaptive constraint reduction primal-dual interior-point algorithm for convex
quadratic programming with many more constraints than variables. We reduce the
computational effort by assembling the normal equation matrix with a subset of the
constraints. Instead of the exact matrix, we compute an approximate matrix for a
well chosen index set which includes indices of constraints that seem to be most crit-
ical. Starting with a large portion of the constraints, our proposed scheme excludes
more unnecessary constraints at later iterations. We provide proofs for the global
convergence and the quadratic local convergence rate of an affine scaling variant. A

similar approach can be applied to Mehrotra’s predictor-corrector type algorithms.
An example of CQP arises in training a linear support vector machine (SVM),

which is a popular tool for pattern recognition. The difficulty in training a support



vector machine (SVM) lies in the typically vast number of patterns used for the
training process. In this work, we propose an adaptive constraint reduction primal-
dual interior-point method for training the linear SVM with /; hinge loss. We reduce
the computational effort by assembling the normal equation matrix with a subset
of well-chosen patterns. Starting with a large portion of the patterns, our proposed
scheme excludes more and more unnecessary patterns as the iteration proceeds. We
extend our approach to training nonlinear SVMs through Gram matrix approximation

methods. Promising numerical results are reported.
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Chapter 1

Introduction

Optimization is an essential part of our everyday life. Maximizing profit in running
a business, maximizing capital gain in an investment, and finding a shortest path
to a destination on a journey are instances of our optimization activities. Convex
quadratic programming (CQP) has broad applications in modeling such activities.

The CQP is a problem of minimizing a convex quadratic objective function subject
to linear constraints. A linear constraint can be either an equality or an inequality.
In this dissertation, we are mainly concerned with the CQP with very large number
of inequality constraints. An equality constraint can be easily transformed to two
inequality constraints.

There are two widely used classes of algorithms, the active set methods and the
interior-point methods (IPMs). In general, an active set method requires many more
iterations than an IPM, whereas a single iteration for it is much cheaper than that

for an IPM. As the problem size becomes larger, the iteration count of the active set



method soars, while that of the IPM increases rather slowly. It is reported that the
active set methods are adequate for solving small to medium sized problems while
the IPMs outperform the active set methods on large problems [NW00]. Since we are
concerned with large problems, we use IPMs in this work.

As it will be explained later, a bulk of work in each iteration of a classical IPM
lies in finding a search direction, requiring matrix computations involving every con-
straint. Thus the computational cost of the work increases as the number of con-
straints increases. However, a large portion of the constraints are not active at the
solution. If we have a prior knowledge identifying such constraints, the true optimal
solution can be found without them. Unfortunately we don’t know which constraints
are required before we start to solve the problem. It becomes clear, however, which
constraints would be active at the solution as the iterate approaches it. This gives a
good reason for adaptively eliminating more and more constraints that are unlikely
to be active at the solution to find the search direction.

In this dissertation, we present an adaptive constraint reduction algorithm for
CQP, extending a constraint reduction algorithm for LP [TAWO06]. In addition, we
propose an adaptive scheme for reducing the number of constraints involved in finding
the search direction. In our new scheme for CQP, the size of the relevant constraint
set is determined by how close the current point is to the solution.

Then, we apply adaptive constraint reduction to training support vector machines

(SVMs). The SVM is a useful tool in automating pattern recognition tasks. Rec-



ognizing hand written characters or spoken words, discriminating edible mushrooms
from poisonous ones, and determining fraud uses of credit cards are examples of pat-
tern recognition tasks. Before being used in those tasks, the machine is trained with
a set of training patterns represented by points in a certain space, each of which
is assigned a predetermined class label. Through the training process, the machine
builds a separating hyperplane in that space, with which it decides the class of a
future input. The training process is modeled as a CQP problem, where each pattern
corresponds to a constraint. The number of training patterns is often very large, but
the hyperplane depends on a small number of the patterns. Thus training the SVM
can benefit significantly from constraint reduction.

This dissertation is organized as follows. In Chapter 2, we first define the stan-
dard form of CQP. A standard framework of primal-dual interior-point methods is
then discussed. An adaptive constraint reduction algorithm for the standard form
is presented. We discuss the convergence of the constraint reduction applied to the
standard form. We provide an extension to infeasible problems, which includes the
CQP problem of the SVM training. We provide a constraint reduction guideline for
the extension. Convergence is discussed for the extension. Demonstrations of our
algorithm in solving data fitting problems and random problems are then presented.

In Chapter 3, we first introduce the linear SVM and its training. We apply
an adaptively constraint reduced IPM directly to the SVM training and develop

effective heuristics in selecting patterns. We extend our approach to the training of



nonlinear SVMs by the use of kernels. Demonstrations of our algorithm in training
the SVM on several real life data sets are presented. Our algorithm is compared with
well developed and widely used algorithms including sequential minimal optimization
[Pla99] and SVM!9ht [Joa99].

In Chapter 4, we summarize our current contributions and plans for future re-
search. In Appendix A, we provide geometric properties of the CQP. In Appendix
B, we provide full details of the convergence analysis for the constraint reduction

algorithm for CQP.



Chapter 2

Adaptive Constraint Reduction for Convex Quadratic

Programming

Convex quadratic programming (CQP) is an optimization problem of minimizing a
convex quadratic objective function subject to linear constraints. For a descriptive
example, suppose that John wants to eat lunch. Today, he has two choices: foods A
and B. After he eats A and B, he feels satisfaction (or utility) independently for A and
B. However, since he gets satiated as he eats more, his marginal satisfaction (derivative
of his satisfaction) decreases, say, linearly. Assume that, after he eats x; grams of A
and x5 grams of B, his total satisfaction is [ (500 — 2z)dz + [;*(500 — 2z)dz. Note
that this function decreases with with x; > 250, i.e., his satisfaction decreases as he
eats more. Meanwhile, A and B have different nutrients. Each gram of A has 0.002g
of nutrient o and 0.01¢g of nutrient (3, whereas each gram of B has 0.004g of a and

0.005g of 3. He wants to take at least 1.8g of o and 4.5¢g of 3. Since he has sufficient

money and their prices are cheap and the same, he doesn’t care about the cost. What



amount of A and B he should eat so as to maximize his satisfaction?

He is a very smart person, so he formulates the following problem:

max f(z) = 500x; — 23 + 50025 — x5 : Satisfaction
s.t.0.002z; + 0.004x5 > 1.8 : At least 1.8¢g of «,
(2.1)
0.01z; + 0.005z9 > 4.5 : At least 4.5¢g of 3,
x1, To > 0.

In this problem, his satisfaction is the objective function and the nutrient requirements
he sets are the constraints. This is an instance of convex quadratic programming. The

274 order and is concave (or convex

objective function has polynomial terms of up to
if the function is negated to transform the problem to a minimization formulation),
and the constraints are linear. Geometrically, contours of the objective function are
ellipsoidal and the region formed by the constraints is polyhedral in the example as
presented in Figure 2.1. As seen in the figure, maximal satisfaction is achieved by
eating 300 grams of A and 300 grams of B.

In this chapter, we discuss the following. In section 2.1, we discuss previous
approaches to solving large CQP problems. In section 2.2, we introduce our algorithm.
First, we define a standard form of the convex quadratic programming. We identify
the dual problem, and review necessary and sufficient conditions for optimality of

the CQP. After introducing path-following interior-point methods, we introduce an

primal-dual affine-scaling (PDAS) interior-point method (IPM) to which we apply the
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Figure 2.1: Maximizing satisfaction. The filled area is the feasible region in which all
the constraints (nutrient requirements) are satisfied. The dotted circles are contours
of the objective function. The objective function (his satisfaction) is maximized on

the feasible region at the point marked with a circle.

constraint reduction. In Section 2.3, we present the constraint-reduction algorithm
for CQP. The constraint reduced PDAS IPM for LP [TAW06] is adapted to CQP. In
Section 2.4, an extension of the standard form is introduced. In Section 2.5, numerical

results are presented. Concluding remarks are provided in Section 2.6.

2.1 Related Work

The example (2.1) has only four inequality constraints. In practice, the number of
inequality constraints is often very large. However, a large portion of the constraints

are not active at the solution and thus do not contribute much to deciding the search



direction of the later iterations of an IPM used to solve the problem. As will be
explained later, since the major work in computing the search direction involves
forming a matrix involving each constraint, computing the matrix without irrelevant
constraints reduces the entire computational cost.

Reducing computational cost by finding search directions using only a fraction of
the constraints has been actively studied. The most prominent approach is “column
generation”. Ye [Ye90] used this approach with a “build-down” scheme for linear
programming (LP), a special case of the CQP. He proposed a rule which can safely
eliminate inequality constraints that will not be active at the optimum. The author
applied the rule to Karmarkar’s method [Kar84] and the simplex method [Dan63].
Dantzig and Ye [DY91] proposed a “build-up” interior-point method of dual affine-
scaling form. Starting from a strictly dual feasible point, it uses a subset of constraints
to determine the search direction at each iteration. It accepts the direction if taking
the direction violates no constraint. If some constraints are violated, it adds them
to the set for determining the search direction and retries. Ye [Ye92] proposed a po-
tential reduction algorithm allowing column generation for linear feasibility problems
to which linear programs (LP) can be converted. Starting with a polytope including
the feasible domain, at every iteration, the scheme builds a cutting plane for a vio-
lated inequality. Luo and Sun [LS98] proposed a similar scheme for convex quadratic
feasibility problems to which CQP problems can be transformed. Tone [Ton93| pro-

posed an active set strategy for the dual potential reduction algorithm proposed by



Ye [Ye91]. The strategy finds the search direction using constraints associated with
small dual slack variables.

Another approach to reduce the computational time for finding a search direction
is to use an iterative solver such as the preconditioned conjugate gradient method
[Saa03, chap. 9] to solve the normal equations arising in the primal-dual interior-point
method (PDIPM). Making a good preconditioner is the most critical part in guaran-
teeing the success of iterative solvers. Wang and O’Leary [WOO00] used an adaptive
preconditioner that approximates the LP normal equation matrix with a fraction of
constraints. In their approach, once a preconditioner is formed, its Cholesky factor
is updated or recomputed in the subsequent iterations.

The LP constraint-reduction algorithm of Tits et al. [TAW06] and Winternitz et
al. [WNTOO7] chooses constraints from scratch rather than by building-up. Conver-
gence was proven, and experiments demonstrated good performance. An attractive
aspect of the constraint-reduction scheme considered in these papers is its easy ap-
plicability to the state of the art PDIPMs such as the variants of the Mehrotra’s
predictor-corrector algorithm [Meh92, Wri97, NW00].

In this chapter, we present a constraint-reduction algorithm for CQP, inheriting
the good properties of the constraint-reduction algorithm for LP [TAWO06]. In addi-
tion, we propose an adaptive scheme for reducing the number of constraints involved
in finding the search direction. Since it becomes more obvious which constraints

would be active as the iterate gets closer to a solution, eliminating more prospec-



tively inactive constraints would not impair finding the search direction. In our new
scheme for CQP, the size of the constraint set is determined by how close the cur-
rent point is to the solution. Either the duality gap or a complementarity measure!

provides a good criterion.

2.2 Solving Convex Quadratic Programming

2.2.1 Standard Form

A standard form of the CQP with inequality constraints can be stated as

1
min f(x) = min —x’ Hx + c’x,
x x 2 (2.2)
s.t. Ax > b,

where A € R™" H € R, x € R", ¢ € R”, and b € R™. The inequality
constraints are frequently replaced with equality constraints by introducing additional

slack variables. The equivalent standard form is
min f(x) = min %XTHX +c'x,
s.t. Ax —s = Db, (2.3)
s > 0.

The CQP is a special case of quadratic programming in that the objective func-

tion is convex quadratic. Geometric properties of the problem and the solution are

IThis is often called the duality measure.
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reviewed in Appendix A. The objective function is convex if and only if the Hessian
matrix is symmetric and positive semidefinite, as shown in Lemma A.2. If the matrix
is not symmetric, we can easily transform it to a symmetric matrix by replacing it
with %(H + HT). Tt is trivial to show that the resulting objective function is the
same as before. So, in the sequel, we assume that the Hessian matrix H is always
symmetric.

The set of points that satisfy the inequality constraints of (2.2) is said to be the

primal feasible set:
Fp:={xe€R": Ax > b}. (2.4)

If a point strictly satisfies the inequality constraints, the point is said to be strictly

primal feasible. We define the set of strictly primal feasible points as
7:={xeR": Ax > b}. (2.5)

A point that solves the problem (2.2) is said to be a minimizer, an optimal solution,
an optimal point, a global optimum, or a solution. The primal solution set is the set

of optimal solutions:
Frp={x"e€ Fp: f(x") < f(x), Vx € Fp}. (2.6)

Let M := {1,...m}, and let al be the i'" row of A € R™" with m > n. For

T

)

an index set (Q € M, let Ag be a submatrix of A constructed by deleting rows a

for i ¢ (). The same notation v is applied to a column vector v € R™. Similarly,

11



for an m x m matrix B, we let B2 denote a submatrix of B constructed by deleting
both rows and columns indexed by i ¢ (). We use Ag and Bg to denote transpose of
Ay and By, respectively. Horizontal concatenation of two matrices (or row vectors)
with the same number of rows, H and AT for instance, is denoted by [H, AT]. We
denote by N (H) the nullspace of H. The complement Q¢ of an index set () is defined
as Q° =M\ Q.

At a primal feasible point x € Fp, an inequality constraint is said to be active if it
holds as an equality. We define the active set A(x), the index set of active constraints

at x € Fp, as
Ax) :={i € M :al'x = b}, (2.7)
and the inactive set as

Ax):={i € M :alx # b;}.

2.2.2 Duality

Every quadratic programming (QP) problem is associated with a dual problem defined
by the same data with additional variables. The dual associated with the primal (2.2),

which can be derived from the Lagrangian L(x,A) := f(x) — AT (Ax—b), is as follows:
1
max fo(x,A) = max —éxTHx + bTA,

st. Hx+c— ATA =0, (2.8)

A>0,

12



where A € R™ is called the Lagrange multipliers. The duality gap for a given pair
(x,A) is f(x) — fp(x, ), the difference between the primal and dual objective func-
tions.

The primal-dual feasible set is defined as the set of points which satisfy the con-

straints of both the primal (2.3) and the dual (2.8):
F:={(xsAN):Ax—s=b Hx+c—A"A=0,5s>0,A>0}.
The relative interior of F is defined as

F°:={(x,8,A) : Ax —s = b, Hx+c—AT7\:O,s>O,7\>0}.

2.2.3 Optimality Conditions

We can obtain the the first order necessary conditions for the solution of the op-
timization problem (2.2) using the Karush-Kuhn-Tucker (KKT) conditions. For a
proof of the necessity of the conditions, see Nocedal and Wright [NW00, Chapter 12]

or Fletcher [Fle87, Chapter 9].

Theorem 2.1 (KKT conditions). If x is an optimal solution of (2.2), then there exist

s and N such that

Hx+c—AT"A =0, (2.9)
Ax—-b-s=0, (2.10)
SA =0, (2.11)

13



s,A>0, (2.12)

where S := diag(s). Likewise, if (x,A) solves the dual (2.8), then there exists s such
that the conditions above hold as well. The points (x,s,N) that satisfy the conditions

are said to be the KK'T points.

In the KKT conditions, (2.9) defines the necessary condition associated with the
gradient of the objective function and the constraints. At an optimal solution (or
point) x, the gradient Hx + ¢ can be expressed as a nonnegative combination of
the gradients of active constraints. The boundary of a constraint alx > b; forms a
hyperplane in R™ and a; is perpendicular to the hyperplane directed toward the inside
of the feasible region. This implies that any direction from a KKT point toward the
inside of the feasible region is ascending for the objective function. See Figure 2.2 for
a geometrical interpretation. The second condition is the primal feasibility condition.
The third condition (2.11), which is referred to as the complementarity condition,
states that only the active constraints are involved in the first condition (2.9).

Indeed, the first order necessary conditions are sufficient for global optima in
the convex quadratic programming case. We give a proof from Wright [Wri97, Ap-
pendix. A] here.

*

Theorem 2.2 (Necessary and sufficient conditions for global optima). x* is an op-
timal solution of (2.2) and (x*,N*) is that of (2.8) if and only if there exist s* such

that (x*,s*, N*) satisfies the KK'T conditions.

14
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countour of f(x)

Figure 2.2: i and j* constraints are active at the solution x*. The gradient of the
objective function f(x) at x* can be expressed by the nonnegative combination of a;

and a;.

Proof. Let us show that the KKT conditions are sufficient for the global optima,
which can be proven by showing that, for any x in Fp, f(x*) < f(x). Since the
objective function f(x) of the problem (2.2) is convex, we know that, for any feasible

point X other than x*, for any « € (0,1], and for v := x — x* # 0,
Fx* +av) = flax + (1 - a)x)

<afx)+(1-a)f(x")

=af(x*+v)+ (1 —a)f(x).

Since o > 0, it immediately follows that

S +av) - f(X)

«

< f(x"+v)— f(x). (2.13)

By taking the limit as « — 0, we know, from (2.13), that
F) + VIV () < F(R) (2.14)

Now let us show that vI'V f(x*) (the scaled directional derivative of f at x* in the

15



direction toward X) is nonnegative. Since Vf(x) = Hx + ¢, from the first KKT

condition (2.9) we get
Vfx)—ATA=0. (2.15)
So by multiplying by v? on both sides of (2.15) , we obtain

vIVf(x*) =ATAv

= Z)\av—l— Z)\av,

1€A(x*) ¢ A(x*)

from which, due to the complementarity condition (2.11), it immediately follows that

vV f(x Z Nal'v. (2.16)
i€A(x
Since X = x* + v is feasible, it follows that, for all i € A(x*),
0<al(x*+v)—b=alv,
From this and from (2.16) it follows that
vIVf(x*) > 0. (2.17)
Therefore, (2.14) and (2.17) yield

f(x*) < f(x), Vx € Fp,

which implies that x* is a global optimum of (2.2).

It can be proven that (x*,A") is a global optimum of (2.8) in the same way. [

16



Furthermore, if H is positive definite, then the objective function is strictly convex.
The contour of the objective function is ellipsoidal. This implies that the optimal

solution is unique in this case.

2.2.4 Primal-Dual Interior-Point Method

In the previous section, it was shown that finding an optimal solution is equivalent to
finding a KKT point that satisfies the first order necessary conditions (2.9)-(2.12). In
other words, the problem is now finding a solution to the following nonlinear equation

with nonnegativity constraints:
Hx +c— ATA
F(Xa S, }\) = Ax—b-—s = Oa (218)

SAe

s, A >0, (2.19)

where A := diag(A) and e := [1,...,1]T. The primal-dual interior-point method
(PDIPM) uses a Newton-like method applied to the function (2.18) to generate a
sequence of points (x*,s¥, A¥) that strictly satisfy the non-negativity conditions (2.19)
and converge to a KKT point.

Newton’s method is a well known iterative algorithm for finding a root of a system
of nonlinear equations. It builds the first order Taylor series approximation (or a linear

model) of F(x,s,A) at the current point (x*,s*, AF) and finds the search direction
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(Ax*, As*, AN¥) by obtaining the solution to the linear approximation:

AxF

F(xF " M%) + J(xF " AF) | Agk | =0,

ANF

where J is the Jacobian matrix of F' at the current point. J is defined as the matrix

of the first order partial derivatives of F; in the case of (2.18),

H 0 A7
Jx,s,A):=| A —-I o0
0 A S

Thus the search direction is obtained from the solution of the following system of

equations:
_H 0 AT_ —Ax’f— _—(ka+c—AT7\k)_
A -1 0 Ast | =] —(AxF—b-—sk) |- (2.20)
0 A S AN —SFAFe

The direction (Ax*, As*, AA") is said to be the full Newton step. Since taking the
full step may violate the non-negativity constraints (2.19), a line search along the

step for a € (0, 1] with
(xFHL R AR = (%P 5% AF) + a(AXF, As®, ANP)

Ak+1

is often performed to keep s**! and positive. Some algorithms perform the line

search for the dual variables A separately from the primal variables x and s. If the
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current iterate is very close to the boundary of F, the line search can result in very
small a. To avoid this trouble, many primal-dual interior-point methods intentionally
keep the iterates from getting too close to the boundary of F or bias s* and A* toward

the interior of nonnegative orthant.

2.2.5 Central Path

The primal central path can be derived from the following optimization problem with
a logarithmic barrier function:
mxin fe(x) = mxin %XTHX +cfx — ui log(aj x — b;), (2.21)
i=1
where p is the barrier parameter and g > 0. The logarithmic function is not defined
it 7§ is empty, so we assume that Fp is nonempty. The first two terms are the
objective function of the standard form (2.2). The inequality constraints of (2.2) are
arguments for the logarithmic function so that the new objective function diverges to
infinity on the boundary of the feasible region Fp. As a result, for p > 0, the barrier
function forces the minimizer for (2.21) to be away from the boundary of Fp. As
1 decreases, the effect of the barrier function wanes and the minimizer is allowed to
approach closer to the boundary of Fp.
The barrier function g(x) = —puY ;- log(alx — b;) is strictly convex on the
orthogonal complement of the nullspace of A, from which it follows that the objective

function is strictly convex if the intersection of the two nullspaces of A and H is a
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trivial set {0}. For the time being, we assume N (A) NN (H) = {0}. In fact, we can
preprocess the optimization problem (2.2) so that the coefficient matrix A has full
column rank and the trivial nullspace {0} [AA95].

For every p > 0, since fp(x) of (2.21) is strictly convex and diverges to oo as
x approaches the boundary of F§, the optimal solution x(u) of the problem lies in
F? and is unique. The trajectory {x(u) for u — 0} is the primal central path. As pu
converges to 0, the solution of (2.21) converges to F5 [Wri92, Theorem 8].

Using our slack variables, we see that (2.21) is equivalent to the following equality

constrained optimization problem:

1 m
min EXTHX +cf'x —p Z log(s;)
> i1 (2.22)
st. Ax —s=Db.

With the vector A of Lagrange multipliers associated with the equality constraints of

(2.22), we can obtain the first-order necessary (KKT) conditions for (2.22):

Hx +c— A"A =0, (2.23)
Ax—-b-s=0, (2.24)
SA = ope, (2.25)

s, A > 0. (2.26)

These conditions are usually referred to as the perturbed KKT conditions in which the
third condition (2.25) is perturbed from the complementarity condition (2.11). The

positivity constraints (2.26) on s and A are due to the logarithmic barrier function
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and the third condition (2.25). The conditions are sufficient for a solution, because
the objective function is convex. Assuming that M (A) N AN (H) = {0}, since the
objective function of (2.21) is strictly convex, x is uniquely defined, and s and A are
also uniquely defined (by (2.24) and (2.25)) for a given barrier parameter p. The

trajectory,

{(x(u),s(p), A1) where (x(p),s(u), M u)) satisfies (2.23) — (2.26) and p — 0}

is the primal-dual central path.

2.2.6 Primal-Dual Path-Following Interior-Point Method

The primal-dual path-following method tries to stay within a certain neighborhood
of the central path. The method approximately solves the perturbed-KKT system
for a given . Then it reduces p and repeats solving the system using the previous
solution as the starting point for one step of Newton’s method, setting the barrier

parameter as the complementarity measure:

The Newton steps obtained from the perturbed KKT system (2.23)-(2.25) aim toward
the primal-dual central-path, whereas the pure Newton steps (with g := 0) aim
directly toward the solution of the KKT system (2.9)-(2.11). Most primal-dual path-
following algorithms balance those two aims using an additional parameter o, the

centering parameter, with o € [0, 1]. From the first-order Taylor series approximation
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of the perturbed KKT system, the generic step equations for primal-dual methods

are then obtained as follows:

H o AT Ax —TI'e
A -1 0 As = —TI'p )
0 A S AN —SA +oue

where r. := Hx +c — ATA and rp, := Ax — b —s. The residuals r. and rp, are 0 in
primal-dual feasible methods.

Various primal-dual path-following IPMs have been proposed. Monteiro and Adler
proposed the short-step path-following (SPF) IPM for LP [MAS89a] and extended
the method to CQP in [MA89b]. They showed polynomial complexity bound of
O(y/nloge) iterations, where € is the required accuracy. The SPF method keeps
the iterates in the Lo neighborhood of the primal-dual central path. The long-step
path-following methods are other variants using the L., neighborhood. Kojima et
al [KMY89] showed a complexity bound of O(nloge) for a LPF method for linear
complementarity problems to which CQP problems can be transformed.

Other variants are the predictor-corrector type methods which use the second
order information of the Taylor series approximation. The methods are shown to be
most effective in practice. Wright provided a variant of a Mehrotra-type predictor-
corrector algorithm for LP [Meh92], with the same importance on the predictor and
the corrector steps [Wri97]. However, the computational complexity of the variant has

never been proven. Cartis [Car04] proposed the primal-dual second-order corrector for
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LP, a variant of the Mehrotra’s algorithm, which gives less importance to the corrector
step. This variant has a polynomial complexity bound. Nocedal and Wright extended
the algorithm to CQP [NWO00, Chapter 16]. Y. Zhang and D. Zhang [ZZ95] showed a
polynomial complexity bound for a variant of the Mehrotra-type methods, with less
importance on the corrector step, for the horizontal linear complementarity problem

which is a generalization of LP and CQP.

2.2.7 Primal-Feasible Affine-Scaling PDIPM

In a primal-feasible affine-scaling primal-dual interior-point method, Newton’s itera-
tion is applied to the equalities in the KKT conditions (2.9)-(2.11) to get the solution
of (2.2) with primal feasibility maintained. The search direction is obtained by solv-
ing the linear system (2.20) obtained from the first order Taylor series approximation

at the current point (x,s,A) to (x + Ax,s + As, A + AA):

HAx — ATAN = —(Hx + ¢ — ATA), (2.27)
AAx — As =0, (2.28)
SAA + AAs = —SA. (2.29)

The augmented system is (2.27) along with the equation obtained by substituting

AAx for As in (2.29):
H -AT Ax —(Hx +c— ATA)

= : (2.30)
AA S AN —SA
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where we obtain As from (2.28) by computing

As = AAX. (2.31)

The matrices associated with the Newton system (2.27)-(2.29) and the augmented
Newton system (2.30)-(2.31) will be referred to as Jacobian J and augmented Jacobian

J., respectively:

H 0o -AT
H -AT
JAs,A )= A -1 0 , and J,(A s, A) := . (2.32)
AA S
0 A S

When s > 0, S is nonsingular, and the normal equation is obtained by eliminating

AA in (2.30):
(H+ ATST'AA)Ax = —(Hx + ¢, (2.33)
where we obtain As and AA by computing

As = AAx, (2.34)

AN = —A — ST'AAs. (2.35)
The dominant work in (2.33)-(2.35) is forming the matrix
M:=H+A"ST'AA

which requires approximately mn?/2 multiplications if A is a dense matrix.
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(a) Optimal solution is the point at which (b) Without constraints other than the ac-

the two red lines meet. tive ones, we still can get the same optimal

solution.

Figure 2.3: Two dimensional CQP examples .

2.3 Adaptive Constraint Reduction

In this section, we present an adaptive constraint-reduction method based on the
constraint-reduced dual-feasible primal-dual affine-scaling algorithm for LP proposed

in [TAWO06]. The primal (2.2) corresponds to the dual formulation of [TAWO06].

2.3.1 Adaptive Constraint-Reduction for Primal-Feasible Affine-

Scaling PDIPM

Assume for the time being that the solution is unique and strictly complementary,
and we have prior knowledge of which constraints are active at the solution x* € Fj.
So we have @) such that A(x*) C Q. As illustrated in Figure 2.3, without other

constraints, we still can get the same solution x* by solving the following reduced
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minimization problem
1
min —x! Hx + ¢’x,
x 2
s.t. AQX Z bQ.

We would get a search direction by solving the reduced Newton system

HAx — ALANg = —(Hx + ¢ — AjAg), (2.36)
AQAX — ASQ = O, (237)
SQ2A)\Q + AQZASQ = —SQ2AQ, (238)

from which we derive the reduced normal equations
(H+ ALS A Ag)Ax = —(Hx + c). (2.39)

In reality, we do not know which constraints will be active until we get the solution.
Instead we try to include in () constraints that seem likely to be active. Thus, () can
vary iteration by iteration, and we need to update the entire vectors s and A. We
choose to do this using (2.34) and (2.35) for As and AA, thus maintaining the primal
feasibility.

Intuitively, under the strict complementarity assumption, by considering condition
(2.11) in the KKT conditions (2.9)-(2.12), we can notice that, if the i constraint is
inactive at the solution, then s; ')\; = 0 at the optimal solution. Therefore, rewriting

the matrix in (2.33) in outer product summation form as

M:=H+ Z SZlAiaiaiT,

i=1
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it is not difficult to see that constraints that are inactive at the optimal solution
make almost no contribution toward computing the matrix as the iterate approaches
an optimal solution. This suggests that good search directions can be found without
involving constraints that are unlikely to be active at the optimal solution.

So in summing the outer products, we only use the constraints which seem to be
most active; that is, we use Mg,

Mg =H+ Z si_lAiaZ-aiT
i€eQ

instead of M, where () contains indices of constraints potentially active at the solu-
tion. Then the cost of matrix formation reduces to |Q|n?/2 multiplications.

Now the most critical part is the selection of Q). Following [TAWO06], we set @ to
include indices of the ¢ smallest components of Ax — b, breaking ties in an arbitrary

way; i.e.,
Q€ Q(Ax—b,q), (2.40)

where

Q(s,q) :=={Q € M : rank([H, Aj}]) =n and 3Q' C Q s.t.
(2.41)

’Q/’ =q and 5i < S5 Vie Q,7 VJ §é Q,7 }7
the set containing all possible candidates of (). Notice [H, Ag] has full rank if and

only if N(H)NN (Ag) = {0}. Obtaining Q requires sorting (O(m log m) operations),?

2The complexity can be reduced to O(mlog|Q|) by using a binary heap of size |Q| and extracting

the |@Q| indices corresponding to the |@Q| smallest entries of Ax — b.
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which is negligible additional work compared to the matrix formation.
To guarantee a successful iteration, we need to ensure that the matrix Mg is

positive definite.

Lemma 2.3. (Corresponds to Lemma 2 of [TAWO06]) Let X > 0, s > 0, and Q C M

such that rank([H, A{]) =n. Then Mg = H+ ACTQSE)%A@AQ is positive definite.

Proof. If [H, A{] has full rank, then N (H) N N(Aq) = {0}. Since both H and
ASSC_?%AQ2 A are positive semidefinite, it immediately follows that their sum is pos-

itive definite. O]

Although using a very small index set () greatly reduces the cost of matrix assem-
bly, it makes it more likely that () misses important constraints in early iterations.
As a result, the quality of the search direction could be impaired, particularly in early
iterations, resulting in an increase in the iteration count. To keep the iteration count
low, we use a large number of appropriately selected constraints in early iterations,
but exclude more constraints in later iterations as the complementary measure u
becomes smaller. Specifically, based on two user-selected parameters ¢y (an upper

bound for ¢) and 3, with n < gy < m and 8 > 0, we set

)
n ,if pPm <,
=19 [pPm] ,ifn<pPm <qu, (2.42)
qu  if gy < pPm.
(
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This leads to Algorithm 1, borrowed from [TZ94] with the addition of constraint
reduction and a slight modification in (2.51) as in [TAWO06]. Notice ¢ is determined

at each iteration.

Algorithm 1 Primal-Feasible Primal-Dual Affine-Scaling Quadratic Programming

Algorithm

Parameters. n € (0,1), 8 > 0, Anax and A satisfying Apax > A > 0, qu €
{n,...,m}, tol > 0.
Data. x° € Fp and A” > 0.

Set
s?:= Ax" — b. (2.43)

for £k =0,... do
Compute i := s"" A" /m.

Terminate if

|Hx* +c — ATAF| < |[Ax* —b — s

, < tol, and p < tol, 2.44
A s = (244)

or if Hx* + ¢ = 0.

Step 1. Choose the index set:

Pick ¢ such that n < ¢ < qy using (2.42) and pick Q € Q(Ax* — b, q).

Step 2. Compute a feasible descent direction Ax*, As*, and AA* satisfying the

reduced normal equations (2.39) and (2.34)-(2.35).
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Set
AC = A AN (2.45)
Set

A" = min{A, 0}. (2.46)

Step 3. Updates:

Compute the largest feasible primal step length.

00 if As >0,
ak = (2.47)
min;{— x| As; <0,i € M} otherwise.
Set
(
nar ,if af — || AXF|| < nat < 1,
af =8 gk A L if nat < aF — ||AxF| < 1, (2.48)
1 , otherwise.
\
Take the step
x"t = xF + oFAXE, (2.49)
sFT1 .= sF 1 oFAsF. (2.50)

Notice s**1 = Ax¥*! — b and s¥*! > 0, since, when As % 0, of < @* and

s+ a*As > 0.
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Fori=1,...,m, set

k+1 .
AR

end for

(

JAXH2 + A2, i A < AxH 2+ [IAL]2 < A,

A JEME <A< XK+ AT,

(2.51)
v | if min(|AXF]2 + AT ]2, 0) < X < A
Amax Af Amax < AR,

In view of Lemma 2.3, the iteration is well defined and constructs an infinite

sequence if the termination criteria are ignored.

2.3.2 Convergence of the Adaptive Constraint-Reduction Al-

gorithm

For the global convergence proof of the algorithm, we will impose four assumptions.
The first assumption guarantees that Mgy is nonsingular, a sufficient condition for

solving the reduced normal equations successfully.

Assumption 2.1. [H, AT] has full row rank.

Under this assumption, there exists Q C M such that [H, Ag] has full row rank.

Therefore Q(Ax — b, g) is not an empty set.

To guarantee that a starting point for Algorithm 1 and a solution for the problem

exist, we make the following two assumptions.
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Assumption 2.2. F2 # ().
Assumption 2.3. F} is nonempty and bounded.

We impose a constraint qualification for uniqueness of the associated dual variables

Assumption 2.4. Vx € Fp, {al :i € A(x)} is a linearly independent set.

If {af :i € A(x)} is a linearly independent set, then A 4(x) has full row rank and
|A(x)| < n. Assumption 2.4 guarantees that A(x) C @ for any Q € Q(Ax — b, q)
with ¢ > n and x € Fp. This is a key property of () required for the convergence

proof. Under these assumptions, we can prove convergence of the algorithm.
Theorem 2.4. {x*} converges to F.

Proof. See Appendix B.1. n

To establish a g-quadratic local convergence rate, we will impose two more as-

sumptions.
Assumption 2.5. F} is a singleton.

Assumption 2.6. The Lagrange multipliers N* associated with the optimal solution
x* are strictly complementary to s* == ATx* —b, i.e., \isf =0 and \! + sF > 0 for

allt1e M.
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Notice Assumption 2.5 implies that N (A 4x+)) NN (H) = {0}, or equivalently
[H, A jx+)] spans R” for an optimal solution x*.

With these additional assumptions, we can establish a rate of convergence.

Theorem 2.5. Let A* be the Lagrange multipliers associated with the optimal solution
X*. If X < Amax for all i € M, then {(x*,AF)} converges to the primal and dual
optimal solution pair (x*, N*) g-quadratically, i.e., there exist some nonnegative integer

k" and some constant ¢ such that, for all k > K,

||XkJrl —x'|| < c||xk — x*||2, and

AR = AT < AR = A

Proof. See Appendix B.2. n

2.4 Extension to Infeasible Problems

The minimization problem (2.2) can be infeasible, i.e., some constraints may conflict
with others and, thus, no feasible solution exists. Examples include hard margin
support vector machine (SVM) training [CV95, SS01, Bur98]. Despite the infeasibility
we may still want to find a solution by allowing, but limiting, violation of constraints.

By adding a nonnegative relaxation variable y; to each constraint and a penalty for
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violations, we obtain the extended problem:

1
min fg(x,y) = min §XTHX +cfx+dy (2.52)
xy xy
st.Ax+y > b, (2.53)
y >0, (2.54)

where y € R™, d € R™, and d > 0. In (2.53) y; is the deficit of a violated constraint
and in (2.52) d; keeps y; from growing arbitrary large. We might use a small or
large penalty parameter d; for each constraint depending on its importance. If the
original problem (2.2) is feasible and each component of d is large enough in (2.52),
then we obtain the same optimal solution x* from the original and extended problem
(2.52)-(2.54).

We will see in Chapter 3 that the soft margin SVM [CV95, Bur98, SS01, JOTO07]
is derived from the hard margin SVM in this way. Other problems in the extended
standard form (2.52)-(2.54) include support vector regression [SS01, chap. 1], data
fitting with the ¢; norm [Wat99], and the dual of equality constrained linear program-
ming (H = 0) with lower and upper bounds on variables [Wri97, chap. 11]. In this
section we investigate how to apply constraint reduction effectively to problems in
this form.

We can convert the extended problem (2.52)-(2.54) to the standard form (2.2) by
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defining z := [x7, y7]7, b = [bT, 07]7, ¢ = [¢T, d7]7,
) A I, ) H 0
A = , and H := ,
0 I, 0 0

where I, is the m x m identity matrix, A is 2m x (m+n) and H is (m+n) x (m=+n).

We can obtain the KKT conditions for the converted standard form by defining

t = [T, wI|T, & = AT, #7)T, Y = diag(y), W := diag(w), II := diag(w),

T := diag(t), and @ := diag(¢),

Hz - ATp+¢=0 o

Az—-b—-t=0 <«

Te=0 <«

Hx - ATA+c=0

~A—m7+d=0

Ax+y—-b—-s=0

y—w=0
SA=0
Wn =0

We obtain the normal equations of size (m +n) x (m + n), as follows:

(H+ATT'®A)Az = —(Hz + &),

where we compute the other variables by solving

. As
At = AAz <

Aw
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AN —A—S7'AAs
A= —p -T'OAt = : (2.60)
Am - — W IAw
Here we maintain the primal feasibility (2.56). From (2.56) and (2.59) we see that
y+aAy = w+ aAw and A (x+ aAx)+y +aAy —b—s—aAs = 0 for any o € R.
So w and Aw can be replaced by y and Ay.
Similarly to the reduced normal equations (2.39) for the original standard form

(2.2), we can derive reduced normal equations of size (m+n) x (m-+n) with an index

set, for ¢ > m + n,
Qe Q(Az — b, q), (2.61)

where

A

Qt,§) == {Q C{1,...,2m} : rank([H, AL]) =m+n, and 3Q' C Q st.

Q| =G, and t; < t;,Vie Q' Vj¢Q}. (2.62)

So Q includes the indices of ¢ most nearly active constraints in (2.53) and (2.54).

This definition of Q(t, §) is consistent with (2.41). We define three index sets derived

from Q:
Ql = QﬂM)
Qs ={i>0:m+1i¢€ @}, and (2.63)
Q3 := Q1N Qs.
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Notice Q1 U Qs = M; otherwise the rank of [ﬂ, Ag] is less than m + n. So it follows

that

Qs = 1Q1 N Qaf = (|Q1] +[Qa]) = 1Q1 U Q| = Q] = m. (2.64)

The indices of the nearly active constraints in (2.53) are contained in @);. The indices
of the nearly active constraints in (2.54) are contained in Q.

We begin with the reduced normal equations obtained from (2.58):

(PI + ATT o

LT QQAQ) Az = —(Hz + @), (2.65)

This system of equations is of size (m + n) x (m + n), but well structured. It would
cost O(|Q|(m + n)?) multiplications to naively form the matrix on the left hand side
of (2.65) (if we do not exploit the structure of A), and the gain we could achieve
through the constraint reduction would not be impressive. The cost can be reduced
to O(|Q1|n?) when the structure of A is considered. This will become clear at (2.67).
However, by further exploiting the structure of the matrix, we can make the constraint
reduction even more effective. Let us see how we can derive normal equations that
can most benefit from the constraint reduction.

First we expand (2.65) to

HO AL o S(z)% 0 Ag: 0 | A, Iy, Ax Hx + ¢
+ = —
00 15, I,] | 0 Wg| | 0 Hgz| | 0 o, Ay d
(2.66)

37



where I is the |@Q| x m matrix obtained by including row i of the m x m identity

matrix for all ¢ € (). Simple calculation in the left hand side of (2.66) yields

H + A51S5%AQ§AQ1 ASISEJ%A@IQI Ax B Hx +c
15,8 A0 A, 15,SaAgelo +10,WTlglo, | |Ay d
(2.67)

Notice that Iod = dg, and IoIj, = I, where I is the |Q] x |Q] identity matrix.

By multiplying I, to the second block row in (2.67), we obtain

H + A%, S 3 Agi Ao, AL S AgTg, Ax|  |Hx+te
SgArAa SgiAorlon 10,15, WeeIlplo, | |Ay do,
(2.68)

Since IS = Sg:1g for any m x m diagonal matrix S, by changing the second term

of the (2,2) entry in the left hand side matrix of (2.68), we derive

H + ATQlScE)%AQ?AQl AglsE)%AQgIQl Ax B Hx +c
(2.69)

Since IopAy = Ay, we get the following system of equations:

H + AL S} AgAq, AL S Ay Ax | [Hx+te
Sz Aq, Sgr oz + (15, W Tgzlo,)ez | |Aya, do,
(2.70)

38



Since (1 U Q2 = M and thus Sé%A% + (Iggwgg%HQéI%)Q% is nonsingular, with a

block elimination to (2.70), we can derive a system of equations of size n x n:

-1
(H +Ag, <SQ%AQ% — S (SZQ%AQ% + (ISQWc}éHQ%IQg)Q%) SQ%AQ%> AQl) Ax
— —Hx—c+ Aglsg}%AQ?(s&%AQ% + (IgQWé%}HQgIQQ)Qf)—ldQl. (2.71)

Now consider this diagonal matrix:

© =1, (SZQ%AQ% —Sgihaz (SZ;%AQ% + (Igzwg)%HQ%IQQ)Q%> Sc}%@%) Lo,

FOTZ’¢Q1,(9“-:O, foriEQlﬂszQ&

/\z' )\Z /\z (U ! )\z S; w; !
O=———|—+— —=\yvt= ;
Si i \Si Wi Si Ai

and for i € @ \ Q,

Thus, © = I}, (SA™ + WIT!),! I,
Therefore, considering Aj = A{ I I}, and Af I I}, = Af,, we derive the

following reduced normal equations from (2.71):

_ 1y -1
(FH+ AL, (SA™+ WIT ) i Ag, ) Ax
(2.72)
=-Hx—-c+ AT1S(03%AQ%(S§%AQ% + (IS2W(5§HQ§IQ2)Q%)71(1Q1‘
These are the normal equations that we actually solve to get the Ax part of Az.

Notice, in forming the normal matrix in the left hand side of (2.72), only the con-

straints (2.53) indexed by ()3 are involved. Thus the cost of forming the matrix is
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only O(|@3|n?) multiplications. Compare this cost with that of (2.65) or (2.67). Even
if |Q| and |Q,| are large, |Q3| can be small. For example, if |Q] is m+n and |Q| is m,
then, in view of (2.64), |@s| is only n. If the constraint reduction were not used, the
matrix would be formed fully, costing O(mn?) (i.e., @3 = M). The cost of forming
the right hand side of (2.72) is O(|@1|n). This cost is much less than that of the full
formation of the left hand side matrix.

We get Ay by solving
Ay = (Ig,S g2 Agelo, + 19, W Tglo,) " (d — 15, S s Age Ag, Ax),  (2.73)

derived from (2.67). To obtain other variables we simply use (2.59) and (2.60). All
these equations including (2.73) consist of matrix-vector products and operations with
diagonal matrices, and the cost of each is at most O(mn). Again, this cost is much
less than the full formation of the normal matrix in (2.72).

Another way to obtain the reduced normal equations (2.72) is to apply block

elimination to the following reduced Newton system:

HAz — AbAm, = —(Hz + &, — ALdy), (2.74)
ApAz — Aty =0, (2.75)
TQzAﬂ'Q + (I)QQAtQ = —TQQCI)Q. (276)

Since (2.72) and (2.73) are derived from (2.65), the step Az := [AxT, AyT]T gen-

erated from the reduced normal equations (2.72) and (2.73) is the same as the one
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generated from the standard-form-like reduced normal equations (2.65), and satisfies
the reduced Newton system above.

So we can define a constraint-reduced affine-scaling primal-dual interior-point al-
gorithm for the extended problem (2.52)-(2.54), which actually solves the n by n
normal equations (2.72), by using Q and its by-products ()1, @2 and ()3 as defined in
(2.62) and (2.63); by solving (2.72), (2.73), (2.59), and (2.60); and by substituting z
for x, t for s, and A for ¢ in Algorithm 1, where, however, w and Aw do not need
to be tracked as they are always the same as y and Ay. Therefore by imposing As-
sumptions 2.1-2.6 to the standard form converted from (2.52)-(2.54), we can extend
the convergence analysis to the algorithm for the extended problem. Assumption 2.2
is not necessary because the problem (2.52)-(2.54) is always strictly feasible.

Here we state the modified assumptions for the convergence proof of the algorithm

for the extended problem (2.52)-(2.54). For this we define

Fp:={(x,y) e R"™ : Ax+y >b and y > 0},
Fo={(x,y) e R""™: Ax+y >band y > 0}, and

]:-;5 ={(x"y") € Fp: fe(x",y") < fe(xy), V(x,y) € J%P},

similarly to (2.4), (2.5) and (2.6). We define A(z) C {1,...,2m}, the index set of
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active constraints at z = [x7, y7|7, similarly to (2.7). We also define its byproducts

A

Ai(x,y) == Alz) N M,
Ay(x,y) ={i>0:m+ie Az)},
As(x,y) == Ai(x,y) N Az (x,y).
Clearly, under Assumption 2.1, [H, A”] also has full row rank. Thus Q(Az — b)
is not empty. Since, for T-*¢p > 0, H + AgTCS;(DQgAQ in (2.65) is positive definite
due to full row rank of [H, Ag], H+ Aj, (SA™' + WH_l)éé Ag, in (2.72) should

be positive definite as well. The following proposition supports this fact.

Proposition 2.6. Let Q) C {1,...,2m}. Define Q1, Q2 and Q3 as in (2.63). Suppose

that Q1 U Qo = M. Then [H, A{,] has full row rank if and only if H, Ag] does.

Proof. Let us first prove the sufficiency. Suppose that [H, A53] does not have full
row rank. Then, there exists some nonzero vector v.€ R"™ such that Hv = 0 and
Ag,v=0.

Let u € R™ be such that ug,\g, = —Ag,\@;v and ug, = 0. Use Ipu = ug and

use an (m +n + |Q|) by (m +n +|Q|) pivoting matrix P such that

H 0 Hv
0 0 0
I:I Vv A%
P R - AQS IQS - Ast + ug,
AQ u u
AQI\QS IQ1\Q3 AQ1\Q3V + UQ:\Qs
0 IQz ugQ,
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Then we know [v7, u”][H, AS]PT = 0. Since [v7,u”]T # 0, therefore [H, AZQ] does
not have full row rank.
Now let us consider the necessity. Let v € R™, u € R™ be such that
H, Ag]T[VT, u’']" =o0.

We show that [v?, u?]? = 0, proving the claim. Indeed, there exists some pivoting

matrix P such that

H 0 Hv
0 0 0
I:I Vv AQ3 IQS v AQBV + ug,
P p— p— pr— 0
AQ u AQl\QS IQl\Qs u AQl\QSV 1 UQ,\Qs
0 IQs ug;
i 0 IQz\Q3_ | UQ,\Qs ]

So it follows that Hv = 0 and Ag,v = 0. Since [H, A{,] has full row rank, it follows

that v=0 and u = 0. O

Assumption 2.7. For all z = [x7,yT]|" in Fp, {al :i € As(x,y)} is a linearly

mdependent set.

The following proposition will show the equivalence between Assumption 2.4 (with

x, a;, A(x), Fp replaced by z, a;, .Zl(z), .7:"p) and Assumption 2.7.

Proposition 2.7. {al : i € A3(x,y)} is a linearly independent set if and only if

{aT . i € A(z)} is a linearly independent set.
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Proof. For convenience, given z = [x7, y7|7, we let A := A(z), A = A(x,y),
Ay = Ay(x,y) and Az := A3(x,y). Let us first show the sufficiency. Suppose that
{al : i € A3} is not a linearly independent set. This implies that A(A7) # {0}. So
there exists some nonzero vector i € R+l such that Aﬁgﬁ = 0. Let u € R™ be such
that uy, = @ and upp 4, = 0. So we know that us, # 0 and A’ us, = 0. Then,
since Ay C M, it follows that A% uy, = Affll\AsuAl\A3 + Al uy, =0. Let v:=—u
and compute Aﬁ[uﬁl, viL )T Since uapna, = 0, Va4, = 0 and uyg, = —va,, it
follows that

uy, Al 0 uy, Al uy, 0

\ R r, 1, Vi, I uy, + 10 va, 0
Since [u’y , v |" # 0, this means that {a] : i € A} is not a linearly independent set.

Now let us prove the necessity. Assume {a’ : i € A3} is linearly independent. Let
u,v € R™ be such that Aﬁ[uﬁl,vfb]T = 0. We show that [u’ ,v% ]" = 0, proving

the claim. Indeed, since

.7 Uy, Aal 0 Uy, Aﬁl Uy,
A‘A p— pu—
V Ay _Iﬂl 152 VA, IfhuAl +I£2VA2
Ay Wanas + A, ug
L 151 u-Al + I£2VA2
we conclude that I uy, + I’ va, = 0, from which it immediately follows that
uaa; = 0, Vaya, = 0, and uu, = —vyu,. Then since A,T41\,43UA1\Ag + Al uy, =
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AﬂguA3 = 0, it follows, from the linear independence of {al : i € A3}, that uy, = 0.

Thus [u’ , v ]" =0. O

Theorem 2.8. Let {(x*,y*)} (or {z"}) be the sequence constructed by Algorithm 1
applied to the converted standard form. Under Assumptions 2.1, 2.3 (with F} replaced

by fj;) and 2.7, the sequence (x*,y*) converges to .7:";_5,

Proof. Due to Proposition 2.6 (by setting Q ={1,...,2m}), Assumption 2.1 implies
that [H, AT] has full row rank. F% is trivially nonempty. Due to Proposition 2.7,
Assumption 2.7 implies that {a7 : i € A(z)} is a linearly independent set for all
z € Fp. Hence Assumptions 2.1-2.4 hold with H, A, a;, x, A(x), Fp, Fp, and Fp

replaced by H, A, &, z, fl(z), Fp, F, and F5. Since the set of index sets Q(Az—b, q)

is consistent with Q(Ax — b, g), the claim follows from Theorem 2.4. ]

Assumption 2.8. (Corresponds to Assumption 2.6) Strict complementarity holds at

the optimal solution (x*,y*).

Theorem 2.9. Let {(x*,y*)} (or {z"}) be the sequence constructed by Algorithm 1
applied to the converted standard form. Suppose that Assumptions 2.1, 2.3 (with F}
replaced by fl*g), 2.7, 2.5 (with F} replaced by ﬁ;;), and 2.8 hold. If \; < ¢max and
Ti < Gmax for alli € M, then the sequence {(x*,y* A* 7*)} (or {(2*,d")}) converges

to the primal-dual solution pair (x*,y*, N, 7*) (or (z*,")) q-quadratically.

Proof. Assumptions 2.1-2.6 hold with H, A, a;, b, x, A(x), Fp, F%, Fp, A", s*, x*,

~

and M replaced by H, A, 4;, b, z, A(z), Fp, F2, Fp, &°, t*, z*, and {1,...,2m}.
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Then the claim follows directly from Theorem 2.5. [

It is possible to extend the convergence results to problems that also include an
{5 penalty term in the objective function. A term yTdiag(g)y would then be added
in the objective function (2.52), where g € R, d > 0,g >0, and d +g > 0. The
same index set choice as defined in (2.62) can be used. By following the same steps, a
constraint reduced algorithm can be devised. Problems of this type include support

vector machine training with squared hinge loss [SS01, FMO02].

2.5 Numerical Results

We implemented Algorithm 1 in MATLAB 7.1 R14 SP3 with a dense direct solver
for the normal equations in order to concentrate on the action of the reduction. The
algorithm was tested on a machine with an Intel Pentium IV 2.8GHz processor with
16 KB L1 cache, 1 MB L2 cache, 2.5 GB DDR2-400MHz configured as dual channel,
and Hyper Threading enabled. The machine ran Windows XP SP2.

We set the algorithm to terminate when either convergence was detected or more
than 200 iterations were performed. We set the parameters as § := 4 for controlling
reduction speed, and tol := 1078, We set A\ := 1075, Ak := 10%°, n := .98, and
0 := 10%. We varied gy to see how our algorithm would behave depending on it.
Following [TAWO06], we also enforced a “safeguard” on s, s; := max(107!4 s;), for

the purpose of assembling Mqy. This keeps Mg from being too ill-conditioned.
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In addition, when the Cholesky factorization routine chol failed to factor Mg for
() = M due to numerical difficulty, we used the Cholesky infinity factorization cholinc

instead [Zha96].

2.5.1 Choosing )

We had the algorithm choose a reasonably small Q € Q(s,q) as follows. First Q
is taken to be the set of indices of some q := ¢ smallest slacks a’x — b;. Then, if
rank([H, Ag]) = r < n, Mg becomes singular with rank r. With @Q := Q, solving
the reduced normal equations (2.39) fails. In this event, we may calculate a unique
Cholesky factor whose rows after the rth row are filled with zeros [Hou64, Hig90],
and repeatedly perform a low rank update with the next most active constraints
[WNTOO07]. However, for ease of implementation, we instead had the algorithm
repeat doubling ¢ and choosing @ as the set of indices of some g smallest slacks until
Mg becomes nonsingular. Then we set @) := Q. Since () contains the indices of some

q smallest slacks and rank([H, Ag|) = n, we know that @ € Q(s, q).

2.5.2 Scaling

Rows or columns of the coefficient matrix A are often associated with different mea-
surement units. For instance, consider an optimization problem of eating food with
various ingredients. Each constraint of the problem may restrict the consumption of

the total amount of a nutrient measured in grams. Various nutrients are contained
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in an ingredient, which might contain a relatively large amount of carbohydrate, pro-
tein and fat but a very small amount of minerals and vitamins. Then, values in some
rows of the coefficient matrix are large while those in the others may be very small.
Since the condition number of the matrix depends on scaling of rows, bad scaling can
cause numerical instability. To balance the entries in the matrix, we may use different
measurement units for each row.

Let us first consider scaling rows of the matrix A in (2.2). Define D to be an
m x m diagonal matrix with positive entries. By multiplying each constraint by d;;,
we see that the constraints Ax > b are equivalent to DAx > Db.

Now consider affine transformation of the problem space including scaling columns
of the matrix DA. Define P to be a nonsingular n x n matrix. Then the equivalent
constraints are (DAP)(P~'x) > Db. If P is diagonal, then it scales columns of A.
Furthermore, we may translate the origin of the problem space to a point v € R”
before the linear transformation. Then the problem (2.2) is solved in terms of X :=
P~!(x —v). We obtain the following problem, which is equivalent to the original one

up to a constant in the objective function:

1min
X

x"(P"HP)x + (Hv + ¢)"Px,

N —

s.t. DAPx > D(b — Av).
There is no optimal rule for scaling that fits every problem; insight into the specific
problem is required.

When H = 0, Algorithm 1 and the choice of initial guess can be modified to
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make the iteration invariant to positive diagonal D, nonsingular diagonal P, and
v [TAWO06]. The modification also identically applies to Algorithm 1 with H #
0. Another way to make the iteration invariant under some types of scaling is to
preprocess the problem, which we did in our numerical experiments. For this, we
used the following heuristic. We normalized every row of A to length 1, and scaled b
accordingly. In other words, we set d;; := m fori =1,...,m. Since scaling columns
of A affects the normalized rows, we chose not to scale the columns. So we set P :=1
and v := 0. Since every constraint is now assumed to be well scaled, the dual initial
point was set as A’ := e. The Lagrange multipliers for the original problem can be
recovered by using A := DA. This preprocessing makes the iteration mathematically

invariant (under exact arithmetic) to the action of D and v with a proper choice of

a primal initial point.

2.5.3 Data Fitting

Data fitting is a problem of finding a model approximating time series data by, . .., by,
measured at times ¢y, ...,t5;. We build a model with a set of basis functions ¥ (t),
7wﬁ (t>

u(t) = Zfﬂﬁj(t)-

To find good coefficients z1, . . ., Z,, we can use Chebyshev approximation, minimizing

the maximal error of the model [Atk89, Wat99]. Let A be the m x f matrix with
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entries ag; := ©;(t;). If we form a vector b from the values b and a vector X from

the coefficients 7, then the maximal error can be written as

max B —u(t)| = [[b— Ax|_.

and we want to minimize this over all choices of x.

A model obtained by solving this min-maxz problem could be too sensitive to
noise in the measurements. To reduce the sensitivity, we can utilize a regularization
method, first introduced by Tikhonov [TA77]. By adding a regularization term in the

objective function, we obtain the regularized min-max problem,
T I
min b — A% + Sallx By

where H'/? is an 7 x 7 symmetric positive semidefinite matrix, ||X|/gi/2 = VXTHX

and « is a scalar value. This can be transformed to the standard form:

: L o
min £+ Sol[x%

)

st. Ax —b > —te (2.77)
—Ax+Db > —te.
If we define x := [x7,#]T, b := [bT, =b7]", c:=[0,...,0,1]7, m = 2m, and n = n+1,
then
A e aH 0
A= and H =
—-A e 0 0
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We used the problem setting of [WNTOO07]. For convenience, we restate it here.

For basis functions, we used cosine and sine functions: for j =0,...,n,
Y5(t) := cos(2jmt),

and, for j =1,...,7,
Y5(t) := sin(2j7t).

Then, we set the basis functions as

P A I L2 I = T 1
The sampling points were, for i = 1,...,m,
ti:=(i—1)/m.
For observed data, we used the following signal function

g(t) := sin(10t) cos(25t%),

and set

b :=g(t;) + €, fori=1,...,m,

where €; ~ N(0,.09) denotes independent random noise following normal distribution
with 0 mean and 0.09 variance. For a strictly feasible initial point, we used Xy := 0

and ty := ||b|oe + 1.
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(a) Model is generated from an ~ (b) Model is generated from  (c) Model is generated from
LP problem by settingae =0in  the CQP problem (2.77) with  a least squares (LS) problem,
(2.77). the diagonal components of H  ming ||b — Ax||3.

are proportional to the fre-

quency of the corresponding

basis function.

Figure 2.4: Measured signal fit by various methods. Tested with m = 5000 and

n =299.

Without the regularization term, the model obtained from (2.77) tends to be too
oscillatory as seen in Figure 2.4a. This tendency is caused by giving too much favor to
basis functions with high frequency. To suppress high frequency components, we used
a penalty weight proportional to the frequency of the basis functions. We let H be a
diagonal matrix with hj; :==2(j — )7 for j:=1,...,n+ 1, and hj; :=2(j —n — )7
for j =n+2,...,27 + 1. In our experiment, we set o = 107% and i = 99, resulting
in n = 200.

We set m := 5000 (m = 10000) for the comparison of models obtained from
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Regularized min-max (CQP) Min-max (LP) Least squares

Maximal error 0.328 0.326 0.491

Mean square error 0.0198 0.0217 0.00827

Table 2.1: When H is properly set, the model generated from the CQP (2.77) can be
a compromise between that of LP (minimizing the maximal error) and least squares
(minimizing sum of squared point-wise error). Mean square error was measured by

|b — Ax||2/m. Tested with m := 5000 and 7 := 99.

linear programming (using « := 0), the regularized min-max (2.77), and least squares
(using 2-norm instead of infinity norm) problems. Figure 2.4 shows the models.
As illustrated in Table 2.1, the regularized min-max problem can be a compromise
between the min-max and least squares problem.

We set m := 20000 (m = 40000) for the comparison of our adaptive reduction and
nonadaptive reduction which sets ¢ := qy. Timing and iteration counts on varying
qu are measured in Figure 2.5 with the horizontal axis in log scale. The nonadaptive
algorithm with gy := m corresponds to a standard PDAS IPM algorithm. When
qu is small (less than 107!'m), adaptive shrinking of ¢ does not take place until
becomes sufficiently small. Up to this point, both algorithms compute the same
primal-dual iterates. Once p becomes sufficiently small, implying the iterate is close
to the solution, shrinking the index set size does not affect the search direction as

much as it does in early iterations, because the normal matrix is dominated by the
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Figure 2.5: Adaptive reduction is compared with nonadaptive reduction on the data-
fitting problem (2.77). The horizontal axis is in log scale. Tested with m := 20000

and 7 := 99.

diverging \;/s;'. On the other hand, when g is large, the adaptive algorithm may
use fewer constraints than the nonadaptive even in early iterations. This affects the

search direction at early iterations and may result in a different iteration count.
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Figure 2.6: Adaptive reduction is compared with nonadaptive reduction on the fully

random problem (2.77). The horizontal axis is in log scale.

2.5.4 Random Problems

We compared the adaptive reduction with the nonadaptive reduction on random
problems of size m := 50000 and n := 100. We generated A and c by taking random
numbers drawn from a N(0,1) distribution. Diagonal components of H are taken
from U(0,1), uniformly distributed random numbers in (0,1). We set s° by taking
numbers from U(1,2) and x° from U(0,1). We set b := Ax" — s?. This is a slight

modification of the random problem in [TAWO06], which uses different ranges of initial
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Timing and iteration counts are presented in Figure 2.6 with the horizontal axis
in log scale. When ¢y is very small (less than or equal to 107'm), adaptive shrinking
of g takes place only for a few of the final iterations after the iterate is close enough to
the solution. This prevents the adaptive reduction scheme from showing advantages
for small ¢y. It is noticeable that, for a wide range of ¢y, the iteration count of both
adaptive and nonadaptive reduction is near constant. In the same range of qy, the
timing of the adaptive reduction is near constant, while that of nonadaptive reduction

decreases as qy decreases.

2.6 Conclusions

We proposed an affine-scaling algorithm which significantly reduces computational ef-
fort in solving convex quadratic programming problems having many more constraints
than variables.

We showed how the method can be applied to problems that explicitly include
nonnegative slack variables such as the training of support vector machines with soft

margins. We established convergence and a quadratic local convergence rate.
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Chapter 3

Adaptive Constraint Reduction for Training Support Vector

Machines

A baby learns from its own experience, or it may learn from what its parents teach.
Then, the baby will cope with a new situation based on what it has learned. Babies
are learning machines! We want to devise such a learning machine which learns from
what we teach. The support vector machine (SVM) learns from a set of training
patterns through a training process. Each pattern is associated with a predetermined
class label which is assigned by humans. After the machine learns from the training
patterns, the machine then can answer ‘yes’ or ‘no’ to new inputs.

In this chapter, we present an efficient algorithm for training of the machine. In
section 3.1, we define the data representation and introduce the basics of training the
support vector machine. We also formulate the training process as a CQP problem.
In section 3.2, we review previous approaches to training the SVM on a large data

set. In section 3.3, we present an interior-point method for training the machine.
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A constraint-reduction mechanism is then applied to the method. Generalization to
training nonlinear support vector machines is also provided. In section 3.4, promising

numerical results are provided.

3.1 Introduction to Support Vector Machines

In this section, we introduce the support vector machine and its training.

3.1.1 Data Representation, Classifier, Feature Space, and
Kernel
The training patterns are defined as
(X1,Y1), - -+, (Xmy Ym) € X X {—=1,+1}, (3.1)

where m is the number of training patterns, y; is the known classification of the 7
pattern x;, X denotes the domain set, often called the input space, in which the
patterns live, and y will be used later for denoting [y1, ..., ym|’.

A hyperplane classifier or a linear classifier is a hyperplane,

{x: (w,x) =17},

separating the negative patterns from the positive patterns. For an input or a pattern

x € X, the decision or prediction y of the classifier is

y = sign((w,x) — 7).
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For ease of further discussion, we assume that X is R*. This can be easily achieved
by first preprocessing the training patterns.

To find a better classifier, we may want to map the training patterns into a vector
space (probably of higher dimension) endowed with an inner product. This mapping

is performed by a feature map ®(-):

d: X > H (3.2)

x — ®(x), (3.3)

where H is a space endowed with some inner product (-, )y, and the length or norm
of a vector a € H is defined as ||a||+ := \/(a, a)3. The image space H of the feature
map is usually referred to as the feature space. A linear classifier determined in the
feature space may induce a nonlinear classifier in the original input space; see Figure
3.1 for an example.

A symmetric and positive definite kernel is a function that measures the similarity

of two vectors:

It is symmetric if
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Figure 3.1: By mapping the patterns in the input space (x,z3) to a higher dimen-
sional feature space (27,23, v/22175), the SVM can find an ellipsoidal classifier in the

original input space by finding a linear classifier in the feature space.

for every x,x € X. The kernel is positive definite if the Gram matrix K whose
i" row and j column component k;; := k(x;,%;), induced from an arbitrary num-
ber of patterns xi,...,X5; € X (not necessarily the training patterns), is positive
semidefinite.!

Every symmetric and positive definite kernel is associated with the reproducing

kernel map ® which is defined as

®: X - H
(3.4)

x — k(-,x).

Then the space spanned by the images of arbitrary patterns is the reproducing kernel

'Researchers in machine learning field often use “positive definite” to denote ‘positive semidefi-

nite’ and “strictly positive definite” for ‘positive definite’.
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Hilbert space (RKHS), a feature space corresponding to the reproducing kernel map:
H:={f:f= Zaik(-,xi), Vi:a; € R, and x; € X'},
i=1
An inner product associated with the space is defined as

(f.9)m = Zzaiﬁjk(xh)—(j>, (3.5)

for f,g € H,x;,%x; € X, oy, f; € Ryand f:= >, a;k(-,%x;) and g := Z;’il Bik(-,X;).
It is not difficult to check that this definition leads to the reproducing property:
(k(-,x;),k(-,%x;))n = k(x;,x;). This implies that the kernel evaluation between two
input patterns can replace the inner product between their images. This property
plays a central role in generalizing the linear SVM to nonlinear SVM. See [Bur9§]
and [SS01] for more details.

Multiple feature spaces can be associated with a kernel. In addition to the RKHS

mapping (3.4), for instance, a feature map from R? to R? associated with the 274

TZ)2

order homogeneous polynomial kernel k(x,X) := (x' X)? can be defined as

P : R* - R?,
(3.6)
[x17332]T = [37%795%» \/5331372}717

so that the inner-product in the feature space is equivalent to the kernel evaluation

in the input space:
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With the mappings such as (3.4) and (3.6), a linear classifier in the feature space is
equivalent to some nonlinear classifier in the input space as depicted in Figure 3.1.
Accordingly, we first limit our study to linear SVMs, and then extend it in section
3.3.4 to nonlinear SVMs. The numerical results of section 3.4 include nonlinear SVMs

as well.

3.1.2 Separation Margin Maximization

In this section we consider finding a linear classifier where x; € R for i = 1,...,m.
We assume that some map has already been applied so that the input space is the
feature space: X := H := R™ whose associated inner product is (x;,X3) := x7 x5.

If the training patterns are strictly separable, then there will be infinitely many
hyperplanes that can correctly classify the patterns; see Figure 3.2. To uniquely
define a separating hyperplane, we seek one that maximizes the separation margin.
The separation margin is defined to be the sum of the minimal distances from the
hyperplane to the + patterns (y; = 1) and to the — patterns (y; = —1).

How can we train the machine so that it finds the hyperplane that maximizes
the separation margin? Assuming that the patterns are separable and we already
know the hyperplane with maximal margin, there would exist at least one point
closest to the hyperplane in each class. We define the two hyperplanes parallel to the
separating hyperplane that contain these two points. Then the distance between the

parallel hyperplanes is the separation margin. The two parallel hyperplanes will be
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(a) Available planes. (b) The one with maximal margin.

Figure 3.2: The learning machine is trained to find a hyperplane with maximal sep-
aration margin. The hyperplane can classify data according to the predetermined

labels. Circles and squares denote positive and negative patterns, respectively.

referred to as the + and — class boundary plane, respectively.
Since the patterns are separable, there is no pattern in between the boundary

hyperplanes. So, for all i € {1,...,m},

(W, x;) =y >y, if yi = +1, (3.8)
(w,x;) =7 <y, ify; =—1, (3.9)

or equivalently
yi((w,x;) —7) > 1, (3.10)

where w € R™ and (w,x) := w/x. So the boundaries of the half spaces defined by

(3.8) and (3.9) are the 4+ and — class boundary planes (or boundaries).

2

lwll

Since the distance between the boundary hyperplanes is the problem, which

is usually referred to as the hard-margin SVM, can now be modeled as an optimization
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problem as follows:

1
min - ||w||3 (3.11)
w2
st. Y(Xw—ey) > e, (3.12)

where X := [xy,...,X%,]T € R™" e :=[1,...,1]7, and Y := diag(y) denotes the
diagonal matrix version of y. Typically m > n, and that is the case we consider here.

If the data are not separable, however, there is no solution to the optimization
problem. To cope with this situation, we add a misclassification penalty in the ob-
jective function (3.11). By introducing nonegative relaxation variables & in order to

tolerate misclassification, we get the relaxed constraints,

yi((w,x;) —7) 21§ (3.13)

After imposing an [; penalty to the objective function (3.11), we get the primal

formulation of a soft margin SVM proposed by Cortes and Vapnik [CV95]:

1
min —||wl3 + 17§ (3.14)
w,7.E 2
st. Y(Xw—ey)+&>e, (3.15)

£>0, (3.16)

where T is an m dimensional vector of penalty parameters for the trade-off between
the separation margin maximization and the empirical error minimization. This soft

margin formulation is often preferred to the hard-margin formulation even when the
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training patterns are strictly classifiable [Bur98]. Notice this formulation is a convex
quadratic program with m nontrivial constraints (3.15), m trivial (bound) constraints
(3.16), m trivial (relaxation) variables &, and n nontrivial variables w, where m > n.
While w is associated with the complicated coefficient matrix YX, & is associated with
the simple (identity) coefficient matrix in both sets of constraints, is not involved in
the quadratic term, and, thus, can be trivially eliminated in the step equations which
will be explained later. The variables & make up for violations in the constraints

(3.15).

3.1.3 Dual Formulation and Support Vector

Every optimization problem has an associated dual. The dual of (3.14)-(3.16) is

1

max —§TYKYa+Jh (3.17)

[0

st. yla=0, (3.18)
0<a<m, (3.19)

where the Gram matrix K € R™*™ is a symmetric and positive semidefinite matrix

whose components are defined over the training patterns as

kij = <XZ‘,Xj>, (320)

and where q; is the dual variable associated with the i’ constraint in (3.15).

If o* solves this dual problem, then the solution to the primal problem (3.14)-
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(3.16) is

w=X'Ya = Zafyixi, for S:={i:0<a;}, (3.21)
€S
V=T ((W*,x;) —v;), for S, :={i:0<a] <7}, (3.22)
| on| cS
¢ =max {1l —y,((W",x;) —7%),0}, fori=1,...,m, (3.23)

where o and 7; are the i" component of o* and T, and |S,,| denotes the size of S,,.
The equation (3.22) for v* is obtained from (3.15). Since y;((w},x;) —~*) =1 for all
i € Son, we know that v* = (w*,x;) — y;. We average for all i € S,,, as in (3.22) to
have better accuracy [Bur98]. In view of (3.21), the Lagrange multiplier «; can be
interpreted as the weight of the i*" pattern in defining the classifier.

Support vectors (SVs) are the patterns which contribute to defining the classifier.
Therefore, they are associated with nonzero weight a;. Depending on whether the
corresponding weight is equal to its upper bound 7;, the support vectors are divided
into two groups [SBS99]. The on-boundary support vectors have weight strictly be-
tween the lower bound 0 and the upper bound 7;, and, geometrically, lie on their class
boundary plane (i.e., both (3.15) and (3.16) are active). The off-boundary support
vectors have the maximal allowable weight o = 7; and lie on the wrong side of the

class boundary plane (i.e., (3.15) is active but (3.16) is inactive).? We summarize this

%In the literature [SBS99], the terms in-bound and bound support vectors are used to denote on-
boudary and off-boundary support vectors, respectively. The former terms are based on the bound

constraints (3.19), whereas the latter terms are based on geometry.
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Pattern type af 7 &

Off-boundary support vector Ti 0 (0, 00)
On-boundary support vector (0, 7;) 0 0
Nonsupport vector 0 (0, 00) 0

Table 3.1: Classification of support vectors and nonsupport vectors. Here s

is the slack variable associated with the " constraints in (3.15) and defined as

si = y((Whxg) — ) + & — 1

classification in Table 3.1.

3.2 Related Work

Inspired by the fact that only a small portion of patterns contribute to forming
the classifier, Osuna et al. [OFG97] proposed a decomposition algorithm for the
dual SVM formulation. It first reduces the problem size by guessing the “active” or
changeable (Lagrangian or dual) variables, a.k.a. the working set, and “nonactive”
or fixed variables, where each variable is associated with a classification condition
(or a primal constraint) for a pattern. The reduced problem is solved by an off-
the-shelf quadratic programming (QP) solver (an active set method or an interior-

point method). Then the fixed variables which violate the classification condition are
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promoted to the working set by the “build-up” process. To keep the reduced problem
size constant, the same number of variables in the working set are demoted to the
non-working set by the “build-down” process. The rearrangement and the solution of
the reduced QP are repeated until no violating variable is found in the non-working
set. They showed the objective function value increases strictly at every iteration.
Joachims [Joa99] further improved the algorithm of Osuna et al. by shrinking the
problem size if possible and keeping a cache for kernel evaluations (or a submatrix
of the Hessian). Platt [Pla99] proposed a sequential minimal optimization (SMO)
algorithm which maintains a very small working set allowing only two variables to
change. The subproblem of SMO can thus be solved analytically. See the four essays
in [Hea98] for further discussion.

Recently primal-dual interior-point method (PDIPM) based algorithms were pro-
posed. Ferris and Munson [FMO02] considered training linear SVMs with {3 and [y
hinge loss. They efficiently applied the Sherman-Morrison-Woodbury (SMW) formula
to solving the normal equations, the most expensive operation in an interior-point
method (IPM). Gertz and Griffin [GGO05] proposed a parallel direct solver and a pre-
conditioned conjugate gradient solver tailored for the normal equations in training a
SVM with [; hinge loss.

Our focus is again on the normal equations. Like Osuna et al., we reduce com-
putational cost by filtering out unnecessary constraints or patterns in assembling the

matrix for the normal equations. However, in contrast to the decomposition based

68



algorithms, we solve only one optimization problem, using constraint selection only

to determine the search direction at each iteration of an IPM used for the training.

3.3 Adaptive Constraint Reduction

In this section we present a standard primal-dual interior-point method for training
our SVM and then develop a way to improve the efficiency of the method by adaptively

ignoring constraints.

3.3.1 Primal-Dual Interior-Point Method

Since the soft margin formulation for the SVM (3.14)-(3.16) is a convex quadratic
program, a solution to the formulation’s KKT conditions is a global optimum and,
thus, defines the separating hyperplane with maximal margin. Therefore, training
the machine is equivalent to finding a solution to the KKT conditions (to the primal

(3.14)-(3.16) and the dual (3.17)-(3.19)) [GGO5):

w—X"Ya =0, (3.24)

y o =0, (3.25)

T—a—u=0, (3.26)

YXw -7y +&—e—s=0, (3.27)
Sa =0, (3.28)
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UE =0, (3.29)

s,u, &, & >0, (3.30)

where S := diag(s), s is a slack variable vector for the inequality constraints (3.15),
U = diag(u), and u is a slack for the upper bound constraints (3.19) or a vector of
multipliers for the non-negativity constraints (3.16). Conditions (3.24)-(3.26) relate
the gradient of the objective function to the constraints that are active at an optimal
solution. The fourth condition is the primal feasibility condition. Conditions (3.28)
and (3.29) enforce complementary slackness.

In order to find a solution, a Newton-like method can be applied to the KKT
conditions with perturbations to the complementarity conditions (3.28) and (3.29).
For the variant of the Mehrotra’s Predictor Corrector (MPC) algorithm discussed

in [Wri97] and [GGO5], the search direction is obtained by solving the system of

equations
Aw - X'YAa= —(w—-X'Ya) = -1, (3.31)
yvIAx = -yl = —rg, (3.32)
—Ax—Au=—(T—ax—u) = —ry, (3.33)
YXAwW —yAy+ AL —As= —(YXwW -y + & —e—s) = —r;, (3.34)
SAx + diag(x)As = —rgy, (3.35)
diag(&)Au + UAE = —rg,y,. (3.36)

70



First, an affine-scaling (predictor) direction (Aw*®, Ay Ag™® As?f A2 Au?f)

is computed, by setting

re = Sa, (3.37)

req = UE. (3.38)

Then the combined affine-scaling and corrector step is obtained by setting

rsy i= S — ope + ASTAx, (3.39)
rey = diag(&)u — ope + AUAEM (3.40)
where
sTa + &£Tu
= 41
= (3.41)

is the complementarity measure; o is the centering parameter; AS* := diag(As®),
and AU := diag(Au).

These equations can be reduced to the normal equations

T 1 yy' 1
I+ XTYQ 'YX - 22— | Aw = Ty — ———— 70V, 42
( ' yTﬂly) Vo gy B
where
Q = diag(ax)™'S + U~ 'diag(&), (3.43)

and y = XTYQ 'y = XTQ le. Then, we obtain Ay, Ax, A&, Au, and As by
solving

1

Avy— —
7 yIQ-tly

(—Fa + ¥ AW) , (3.44)
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Aax=—-Q Hrg + YXAW — yA7), (3.45)

AE = —U 'diag(&)(ty — Ax), (3.46)
Au = —diag(&) *(rgy + UAE), (3.47)
As = —diag(a) ! (rey + SAX), (3.48)

where T, = ry + diag(&) 'rey, ro = rs + diag(x)'rg, — U ldiag(&)Ty,, Ty =
ry + XTYQ lrg, and 7y := 14 — yL Q2 'rq. See [GGO5] for detailed derivation.

In designing decomposition methods, it was common to use the dual formulation
(3.17)-(3.19). This was done by discarding w, thus removing (3.24) and replacing
(3.27) with YKY&x — vy + & —e —s = 0. Fine and Sheinberg [FS02] and Ferris and
Munson [FM02] seem to have followed the tradition. They derived normal equations
involving inversion of an m x m matrix. They avoided the inversion through the
SMW formula, reducing computational complexity from O(m?) to O(mn?). Fine and
Sheinberg used low rank Cholesky factorization with symmetric pivoting to approx-
imate the Gram matrix. Ferris and Munson applied the IPM approach to various
SVM formulations [FMO02].

In contrast, Gertz and Griffin [GG05] derived the normal equations (3.42) by
preserving w. Their approach does not involve the SMW formula, and thus, does
not suffer from numerical instability caused by it. Woodsend and Gondzio [WGO07]
derived normal equations for SVMs with [; and [, hinge loss, and SVM regression.

They considered solving dual formulations in which w is preserved. Their approach
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with [ hinge loss also results in the same KKT system and step equations as those of
Gertz and Griffin. However, they applied a different sequence of block eliminations,
resulting in different normal equations. Chapelle discussed relations between the
primal and dual based approaches [Cha07]. He showed both approaches have the
same computational complexity due to the SMW formula. Nevertheless, he argued
that the primal based approach is superior because it directly attempts to maximize
the separation margin.

Forming and solving the normal equations (3.42) is the most time consuming task
in a step of the predictor-corrector algorithm, so we now focus on how to speed this

process.

3.3.2 Constraint Reduction

In Chapter 2 we developed an algorithm for solving convex quadratic programming
problems by replacing the matrix in the normal equations by an approximation to it.
In this section we see how this idea can be applied to the SVM problem by using the
matrix formed by setting small entries w; ' of 27! to zero.

Since y; = £1 and both Y and Q are diagonal, we know that YQ 'Y = Q and

yI'Q 'y = e’'Qe. Now consider the matrix of the normal equations (3.42),
M =I+X'YQ 'YX - 22
+ yIQ-ly
m m —1, m 1 \T
=1+ Zw;lxixlr — (Zizl Wi X;?L(Zi:ll Wy Xl) ’
i=1 D i1 W

(3.49)
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and the matrix

7 ST
_ YY)
e T 1
—1 -1 T
. W, X; i wi X
=1+ Zw[lxix? — (i )(Z_EIQ ) : (3.51)
icQ ZieQ Wi

where y(g) = XQTYQzﬁééyQ and @@ C M. We use the parenthesized subscript (Q)
to denote that a vector or a matrix is a function of ). We use Y2 to denote a
submatrix of any m x m matrix Y with both rows and columns indexed by () and,
similarly, X¢ for that of any matrix X with rows indexed by (). The same notation
also applies to any m dimensional column vector.

If @ ={1,...,m}, then Mg = M. If Q C {1,...,m}, then M) is an approx-
imation, accurate if the neglected terms are small relative to those included. Hence,
the approximated matrix reduces the computational cost for the matrix assembly,
which is the most expensive task, from O(mn?) to O(|Q|n?), where |Q| denotes the
size of () and is expected to be significantly less than m.

How do we obtain a good approximation? We see that patterns associated with

1

larger w;, © make a larger contribution to the matrix. Let’s see which patterns these

are. The quantity

1 QU
wi = -———
si0; + i

becomes very large if both s; and &; are close to zero because u; and a; sum to 7; and

do not converge to zero due to the complementarity conditions. From (3.14)-(3.16)
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we see that, in the optimal solution, only one of s; and &; should be nonzero. If either
one is nonzero, in view of the complementary slackness (3.28)-(3.29), either «; or u;
is zero, and thus w;” !'is zero in the optimal solution. Therefore, as seen in Table 3.1,
the important terms in the summation in (3.49) are associated with the on-boundary
support vectors. Identifying on-boundary support vectors is not possible until we find
the maximal margin classifier and its class boundaries. At each iteration, however, we
have intermediate values of w;’s. So we find prospective on-boundary support vectors
by choosing the patterns with small w;.

As the intermediate classifier approaches the maximal margin classifier, it becomes
clearer which patterns are more likely to be on-boundary support vectors. This
enables us to adaptively reduce the index set size used in the summation of (3.49).
To measure how close the intermediate classifier is to the optimal one, we can use the
complementarity measure which converges to zero. We set the size g of our index set

to be a value between two numbers ¢;, and gy :

q := max (qp, min ([pm|, qu)), (3.52)

where we define

B
Il

=
@l

to synchronize decrease of the index set size with that of the optimality measure.
Here 3 > 0 is a parameter for controlling rate of decrease as p converges to zero

very fast. At the first iteration we randomly choose ¢y indices because we have no
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information about the classifier. Fast clustering algorithms may improve the initial
selection [BCO4].
As described in [GGO5], in typical primal-dual interior-point methods, a growing

w; * diverges to infinity at an O(p~!) rate and a vanishing w; *

converges to zero at
an O(p) rate. Therefore we can separate the two different types of w; ! using V-
Having determined ¢, we now choose patterns. Based on our examination of

w; ', there are several reasonable choices. We define Q(z, ), the set of all subsets of

M :={1,...,m} that contain the indexes of the ¢ smallest components of z:

Then we have the following choices of patterns:

e Q(YXw—yy+&—e, q): thisis aset of sets having indices for ¢ patterns x; whose
“one-sided” distance to the boundary plane is smallest. When primal feasibility
holds, this measures the slacks of the primal constraints (3.15). This choice
is most intuitive because support vectors contribute to defining the classifier,
which is the underlying idea of most decomposition based algorithms. For this

rule, we define

qr = |{i: ai/s; > 0/l or s; </},

where 0 is a prescribed parameter.
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e Q(QNe,q): this is a set of sets with indices of the ¢ smallest w;. This choice
reflects that the expression (3.49) for the matrix M is dominated by the terms
with large w™!. Inspired by [GG05], we define the lower bound on the index set

size q;, by counting the number of large w; *:

a =i w2 0y (3.53)

where 6 is a prescribed parameter. The parameter q; will eventually converge
to the number of diverging w; ', or equivalently, the number of on-boundary

support vectors.

Any of these choices, however, may have an imbalance between the number of
patterns chosen from the + and — classes. Not considering the class labels, we might
unknowingly choose no pattern from one class, where on-boundary support vectors
are typically found in both classes. To avoid this unfavorable situation, we might
want to use a balanced choice of patterns, specifying the number ¢* and ¢~ chosen

from each class as

¢ = max <qg, min dmin((ﬂmw"m)w m+)) , (3.54)

2
¢~ := max <qL, min qmin((gmw’qﬂ m)) , (3.55)

where m™ and m™ are the number of + and — patterns, respectively. Then we adjust

either g™ or ¢~ so that ¢™ + ¢~ = ¢q. The lower bounds, ¢/ and ¢, , are determined
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similarly to (3.53) for each class as

qf = |{i:w; ' >0ypand y; = 1},
(3.56)

q; =i w;'>0/pand y; = —1}|.
Now we define the set of the gt /¢~ smallest sets for each class:
Q+(Z7q+) = {Q | Q g M7 |Q| = q+ and Zi S ZJVZ S Q7j ¢ Q and dz = d] = +1}7
Q_(Zaq_) = {Q|Q g M) |Q| - q_ and Zq S ZJVZ S Qa] ¢ Q and dl = d] - _1}7

The set () can be any of the union of any two elements, one in Q*(x,¢%) and the

other in Q™ (x,¢7):

QeQzq,q)={QQ=Q"UQ, Q" €Q(z,¢") and @~ € Q" (z,¢ )}.

Having determined (), we construct the reduced normal equation for one step of
our interior-point method by assembling the matrix for the normal equation using a

subset of the patterns:

1

~ Ty (3.57)

M(Q)AW = —fw

Then we solve (3.44)-(3.48) for Ay, Aa, AE, Au, and As. Before we proceed, we

have to ensure that the reduced matrix Mg, is positive definite.

Proposition 3.1. Assume that w; > 0 for all i € Q. The matriz M) is symmetric

and positive definite.

Proof. See Proposition 1 in [GGO05]. O
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The following proposition explains the asymptotic convergence of the reduced

matrix to the unreduced one.

Proposition 3.2. For q defined in (3.52) and for all Q € Q(Qe,q), there exists a

positive constant Cyy satisfying |M — Mg)|l2 < Cmy/It-
Proof. See Proposition 5 in [GGO05]. O

We state in Algorithm 2 a variant of Mehrotra-type predictor-corrector algorithm
with a constraint-reduction mechanism. This algorithm makes use of the reduced

normal equations (3.57).

Algorithm 2 Constraint reduced SVM (CRSVM)

Parameters: > 0,7t > 0,0 > 0, integer gy satisfying gy < m, Bal € {false,true},
CC € {‘one-sided dist’, ‘omega’}.

Given a starting point (w,~, &, s, &, u) with (&,s, &,u) > 0.

for k =0,1,2,... do

Terminate if convergence is detected:

max {{|Tw [0, [7al, [Tulloo, [ITs[loo }

< tol,, and
max{|| Ao, [|T/|o0, 1}

p < toly,

or iteration count is reached.
if Bal is true then

Determine ¢ and ¢~ to (3.54) and (3.55).
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Pick @ from Q(YXwW — vy —e+ &,¢",¢7) if CC is ‘one-sided dist’ or from
Q(Qe,qt,q7) if CC is ‘omega’.

else
Determine ¢ according to (3.52).
Pick @ from Q(YXw—~y—e+§, q) if CC is ‘one-sided dist’ or from Q(Qe, q)
if CC' is ‘omega’.

end if

Solve (3.57) and (3.44)-(3.48) for (Aw™T, Ay AL As? Ao Aur) using
affine-scaling residuals from (3.37)-(3.38).

Determine predictor step length:

o i= max {a: (& s, a,u) + oA As*T Ao AuT) > 0}. (3.58)

a€l0,1]

(staag As?T (ot o g Ao 4 (E+a,g AT (ut-a,g Auf)
2m :

Set pag 1=

Set 0 := (pag/pt)>.

Solve (3.57) and (3.44)-(3.48) for (Aw,A~, AE, As, Ax, Au) using combined
step residuals from (3.39)-(3.40).

Determine the step length for the combined step:

a:=0.99 max} {a: (&8, x,u) + (A, As, Ax, Au) > 0}. (3.59)

a€(0,1
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Set

(W’ 77 E" S’ “7 u) = (W7 77 E’? S7 (x” u) + a(AW7 A’y? Aa? AS? A“? Au) (3'60)

end for

When the matrix X is sparse, the sum of the first two terms of M) could result
in a sparse matrix. However, adding the third term makes the matrix dense. So we
obtain a sparse Cholesky factor for the sum of the first two terms with full pivoting.
Then, to solve the normal equations (3.57), we apply the SMW formula to reflect the
subtraction of the rank 1 matrix in M(q). For the dense matrix, we fully assemble
M) and obtain its dense Cholesky factor.

Winternitz et al. presented convergence results for a constraint-reduction algo-
rithm of a MPC variant for LP [WNTOO07]. Extending the MPC variant and its

convergence to CQP and SVM training is a topic for future research.

3.3.3 Differences from Algorithm 1

Algorithm 2 shows two significant differences from Algorithm 1 (if augmented to the
extended problem). First, Algorithm 2 is based on an MPC variant, while Algorithm
1 is based on a primal-dual affine-scaling algorithm. Second, Algorithm 2 concentrates
only on the approximation of the normal matrix, whereas Algorithm 1 generates a
primal-dual step that satisfies the reduced Newton system (2.74)-(2.76). Due to this,

the right hand side of the reduced normal equations (3.57) for the SVM training is

81



different from that (2.72) for the extended problem. While the right hand side of
(3.57) is not reduced at all, that of (2.72) is. In addition, noting that & in (3.14)-
(3.16) corresponds to y in (2.52)-(2.54), the equations (3.46) for obtaining A is
not reduced, but (2.73) for Ay is reduced. Developing an algorithm without these

differences and demonstration of its convergence is a future research topic.

3.3.4 Kernelization

As mentioned in section 3.1.1, due to the reproducing property of a symmetric and
positive definite kernel, k(x;,x;) for two input patterns x;,x; € R! can replace the
inner product between their images ®(x;), ®(x;) € H. So, in defining the Gram
matrix (3.20), replacing (x;,x;) with k(x;,x;) is equivalent to mapping a point x to
an entity ®(x) := k(-,x) living in the corresponding RKHS. This is called the “kernel
trick”. Using this trick and the dual formulation (3.17)-(3.19), we can train the SVM
to find a classifier in a feature space that might be infinite dimensional (see [Bur98]).

If a data set has an enormous number of training patterns, building K may not
be feasible. In addition, K is dense for many frequently employed kernels regardless
of whether the input matrix is sparse. For instance, forming K for 100,000 training
patterns using the Gaussian kernel needs 80GB of storage space. Even worse is that
a single iteration of an IPM could require factoring a m x m matrix, costing O(m?)
arithmetic operations.

This issue has been tackled in several papers [SS01, FS02, Cha07] through a low
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rank approximation to the Gram matrix, K ~ VG2V where G is an nxn symmetric
and positive definite matrix and V is an m X n matrix for m > n. These include the
truncated eigenvalue decomposition [GVL96, CSS06], low rank Cholesky factorization
with symmetric pivoting [FS02, BJ05], Nystrom method [WS01, DMO05], and kernel
PCA map [SS00, HZKMO03]. The fast multipole method [YDDO05, RYDGO05] can be
employed to compute the truncated eigenvalue decomposition.

Let’s see how these results can be applied to the constraint reduction for training
nonlinear SVMs. Consider an approximate dual with K in (3.17)-(3.19) replaced by
VG2VT. What primal problem would induce the dual? We notice that using VG
instead of X in the primal (3.14)-(3.16) leads to the approximate dual. In other
words, before we initiate Algorithm 2 we compute an approximation to K from the
original input X. Then we pass VG as X to Algorithm 2.

If G is only readily available in its squared inverse form G~2, we could think of

letting w := Gw, which leads to the following problem:

1
min ~w’ G *w + 17§, (3.61)
w8 2
st. Y(Xw—ey)+§&>e, (3.62)
£>0, (3.63)
where X := V. This formulation would be useful if obtaining G is not desirable.
For instance, G™2 = Kp for some index set B when the empirical kernel map

[SMB*99, SS00] is employed. Applying the constraint reduction to this formulation
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is straightforward. A simple change of Mg as

Y@Y (o

Mg = G2+ X Y QY2 Xg — STy
QQ

(3.64)

and the substitution of w for w, Aw for Aw, and ry := G7?2w — XY« for ry, are

all the required modifications.

3.4 Numerical Results

We implemented Algorithm 2 in MATLAB. We tested Algorithm 2 using MATLAB
version R2007a on a machine running Windows XP SP2 with an Intel Pentium IV
2.8GHz processor with 16 KB L1 cache, 1 MB L2 cache, 2x1 GB DDR2-400MHz
configured as dual channel, with Hyper Threading enabled.

Both tol, and tol, were set to 10~%. The iteration limit was set to 200. We set
the parameters as 3 := 4 to control the rate of decrease of ¢, # := 10% to determine
qr, and 7; := 1 for ¢ = 1,...,m to penalize misclassification. We vary gy to see how

Algorithm 2 reacts to it. The initial starting point was set as in [GGO5]:

We compared Algorithm 2 (CRSVM) to LIBSVM [CLO01], and SVM""* [Joa99].

We set their termination tolerance parameters as their default value 1073,
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3.4.1 Linear SVM Examples

We tested our implementation on problems mushroom, isolet, waveform, and letter,
all taken from [GGO05]. Except for the isolet problem, all inputs were mapped to
higher dimensional feature space via the mapping associated with the second order

polynomial kernel k(x, X) := (x?X + 1)? as in [GG05]. The mapping ® is defined as

d:R - R
[z1,...,5)" — (3.65)
1 T

1 1
2 2
\/§ =T,y T =T, T1T2y .., 1Ty, X2XZy ey X2X Yy o, Xj—1T] X1y e ey XYy —F= s

V2 V2 V2
where n := ("5?) = (!) + 21 + 1. The i row of X is set to ®(x;)7, where x! is the

i'" training input. We also normalized the resulting matrix using

mij

(3.66)

xij = maxg; ]xkl\’

as directed in [GGO5]. Properties of the problems are summarized in Table 3.2.
In our experiment, we compared our algorithms to the standard MPC algorithm,
which uses all the constraints for every iteration. We experimented with several

variants of our algorithms:

e Nonadaptive balanced constraint reduction, which uses fixed ¢* and ¢~ through-

out the iteration.

e Adaptive non-balanced constraint reduction, which determines ¢ as in (3.52).
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Name ISD FSD Patterns (+/—) SVs (+/—) On-SVs (+/-)

mushroom 22 276 8124 (4208/ 3916) 2285(1146/1139)  52(31 / 21)

isolet 617 617  7797(300 / 7497) 186(74 / 112) 186 (74 /112)
waveform 40 861 5000 (1692/ 3308) 1271(633 / 638) 228(110/ 118)
letter letter 153 20000 (789 /19211)  543(266 / 277)  40(10 / 30)

Table 3.2: Properties of the problems. ISD: Input space dimension. FSD: Feature
space dimension using the map (3.65). SVs: support vectors. On-SVs: On-boundary

support vectors.

e Adaptive balanced constraint reduction, which determines ¢™ and ¢~ as in (3.54)

and (3.55).

In all three reduction algorithms we selected patterns based on two choices, one-sided
distance (YXw — vy + & — e) and Qe, as explained in Section 3.3.2, resulting in 6
possible variations.

In comparing the reduction algorithm with the standard MPC, we used the two
pattern choices with the adaptive balanced reduction. In comparing adaptive reduc-
tion with nonadaptive reduction, we used the balanced scheme with the constraint
choice based on Qe. In comparing the two constraint choices, we used the adaptive
balanced reduction.

In Figure 3.3a and 3.3b, the time and iteration count of the algorithm with the
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two constraint choices and the balanced selection scheme are compared to those of
the standard MPC. We set qy := m, Bal := true, and CC := ‘one-sided dist’ or
CC := ‘omega’. Bar graphs are grouped for each problem. Figure 3.3b shows that
the number of iterations for a problem is not much different for the algorithm variants.
As a result, the reduction algorithms with any constraint choice are faster than the
standard MPC algorithm, as seen in Figure 3.3a. In solving hard problems (mushroom
and waveform for instance, which have very many support vectors), it is observed that
the constraint choice based on £2e shows better performance than the other. This is
because the number of on-boundary support vectors is nevertheless small in the hard
cases as summarized in Table 3.2. Since both relative residual and gap are required
to meet the termination criteria, they are within reasonable ranges in all cases, so we
do not present them.

In Figure 3.4, the adaptive balanced reduction algorithm is compared with the
adaptive nonbalanced algorithm over a range of ;7. In solving well balanced problems,
the two algorithms show little difference as seen in Figure 3.4a. On the other hand, for
problems such as isolet having a lot more patterns in one class than the other, balanced
selection shows more stable results, especially for small values of g, as seen in Figure
3.4b. For training the machine for a data set with more than two classification labels,
a one-class-versus-the-rest approach is frequently employed [SS01, chap. 7], so this

problem characteristic is quite common.
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Figure 3.3: Time and iteration count of adaptive reduction with balanced selection

are compared to non-reduction algorithm. ¢y is set to m (100%) for all cases.

In Figure 3.5, the adaptive balanced reduction algorithm is compared with the
nonadaptive balanced algorithm over a range of gy. Observe that there is little
difference in iteration counts among all of these algorithms. Similarly to nonadaptive
constraint reduction for linear programming demonstrated in [TAWO06], the number
of iterations of adaptive and nonadaptive algorithms is almost invariant over a range
of qy, the upper bound of the index set size. The time taken to solve a problem
decreases very slowly or remains almost invariant with the adaptive algorithm as ¢y
decreases over a range, whereas the nonadaptive algorithm is more expensive for large
values of qp .

In Figure 3.6, the two constraint choices based on one-sided distance and (2e are
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Figure 3.5: Letter. The adaptive and nonadaptive balanced algorithms are compared,

with the constraint choice based on Qe.

applied to the adaptive balanced reduction algorithm and are compared over a range
of gu. In solving easy problems having almost all support vectors on the boundary
hyperplanes, it is hard to say which constraint choice is better than the other. For
hard problems, since the €2e based constraint choice is capable of filtering out more
patterns at later iterations, it shows better performance.

In Figure 3.7, the number of patterns used and the complementarity measurement
1 are traced for every iteration. It is interesting that the graphs of y for the algorithm
with high gy values are quite close to each other. From these graphs we see that the
search direction of the adaptive reduction algorithm is not as good as that of the
non-reduction algorithm at early iterations. At later iterations, however, the search

direction of the adaptive reduction algorithm is as good as or sometimes better than
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Figure 3.6: The two constraint choices are applied to the adaptive balanced reduction.

that of the standard MPC algorithm.

We compared our algorithm (CRSVM) to LIBSVM [CL01] and SVM!"* [Joa99)
on the adult problem of the UCI repository [AN07]. We obtained a formatted problem
from the LIBSVM web page [CLO1]. The problem consists of 9 sparse training sets
with different numbers of sample patterns. Each training set has a corresponding
testing set. For this comparison, we used the linear SVM. In other words, we gave
the algorithms X in a sparse format with no modification except the normalization
(3.66). We used adaptive balanced constraint reduction, choosing patterns based on
Qe. Figure 3.8 shows the timing results of algorithms on the data sets. Observe

that the timing curve of our algorithm is close to linear, while those of LIBSVM and
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Figure 3.7: Letter. Adaptive balanced reduction based on e constraint choice.

SVM'9 are between linear and cubic [P1a99].

3.4.2 Nonlinear SVM Examples

We compared our algorithm to LIBSVM and SVM!9"  We used adaptive balanced
constraint reduction, choosing patterns based on e. We tested the algorithms on
the adult problem of the UCI repository. For this comparison, we used a Gaussian

kernel
k(x, %) := exp (—||x — x||/(207)) (3.67)

with o := 1/1/2, where [ := 123 is the dimension of the input patterns.?
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Figure 3.8: Timing results of algorithms for linear SVM training on adult data sets.

To approximate the Gram matrix K, we used MATLAB’s eigs routine. It uses
the Arnoldi iteration [LS96] to generate n eigenvalues A := diag(A,...,A,) and
eigenvectors V := [vy,...,v,]. Each iteration of eigs involves a matrix-vector product
Kp. Naive computation of Kp costs O(m?), but by using the improved fast Gauss
transform (IFGT) [YDDO05, RYDGO05] we approximate Kp and reduce the cost to
O(m). We use EIGS to denote this approximation method. IFGT is written in C
and its MATLAB interface is provided by its authors.

I[FGT belongs to the fast multipole methods [GR87]. Given m source points
X1,...,X, in £ dimensions, a target point v in ¢ dimensions and m coefficients

p = [p1,...,pm]t, IFGT uses clustering and truncated multivariate Taylor series

3This is the default setting of Gaussian kernel in LIBSVM.
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Size LIBSVM SVMLight CRSVM(+EIGS) CRSVM(+CHOL)

1605 83.57 83.57 83.62 83.60
2265 83.94 83.94 83.93 83.95
3185 83.85 83.84 83.85 83.84
4781 83.97 83.97 83.97 83.97
6414 84.15 84.15 84.17 84.19
11220 84.17 84.18 84.21 84.21
16100 84.58 84.58 84.58 84.45
22696 85.01 - 84.82 84.98
32561 84.82 - 84.92 84.85

Table 3.3: Accuracy shown in percentage of correctly classified testing patterns.

to evaluate G (v), an approximation to the discrete Gauss transform

G(v) = ijk(v,xj)7

where k(-,-) is the Gaussian kernel (3.67). If the source points are the input patterns
used for the computation of the Gram matrix K, then G (x;) approximates the 3"
component of Kp. Thus [G(xy), ..., G(xy,)]T is an approximation of Kp.

In addition to EIGS, we implemented in MATLAB the low rank Cholesky factor-
ization with symmetric pivoting [FS02]. It returns a rank n Cholesky factor L and a

pivoting matrix P such that PTLLYP ~ K. We refer to this approximation method
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as CHOL.

Figure 3.9 shows results of the Gram matrix approximation on the adult data
set.* Figure 3.9a and 3.9b show relative error of the low rank approximation to K
measured by ||[K — VAVT|/||K|/o and |K — PTLLTP||/||[K||c. As illustrated
in Figure 3.9a, with lower rank EIGS approximates K better than CHOL. However,
since EIGS uses IFGT to approximate Kp, the tolerance to IFGT should be tight-
ened as the rank is increased. In our experiments we set the IFGT tolerance to
min(0.5,4/v/rank). As depicted in Figure 3.9b, when the rank is fixed, errors in the
Gram matrix approximation by CHOL are more affected by the number of training
patterns. Figure 3.9c and 3.9d show time to approximate K. In Figure 3.9a and 3.9c,
EIGS and CHOL were tested on the set of 6414 training patterns. In Figure 3.9b and
3.9d, we requested a rank 64 approximation from EIGS and a rank 300 approximation
from CHOL.

Figure 3.10a compares CRSVM with the other methods. Notice both LIBSVM
and SVM'9" are implemented in the C language. We expect we can improve CRSVM
and CHOL by implementing them in C. We requested 64 eigenvalues and eigenvectors
from EIGS to form a rank 64 approximation to K. We set CHOL to form a rank 300
approximation. Figure 3.10b shows separated timing results for the approximation
and training. Table 3.3 shows accuracy of the classifier each algorithm generated.

Accuracy denotes the percentage of correctly classified testing patterns. The classifiers

4IFGT supports dense input only.
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were tested on testing data sets associated with the training set. Notice with a proper
approximation, it is possible to get a classifier performing as well as the one trained

with the exact matrix.

3.4.3 Visualization of the Iterations

To illustrate how our algorithm achieves efficiency, we made a two dimensional toy
problem by generating 2000 uniformly distributed random points in [—1, 1] x [—1, 1].
Then we set an intentional ellipsoidal separation gap and deleted patterns inside the
gap, resulting in 1727 remaining patterns. Figure 3.11 shows snapshots of several
iterations of the adaptive balanced reduction algorithm (with ¢y := m) in solving
the problem. Patterns are chosen based on Qe. To find an ellipsoidal classifier,
the mapping (3.6) associated with the second order homogeneous polynomial kernel
is used to map the problem’s 2-dimensional input space to a 3-dimensional feature
space. The dashed ellipsoids are the boundary curves (corresponding to boundary
planes in the feature space). As the iteration count increases, the number of selected
patterns decreases and only the on-boundary support vectors are chosen at the end,

leading to significant time savings.
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3.5 Conclusion

We presented an algorithm for training SVMs using a constraint reduced IPM with
a direct solver for the normal equations. Significant time saving is reported for all
problems. If we substituted an iterative solver, constraint reduction would reduce the
cost of matrix-vector product.

The Qe constraint choice proved to be more effective than the one-sided distance,
especially for hard problems which have many off-boundary support vectors. Other
constraint choice heuristics can be used provided that they can include constraints
which seem to be most active at the current point. Blending different constraint
choices is also allowable. We also report that balanced selection is effective in training
SVM for nonbalanced data sets.

We compared our algorithm to other popular algorithms including LIBSVM and
SVM!9 We showed potential of our algorithms on training linear SVMs. In training
nonlinear SVMs, substantial time is consumed in calculating an approximation to the
Gram matrix.

Snapshots of the 2D toy problem were presented to visualize how the adaptive
reduction algorithm works. The algorithm acts as an adaptive filter for excluding
unnecessary patterns.

Parallelization is a challenging topic for the reduction algorithm. Computation

of the matrix arising in the normal equation requires the chosen constraints to be
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well distributed among multiple processors. This is problematic especially for later
iterations when the chosen constraints might be concentrated on a small number of
processors. For efficiency in essential support vector identification, we might want
to distribute the patterns so that every processor has patterns at a wide range of

distances from the separating hyperplane.
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Iteration: 4, # of obs: 1092 Iteration: 6, # of obs: 769

(a) 0/1727 (b) 2/1727 (c) 4/1092 (d) 6/769

Iteration: 8, # of obs: 452 Iteration: 10, # of obs: 290 Iteration: 12, # of obs: 138 Iteration: 14, # of obs: 30

(e) 8/452 (f) 10/290 (g) 12/138 (h) 14/30

Figure 3.11: Snapshots of finding a classifier using the adaptive reduction algo-
rithm for a randomly generated toy problem in 2-dimensional input space with
patterns eliminated intentionally around a hand-generated ellipsoid centered at
the origin. The mapping associated with the second order homogeneous polyno-
mial kernel is used to find the surface. The numbers below each figure indicate

(iteration) /(number of patterns used).
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Chapter 4

Conclusions and Future Directions

In solving convex quadratic programming (CQP) with many inequality constraints,
the primal-dual interior-point methods (PDIPMs) are frequently used due to their
good performance in practice. The most expensive part in these methods is com-
puting a search direction involving every constraint. Time for the computation is
proportional to the number of constraints and this becomes the main bottleneck as
the number of constraints increases.

In Chapter 2, we proposed a very effective mechanism for saving computational
time in finding a search direction, without increasing the total iteration count. The
mechanism is to assemble the matrix for the normal equations with a subset of the
constraints while adaptively reducing the number of constraints involved as the iter-
ate approaches the optimal solution. We first developed a primal-dual affine-scaling
(PDAS) interior-point method (IPM) for the inequality constrained standard CQP

form. We provided the convergence analysis for the method in Appendix B. We
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discussed an extension to the standard form, to broaden applications of constraint
reduction. Then we demonstrated the potential of our algorithm in solving large
problems including data fitting.

Recently Winternitz et al. [WNTOO07]| proposed a convergence-proven constraint
reduced Mehrotra’s predictor corrector (MPC) variant for linear programming (LP).
They showed significant performance improvement over a standard MPC algorithm.
Extending the constraint reduced MPC variant to the CQP is also possible.

However, it is still in question whether the constraint reduction algorithms [TAW06,
WNTOO07] have a guaranteed polynomial complexity bound. This issue is very critical
in convincing practitioners. Devising constraint-reduced algorithms with polynomial
complexity for LP and CQP is a topic for future research.

In Chapter 3, we applied constraint reduction to SVM training using an MPC
variant [GG05]. We proposed several heuristics to save computational time. Adaptive
balanced selection of training patterns was shown to be effective in training the SVM
on an unbalanced data set. In practice, since the one-class-versus-the-other approach
is frequently used for training the SVM on a data set with more than two classification
labels, unbalanced data sets are quite common. The multicategory support vector
machine is another approach to train the SVM on a data set with multiple class
labels [LLWO04]. The approach uses a multi-class objective function and constraints,
thus generating multiple classifiers by solving a single CQP problem. Extending the

constraint reduction to this SVM formula may be investigated in the future.
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We visualized how the adaptive constraint reduction algorithm works in training
the SVM. The proposed algorithm is realized as adaptive pattern filtering in the
training process. Starting with many training patterns, the algorithm omits more
and more unnecessary patterns in the normal matrix assembly as the intermediate
classifier approaches the optimal one.

As we discussed in section 3.3.3, the constraint reduction algorithm for training
the SVM is not exactly the same as that for solving the extended problem in section
2.4. Developing an algorithm common to all problem formulations and demonstrating
its performance are future research topics.

We discussed generalization of the constraint reduction algorithm to the training
of the nonlinear SVMs through the Gram matrix approximation. As demonstrated
in section 3.4.2, the Gram matrix approximation needs much more time than the
training process. To speed the approximation process, we used the improved fast
Gaussian transform (IFGT) [YDDO05, RYDGO5], which belongs to the fast multipole
methods. With the IFGT, matrix-vector products involving the Gram matrix can be
approximated only for the Gaussian kernel. Fast multipole methods for other kernels
may be investigated.

In Chapter 2 and 3, we demonstrated effectiveness of the constraint reduction
algorithms when a direct solver is used for the normal equations. In using the direct
solver, we did not consider a multiprocessor environment. It is becoming a norm

that a CPU chip includes multiple processors. Another emerging multiprocessor is
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the graphics processing unit (GPU), which is often regarded as a coprocessor help-
ing CPU with parallel processing. A single GPU has many more processing units
than a CPU. In [JOO7b], we presented an IPM implementation which solves the
normal equations with the use of matrix multiplication and decomposition routines
working on a single GPU [JOO07a]. Since the constraint reduction algorithms use ma-
trix computation routines in BLAS (Basic Linear Algebra Subprograms) [BDD*02]
and LAPACK (Linear Algebra PACKage) [ABD190] to solve the normal equations,
extending the constraint reduction algorithms to the single chip multiprocessor envi-
ronment is rather straightforward.

However, developing an efficient constraint reduction algorithm can be challenging
in a CPU or GPU cluster environment, where CPUs or GPUs are distributed among
multiple machines connected through a network. Since the constraints are dynami-
cally chosen and communication among machines is expensive, load balancing can be
difficult. Thus, naive use of BLAS and LAPACK developed for a cluster system does
not lead to the most efficient constraint reduction algorithm. Dynamic distribution
of constraints should be considered in such environment.

The constraint reduction also reduces computational time required for matrix
vector products in solving the normal equations when an iterative solver such as
the preconditioned conjugate gradient method [Saa03, chap. 9] is used. To guar-
antee the success of an iterative solver, it is critical to use a good preconditioner.

Since the reduced normal matrix (2.39) changes every iteration, the preconditioner
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should change accordingly. An adaptive updating strategy is considered for a stan-
dard (non-reduced) MPC variant for LP in [WOO00]. Some effort may be dedicated
to incorporating an iterative method into the constraint reduction.

In conclusion, we provided convergence analysis of the constraint reduced PDAS
IPM for a standard CQP problem and its extension. We presented an adaptive scheme
which can significantly save computational time. Also we demonstrated the use of the
adaptive constraint reduction algorithm for solving large CQP problems and training

SVMs on large data sets.
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Appendix A

Geometric Properties of Convex Quadratic Programming

This chapter explains geometric properties of the CQP to aid in understanding of the

convergence proof in Appendix B.

A.1 Definitions

Definition A.1. In R", the open ball B of radius r > 0 with center v is defined as
B(v,r):={x:|x—v| <r}.

Definition A.2. In R", the closed ball B of radius r > 0 with center v is defined as
B(v,r) :={x:|x—v| <r}.

In R, the open ball and closed ball of radii » > 0 centered at x are the intervals

(x —r,x +r) and [z — r,x + 7], respectively.

Definition A.3. For a set S C R", the closure of S, S, is the set of points x such

that the intersection of S and any open ball centered at x is nonempty.
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Definition A.4. For a set S C R", the interior of S, int(S), is defined to be the set

of points x, for which there exists an open ball centered at x that is contained in S.

In R”, the closure of an open ball of radius r centered at x is the closed ball of
radius r centered at x. Likewise, the interior of a closed ball of radius r centered at

x is the open ball of radius r centered at x.

Definition A.5. A set S C R" is a linear subspace of R™ if and only if it satisfies

(i) For any two vectors v and u in S, their sum v +u is also in S.

(i) For any vector v € S and for any scalar o € R, their product av is also in S.

From the definition above, it follows that the set {0} containing only the origin is

a linear subspace of R"™.

Definition A.6. A set S is an affine set of R™ if and only if, for any two points
in S, any point in the (infinite) line passing through the points is contained in the
set. In other words, for any points x1,%xo € S and for any scalar o € R, the point

x = ax; + (1 — a)xq is also in S.

From the definition above, it follows that a set S is an affine set if and only if
S—v={x:Xx=x-v, x € §}is alinear subspace for any vector v in §. In addition,

the set {x} containing only a single point x € R" is an affine set of R".

Definition A.7. For a set S € R", the affine hull of S, aff S, is defined to be the

smallest affine set containing S.
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The affine hull of a set containing only one point in R™ can be defined as the set

itself.

Definition A.8. For a set S, the relative interior of S, riS, is defined to be the
interior of S relative to aft S, the affine hull of S. In other words, for any point x in
1i S, there exists some open ball B(x,r) whose intersection with the affine hull of S

18 contained in S:

Vx €riS, Ir > 0s.t. B(x,r)nafftS C S.

The relative interior of a set containing only a single point x € R" is the set itself,
because the affine hull is the set itself which is contained in any open ball centered
at the point.

The constraints of (2.2) form a polyhedron in R™. The set of all points in and on

the polyhedron is a convex set, and we will minimize convex functions on convex sets.

Definition A.9. A set X is conver if and only if, for any two points x1 and X3 in

X, any convex combination of the two points is also in X .

axy + (1 —a)xe € X, Va € [0, 1]. (A1)

Definition A.10. A function f(x) defined on a convexr domain set X is convex if

and only if, for any two points x; and Xz in X and for any o € [0, 1],

flaxy + (1= a)xs) < aof (x1) + (1 — ) f(x2). (A.2)
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A.2 Properties of Convex Functions

Convex functions have the following property.
Lemma A.1. The sum of convex functions is also convex.
Proof. Let g(x) and h(x) be convex functions, and let f(x) := g(x) + h(x). Now
check whether f(z) satisfies the conditions of Definition A.10.
floxy + (1 — a)xz) = g(ax; + (1 — a)x2) + h(ax; + (1 — a)x;)
< ag(xi) + (1 = a)g(xz) + ah(xy) + (1 — a)h(xz)
= af(x1) + (1 —a)f(x2).
[

Lemma A.2. The objective function f(x) of the CQP standard form (2.2) is convex

if and only if the Hessian matriz is positive semidefinite.

Proof. Let us check the definition of convexity by subtracting the left-hand side from

the right-hand side in (A.2):
af(x1) + (1 —a)f(x2) = flaxi + (1 — a)x;)
= axi Hx; + (1 — a)x; Hxy + ac’x; + (1 — a)c’x,
— (ax; + (1 — a)xz) " H(ax; + (1 — a)xz) — ¢’ (ax; + (1 — a)xy)
= a(l = a)(x1 — x2) " H(x1 — Xa),

from which, since a(1 — «) > 0, and x; and x, are arbitrary, it follows that the

Hessian is positive semidefinite if and only if the objective function is convex. n

110



A.3 Geometric Properties of the Solution Set F,

Lemma A.3. The line segment connecting two arbitrary points x1 and xo in Fp is

parallel to the nullspace of H. In other words, H(x; — x2) = 0.

Proof. Let x; and x5 be two arbitrary points in Fj. Since the objective function is

convex, we know that, Vx € Fp, Vx* € Fp, Va € (0,1}, and for v =x — x*,

fx* 4+ av) = flax+ (1 — a)x¥)
< af(®)+ (1-a)f(x)
— af(x V) + (1 a)f(x")

= af(x"+v) —af(x) + f(x).

Since a > 0 and f(x*) < f(x* 4+ av), it immediately follows that

0 < IEHIZIOD oy v - pixe). (A3)

By taking the limit as @ — 0, we know, from (A.3), that

) S fED)+ VIV < f().

This implies that, since the objective function value is the same at any point in Fp,
for any two points x;, xo € Fp, the directional derivatives from x; toward x, at x;

and from x5 toward x; at x5 are 0, because

fx1) < f(x1) + (x2 — )"V f(x1) < fx2) = f(x1),
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f(x2) < f(x2) + (x1 —x2) TV f(x2) < f(x1) = f(x2).

So we get

(x1 — x2)" (Hx; +¢) =0, (A.4)

(x1 — x2)" (Hxy +¢) = 0. (A.5)
By subtracting (A.5) from (A.4), we get
(x1 — x2) T H(x; — x3) = 0.
Since H is positive semidefinite, it immediately follows that
Hx; = Hxs.
This implies that the claim holds. [

Lemma A.4. F} is conves.

Proof. Let x; and x3 be two arbitrary points in 5. For their convex combination

X = ax; + (1 — a)xa, with a € [0, 1], the objective function value is

f(x) = %xTHx +cf'x
1
= 5)‘(T(oszl + (1 — a)Hxy) + c'x. (A.6)

Since Hx; = Hx, by Lemma A.3, (A.6) can be reduced to

f(x) :%(axl + (1 — a)x2)"Hx; + ac’x; + (1 — a)c’x, (A.7)
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1 1
=« <—X1THX1 + CTX1> +(1—a) (QX’{HXQ + CTXQ) (A8)

2
= (%xlTHxl + ch1> +(1-a) (%X?ng + CTXQ) (A.9)
=af(x1) + (1 —a)f(x2) = f(x1) = f(x2). (A.10)

Since Fp is convex, X is also in Fp. Therefore X is also in F5, which implies that F}

1S convex. O

Proposition A.5. The relative interior of a nonempty convez set C C R" is nonempty

and conve.
Proof. See [Roc72, Chapter 6. O

Lemma A.6. The line segment connecting two arbitrary points in Fp is orthogonal

to c.

Proof. Let x; and x5 be arbitrary two points in F5. Since Hx; = Hx, by Lemma
A.3, from the difference of the objective function values at x; and x5, we can obtain

the following:

0= f(x1)— f(x2) = %XlTHxl +cl'x; — %xgHXQ —cP'x,
= c’'(x; — x2).
This implies that the claim holds. [
Lemma A.3 and A.6 imply that, assuming Fj is nonempty, F5 is a singleton if
the intersection of the nullspace of H and c” is a trivial set {0}, or equivalently if

the columns of [H, c| span R™.
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Lemma A.7. All the points in the relative interior of Fj are associated with the

same active constraints.

Proof. 1t F} is a singleton, then the claim is immediately true. So, in what follows,
we assume F5 is not a singleton. Since F} is not a singleton, there exist at least two
different solutions x; and xs. Let X be a convex combination of x; and x, such that
x = ax; + (1 — a)xg, for some o € (0,1). By Lemma A.4, x is also in F}. For all

in A(x) and for all € (0, 1), it follows that
by =al%x =aa]x; + (1 — a)al x,.
Since al'x; > b; and alxy > b;, it then follows that a’x; = b; and alxy = b;. Thus
A(x) C A(xy) NA(xz).
Now for all 7 € A(x1) N A(xy), it follows that
alx =aalx; + (1 —a)alx, = b,
which yields

A(x1) N A(xs) C A).

Thus A(x) = A(x1) N A(x2).

So, for any two points X and X in the relative interior of ¥}, we can pick two
points x; and x, from Fj so that x and x are in the interior of the line segment
connecting x; and Xp. Since A(X) = A(x1) N A(x2) and A(x) = A(x;) N A(xg), it

follows that A(x) = A(x). O
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Lemma A.8. Assuming that F}, is nonempty, F} is a singleton (i.e, the solution x*

is unique) if and only if, for all x* € F}, the intersection of the nullspace of H and

the nullspace of A s+ is the trivial set {0}.

Proof. First, suppose Fj is not a singleton. Since, in view of Lemma A.4 and Propo-
sition A.5, the relative interior of F3 is nonempty and convex, we can arbitrarily pick
two different points x; and x5 from the relative interior. In view of Lemma A.3, it

follows that

X1 — Xz € N(H). (A.11)

On the other hand, in view of Lemma A.7, it follows that A(x;) = A(xz2) = A",

from which it follows that

A._A*(Xl_xg):bA* —bA* :0 <A12>

Thus, from (A.11) and (A.12), it follows that x; — xo € N(H) N N (A 4). So the
intersection of the two nullspaces is nontrivial.

Now let us show the converse. Let s* and A" be the slack and multiplier variables
associated with the unique solution x* such that the KKT conditions (2.9)-(2.12) are
satisfied at (x*,s*, A*). Suppose that the intersection of the two nullspaces is not {0};

then there exists a nonzero vector v such that,
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Thus, for any scalar «,
H(x" + av) = Hx', (A.13)
A (X" + av) = Ay X" = by, (A.14)

Equation (A.13) implies that H(x* + av) — ATA* + ¢ = 0 and (A.14) implies that
A(x*) € A(x(av)) where X(a) = x* 4+ av. Since A 4(x+)eX* > b gx+)c, there exists a

sufficiently small o > 0 so that

Ay X(@) > bypeye,

which, together with (A.14), implies X € Fp and A(x*) = A(X) for x = X(a). Now
let s = AX — b. Since A(x*) = A(X), 5, = sf = 0 for i € A(x*), and \} = 0 for
i ¢ A(x*), it follows that

51)\: = 0, Vi € A(X*),

51)\: = 0, Vi € A(X*)c.

Thus, the KKT conditions are also satisfied at (X,8,A"), so X € Fp, and F}, is not a

singleton. O]
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Vi

V2 >
V3

(a) The feasible set is unbounded along vy, v (b) The objective function has a recession di-
and vs, i.e., Avy >0, Avy > 0 and Avs > 0. rection v along which the feasible set is un-
bounded. Thus, for any x € Fp, the feasible
level set F5(x) is unbounded along v and no

solution exists.

(¢c) Contours of the objective function are ellip- (d) The feasible set is unbounded along v and
soidal if N'(H) = {0}. So, for any X € Fp, the v € N(H)NN(cT). As a result, F5(X) is un-
feasible level set F5(%) is bounded regardless of ~ bounded along v.

the boundedness of the primal feasible set Fp.

Figure A.1: Geometries of the feasible set and contours of the objective function in a
2 dimensional space. Examples of unboundedness of the primal feasible set, the level

set {x: f(x) < f(x)} of the objective function, and their intersection F5(x).

Now we focus on conditions required for the boundedness of the solution set. We
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first define the feasible level set as

FEx) :={x: f(x) < f(X) and x € Fp}.

The feasible level set is the intersection of the level set {x : f(x) < f(X)} and
the primal feasible set Fp. Assume that Fp is not empty and let X be some strictly
feasible point. If there exists a nonzero vector v such that Av > 0, then the feasible
set Fp is unbounded along v (see Figure A.la). The feasible level set Fj(X) is
unbounded if there exists v € N(H) N N (c”) such that Av > 0. If the objective
function has a recession direction v which coincidentally satisfies Av > 0, no solution
exists (see Figure A.1b).

Let us investigate the level set {x : f(x) < f(X)} in detail. Geometrically, if
N(H) = {0}, then the level set {x : f(x) < f(X)} is ellipsoidal and thus FL(x)
is always bounded (see Figure A.lc). If N(H) # {0} and N (H) N N (c") = {0},
the objective function has a recession direction v € N(H) which is obtained by
expressing —¢ = v + w where w is orthogonal to N(H). Then f(x 4+ av) < f(x)
for any positive scalar a (see Figure A.1b). If N(H) N N (cT) # {0}, then the level
set {x : f(x) < f(x)} is unbounded in the direction of ¥v € N(H) N N (cT) (see
Figure A.1d). In the last case, the objective function may have a recession direction
if N(H) € N(c”). And the recession direction is obtained in the same way as in the

second case.

Lemma A.9. Assume that Fp is nonempty. For any X € Fp, the feasible level set

118



FE(x) is unbounded if and only if there exists a nonzero vector v such that Av > 0,

Hv =0, and c'v <0.

Proof. Let us show that the condition is sufficient. Since Av > 0, it follows, for any

nonnegative scalar «a, that
A(X+ av) > b, (A.15)

which implies that X + av is feasible. In addition, since v is in the nullspace of H, it
follows, for any nonnegative scalar «, that

f(x+av) = %()‘( +av)TH(x + av) + ' (x + av)

1
= x'Hx +c'x + ac’v

2 (A.16)
= f(x) +ac’v

< f(®).
Therefore, by (A.15) and (A.16), F5(x) is unbounded.

Now let us show that the condition is necessary. Suppose that for all nonzero
veRY Av #0, Hv # 0, or ¢’v > 0. We consider what happens if we take a step
from a feasible point x along a direction v. Let L(x) := {x : f(x) < f(x)}. The
feasible level set F5(x) can be expressed as F5(X) = L(x)NFp. This proof will show
that either L(X) or Fp is bounded along v.

First, for any v such that Av # 0, there exists positive a so that A(X+av) # b.

This implies that Fp is bounded along v.
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Second, for any nonzero v such that Hv # 0, since H is positive semidefinite, it

follows that

w =x"Hv + av’Hv +c'v, (A.17)
a
and that

A f(x+av) T

So (A.17) and (A.18) imply that the objective function is strictly convex and goes
to infinity as |a| — oo (see Figure A.2a). Therefore, there exists a > 0 such that
f(x+av) > f(x) and f(x —av) > f(x). This implies that L(xX) is bounded along v
and —v.

Third, for any nonzero v such that ¢’v > 0, Hv = 0, we get
fE+av)=f(%) +ac’v > f(x),
for a > 0 (see Figure A.2b). This implies that the objective function is linear and
increases along v and, thus, L(X) is bounded along v. O
Lemma A.10. Assume that Fp and Fp are nonempty. The feasible level set F5(X)
s bounded for any x € Fp if and only if F} is bounded.

Proof. First consider the sufficiency. Suppose that there exists a point x € Fp, for
which the feasible level set F5(x) is unbounded. Then, it follows from Lemma A.9

that there exists a nonzero vector v such that Av > 0, Hv = 0 and ¢’v = 0. For an
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fX+av)
fX+av)

oV

@ =0 c.y' a 01.:0

(a) For a nonzero v € R", if Hv # 0, the objec-  (b) For a nonzero v € R”, if Hv = 0 and c¢’v >

tive function is a strictly convex quadratic func- 0, the objective function is linear and increases
tion along v. along v.
Figure A.2

optimal solution x* € F}, since f(x*+av) = f(x*) and A(x* +v) = Ax*, it follows
that x* + av € Fp. Thus the primal solution set Fp is unbounded.
Now consider the necessity. If FL(x) is bounded for any x € Fp, then it is

bounded for x € Fp. O
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Appendix B

Convergence Proof for Constraint Reduced Primal Feasible

Affine-Scaling Primal-Dual Interior-Point Method for CQP

The following proofs for global convergence and the local rate of convergence are
adapted from the proofs provided in [TZ94] and [TAW06]. Many parts are identical

to [TAWO06] except for the action of the Hessian matrix.

B.1 Global Convergence Proof

Throughout this section, we use a superscript * to denote a limit point of a sequence,
not necessarily the solution to (2.2). Dependencies among the lemmas, corollary,

propositions, and theorem for the global convergence proof are presented in Figure

B.1.

Lemma B.1. (Corresponds to Lemma 1 of [TAWO06]) For s,N > 0, J(A,s,\) is

nonsingular if and only if
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Lemma 2.3 Lemma B.3

(2.1) Lemma B.1 (2.2)
y
/
Proposition B.2 Proposition B.4
(2.1, 2.2) (2.1, 2.2) ™
Wy
-~
Corollary B.5 Lemma B.6
(2.1, 2.2% (2.1, 2.4)
Lemma B.8 / Lemma B.7
(2.1-2.4) (2.1-2.4)
Lemma B.9 - J

é (2.1-2.4)

—

Lemma B.11 Lemma B.10 <—J J

-

(2.1-2.4) (2.1-2.4)
Lemma B.12
(2.1-2.4)
Lemma B.13 Lemma B.14 Theorem 2.4 )
(2.1-2.4) (2.1-2.4) (2.1-2.4)

N J

Figure B.1: Diagram for global convergence proof. Numbers in parentheses denote

assumptions which each lemma, proposition, corollary, and theorem requires. Be-
cause Proposition B.2 guarantees the Algorithm 1 to generate an infinite sequence, it
supports all other Lemmas, Propositions, Corollaries and Theorems. Since drawing
all the outgoing arrows from Proposition B.2 may complicate this figure, we omit

them.
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(1) Vie M :s;+ X\ >0,
(it) Rows of Ays,—0y are linearly independent,
(4i1) Aginz0p and H share a trivial nullspace {0}, i.e.,

{x:Apx0x=0}N{x:Hx =0} = {0}. (B.1)

Proof. Suppose the three conditions hold. Let (u”, v, wT)T be in the nullspace of

J(A,s,A). Then it holds that

Hu - ATw =0, (B.2)
Au—-v =0, (B.3)
Av + Sw = 0. (B.4)
Multiplying u’ to (B.2) yields
u"Hu —u’A"w =0, (B.5)

which, by (B.3) and the positive semidefiniteness of H, yields

viw =u"Hu > 0. (B.6)
By (B.4), for all ¢ with A; > 0,
v; = —i—iwz (B.7)
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By (i), for all i with \; = 0, we have s; > 0. By (B.4), this leads to s;w; = 0 so
w; =0, fori: A\, =0. (B.8)

Thus, from (B.6), (B.7), (B.8), and non-negativity of s and A, it follows that

OSuTHu:va:Zviwi—i—wai:Zviwi— Z—w <0, (B.9)

i:)\i7é0 i:)\i:() il)\i750 [N )\ 750
so the all expressions in (B.9) vanish. In particular, again using the positive semidef-

initeness of H,
Hu =0, (B.10)

and, using again (B.6) and nonnegativity of s and A,

S,

Ai

v; = = 0 for all 7 such that \; > 0. (B.11)
Together with (B.2), (B.10) leads to

ATw =0, (B.12)
and, by (B.11), it follows that

Av =0, (B.13)

from which it immediately follows, by (B.4), that

Sw = 0. (B.14)
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Now (B.14) yields
w; = 0 for all ¢ such that s; # 0, (B.15)

which, together with (B.12), yields

{i:8;#0} {i:s;,=0} {i:s;=0}

Since the rows of Ay;.s,—gy are assumed to be linearly independent, (B.15) and (B.16)

yield w = 0. Now (B.3) and (B.13) yield

AAu =0. (B.17)

It then naturally follows that
Afinz0y Aginzopu =0, (B.18)
A{i:)\ﬁéo}u =0. <B19)

Since the intersection of the nullspace of Ay;y,20y and the nullspace of H is {0},
u = 0 by (B.10) and (B.19). Now it’s a direct consequence of (B.3) that v = 0. So
the zero vector is the only solution to (B.2)-(B.4), which implies that J(A,s,A) is
nonsingular.

Now let us prove necessity. Inspecting the last m rows of J(A,s,A) shows that
the first condition is necessary in order for J(A,s,A) to be nonsingular. Inspecting
the last m columns shows that the second condition is necessary. Suppose the last

condition doesn’t hold. Then there must exist a nonzero vector u which satisfies
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both A;x,20pu = 0 and Hu = 0. Now let w := 0 and v := Au, then vy;y,20p =
Agiy+0pu = 0 by the construction of u, from which it immediately follows that
Av = 0. Therefore (B.2)-(B.4) are satisfied with this configuration. Since u # 0,

this implies that J(A,s,A) is singular and, thus, a contradiction. O

For the following propositions, lemmas, corollaries, and theorems, unless explicitly
stated, it is assumed that Assumptions 2.1, 2.2, 2.3, and 2.4 hold, although some of

the earlier results do not require all of them.

Proposition B.2. (Corresponds to Proposition 3 of [TAWO06]) The points generated

by the iteration of Algorithm 1 satisfy:

(1) Ax" # 0 iff Hx* + ¢ # 0,
(i1) o > 0,
(ii7) "™ = Ax" —b > 0 and X" € FP,

(iv) A" > 0.

Proof. The first claim is a direct consequence of Lemma 2.3 and (2.39). The second
and the third claims are true due to (2.34), (2.48), (2.49), and (2.50). The fourth is
true due to (2.51); specifically, ||Ax*||? + H7~\1i|\2 >0, A > 0, Amax > 0, and A is taken

only when 0 < min{[[Ax*[|2 + [|A” 2, A} < A < A O
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From the initial point which is strictly primal feasible with A positive, the algo-
rithm generates the next point which is also strictly primal feasible with A positive.
Hence the iteration can be repeated. In other words, the sequence generated by Al-
gorithm 1 is well defined and valid so that the interior-point method can generate
infinite sequence of points unless a point x* such that Hx* 4+ ¢ = 0 is found, in which
case x”* is the solution of the unconstrained problem and also in F%. In the sequel it

is assumed that Algorithm 1 generates an infinite sequence of primal-dual points.

Lemma B.3. For any x € 3, ¢ > n, Q € Q(Ax — b, q) and for every A and Ax
generated by Algorithm 1, XSAQAX < 0, where the equality holds only when 5\2 =0

and AgAx = 0.
Proof. From the definition of A and (2.34), we know that
ngQAX = XZASQ
From (2.35), the above equation continues to
1T 3T —1 3T —1x
)\QASQ = —AQSQQAQQ (7\@ + A?\Q) = —AQSQ2AQ2?\Q < 0.

since Sg2 and Ag: are diagonal and positive definite. Since Ag2 and Sg2 are non-
singular, the equality holds only if 7~\Q = 0. In view of (2.35), Asg = 0 if and
only if Ag = 0. Therefore, from (2.34), we conclude that AgAx = 0 if and only if

Ao = 0. 0O

As a first step in the proof of global convergence, we show that the objective

function decreases monotonically on the sequence of points generated by Algorithm 1.
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Proposition B.4. (Corresponds to Lemma 4 of [TAW06]) If Ax # 0, then

(i) f(x+4 alAx) < f(x) for all a € (0,2),
(i1) Lf(x+alx) <0 forall0< o<1,
(171) f(x+ aAx) < f(x+ aAx) for all a and a such that 0 < a < a < 1.

Proof. Since f is quadratic, f(x 4+ aAx) can be exactly expressed by the 2" order

Taylor expansion
f(x+alAx) = f(x) + aVf(x)"Ax + %&2AXTHAX
= f(x) + aAx" (Hx +c) + %CVQAXTHAX
= f(x) + aAx" (-HAX + A@i@) + %aQAXTHAX (by (2.36))
= f(x) —a(l — %a)AxTHAX +aAx"ADAq. (B.20)

By Lemma B.3, AXTASXQ is nonpositive and, since H is positive semidefinite, so is
—AxTHAx. By Assumption 2.1 and Lemma B.3, they cannot be zero at the same
time unless Ax = 0. Since o and 1 — § are both positive when a € (0,2), the first
claim holds.

Now let us consider the second claim. From (B.20) we derive

%f(x + alAx) = —(1 — o) Ax"HAX + i\gAQAx. (B.21)

Since —(1 — a) < 0 for all 0 < v < 1, the claim does hold.
Let us consider the third claim. Since - f(x+aAx) < 0for 0 < a < 1, f(x+aAx)

strictly decreases with respect to o € [0,1]. Then the claim immediately follows. [
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Corollary B.5. (Corresponds to Corollary of Proposition 3.1 [TZ9/]]) The sequence

x*Y is bounded.
{x"}

Proof. Since, in view of Assumption 2.3, F} is bounded, the level set {x € Fp :
f(x) < f(x°)} is bounded (Lemma A.10). As f(x*) decreases monotonically by

Proposition B.4, the claim holds. O

A point x is said to be stationary for (2.2) if it satisfies the KKT conditions

without nonnegativity constraints on A, i.e.,

Hx +c—A"A =0, (B.22)
Ax —b—-s=0, (B.23)
SA =0, (B.24)

s> 0. (B.25)

A stationary point x is a solution to (2.2) if all the components of its associated
multiplier vector A are nonnegative.

We proceed by showing that the sequence generated by Algorithm 1 approaches
the set of stationary points. In the following lemma, it will be shown that, if the
sequence converges to some point, the limit point is stationary and the sequence of

modified Newton steps {Ax*} converges to 0.

Lemma B.6. (Corresponds to Lemma 3.5 of [WNTO07]) Suppose that {x*} — x*
on an infinite index set K and q* > n. Then there exists k' such that A(x*) C Q*

for all Q* € Q(AX* — b, ¢*) for allk € K and k > k.
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Proof. Under Assumption 2.4, it follows that |A(x*)| < n. Since ¢* > n and {x*} —

x* on K, the claim does hold by the definition of Q(Ax* — b, ¢*) (2.41). O

In Step 2 of Algorithm 1, by replacing As in (2.35) with (2.34), we can rewrite

(2.35) as
A= (S TAFAAXE, (B.26)
or equivalently
- PV
A= —"Lal Ax". (B.27)
S’

(2

We use this modified form in the following lemmas.

Lemma B.7. (Corresponds to Lemma 6 of [TAWO06]) Suppose {x*} converges to

some point xX* on an infinite index set K. If {Ax*} converges to zero on K, then x*
~k

is stationary and {N"} converges on K to N*, which is the unique multiplier associated

with x*.

Proof. Suppose {Ax*} — 0as k — 0o, k € K. Since {A*} is bounded by construction
of Algorithm 1 and {s¥} is bounded away from 0 for i ¢ A(x*), it follows from (B.27)

that
Vie Ax*), {MNY =0, ask— o0, ke K. (B.28)

We have shown the convergence of ?\Z(X*)c on K so far.
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Now we need to show the convergence of A4x+). At iteration k, the system of

equations (2.36) can be written as
Hx* + ¢ — ALAg: = —HAX, (B.29)

By Lemma B.6, there exists &' such that A(x*) C Q* for k > k' and k € K. Then,
since {x*} converges to x* on K and {Ax*} converges to zero on K (by assumption),

the equations (B.28) and (B.29) yield
Hx* + ¢ — Al Mgy — 0 as k — oo, k € K. (B.30)

Since the rows of A 4+) are linearly independent by Assumption 2.4, in view of
(B.28), there exists a unique A" to which {7~\k} converges on K. By taking limits in
(B.26), (B.28), and (B.30) and by using boundedness of {A*} due to construction of

Algorithm 1, it follows that

Hx* +c— ATA" =0, (B.31)

S*A* = 0. (B.32)
This implies that x* is stationary with the unique associated multiplier vector A*. [J

Lemma B.8. (Corresponds to Lemma 7 of [TAWO06]) Let K be an infinite index set

such that
mf{ A2 + A2 ke K} > 0.

Then {Ax*} — 0 ask — 00, k€ K.
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Proof. By contradiction. Suppose not. First, by (2.51) and by the condition that
inf{||Ax"L||2 + Hf\]flw : k € K} is greater than 0 (by the assumption on K), ¥
(i € M) is bounded away from zero on K. Since {x*} (by Corollary B.5) and {A*} (by
construction) are bounded, we may conclude that there is a convergent subsequence
{x*} and {A*}. So there exists some infinite index set K’ C K, a point (x*, A*), and
an index set (Q* such that

inf A > 0

{(x*} - x"ask — o0, k€ K',

(B.33)
(A} =N >0ask — o0, ke K/,

and
Q" =Q* Vke K.

By Assumptions 2.1 and 2.4 and the fact that A* > 0, Lemma B.1 tells us that
J(Agq-, 80+, Ay+) is nonsingular. It then follows from (2.36)-(2.38) and continuity of

J(Ag-, 80+, Ag+) with respect to sg- and Ag- that, for some Ax* # 0 and 5\*,

{AxF} — Ax*, as k — oo, k € K/, (B.34)
Ay} — A, as k — oo, k € K. (B.35)
Define s* := Ax* — b. Since s* = Ax" — b and {x*} — x* on K’, we know that

{s*¥} — s* on K’ and s* > 0 by construction of Algorithm 1. In addition, since
Q" = Q% € Q(Ax*F — b, ¢") for all k € K’ with ¢* > n, it follows from Lemma B.6

that A(x*) C Q*. Therefore s¥ is bounded away from zero for k € K', i ¢ Q*.
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Therefore, since {Ax*} — Ax* as k — oo and since s¥ is bounded away from zero

for i ¢ Q" on K', we know from (B.27) that
Vid¢ QF, {M}—XNask— oo, ke K. (B.36)
It then immediately follows from (B.35) and (B.36) that
{7~\k} — A ask — oo, ke K, (B.37)

implying {Xk} is bounded on K’.

Up to this point we have shown that {Ax*} — Ax* and {i\k} — A as k — oo on
K’. With these facts, we will show that f(x*) — oo as k — oo on K’, contradicting
Corollary B.5. For this we will first show that o* is bounded below on K’. Indeed,

using (B.27), we can restate (2.47) as

00 if A <0,

ar = (B.38)

. k Ak N . .
min; { —;—;? = 5t | st A >0,1€ M} otherwise.

7

Since {Xk} is bounded, and each {\*} is bounded away from zero for k € K’, it
follows that @* is bounded away from zero on K’ and, since o > na* by (2.48), so is
aF. That is, there exists a > 0 such that o* > a Vk € K'.

We now combine the lower bound on o with the monotonicity of the objective
function we showed in Proposition B.4. From the second and third claim of Proposi-

tion B.4 (and the expansion of f(x*+aAx*) similar to (B.20)) it immediately follows,
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since a* > o > 0 and o* <1 on K’, that

f(x" 4+ oFAXF) < f(xF + aAX?)
(B.39)

= f(x") —a(l - %Q)AkaHAXk + QXZI;AQkAXk.
Our focus from now is showing that a(1 — o) Ax* HAXF — g?N\IZ;;AQkAXk is
bounded below on K’, which immediately implies that f(x*) — —oo on K’, since by
Proposition B.4 {f(x*)} is monotonically decreasing. Taking limits in (2.37)-(2.38)

on K’ yields
SZQ*QX*Q* = AL AgAx" ask — o0, k € K. (B.40)

So, since A* > 0 by (B.33) and s* > 0, we know that S*ng\;* >0 and Ag-Ax* < 0.
So, for i € Q*, it follows that al Ax* < 0 if al Ax* # 0. Thus we know that
Ay AgAx = 0. MaTAx* < 0 if Ag-Ax* # 0. From this, since A'(Ag-) N
N(H) = {0} under Assumption 2.1 and H is positive semidefinite, we conclude
that Ax*"HAx* > 0 or —XZ)T;AQ*AX* > 0 , similarly to Lemma B.3. So, since
AXMTHAX! — AxTHAX" and —AgiAgeAxt — —A. Ag Ax* as k — oo on K’

and 0 < a < 1, there exists § > 0 such that, for large enough k € K’,
1 — L0)AXFTHAXY — oA Ag- Axt > 6 B.41
a(l - ja)Ax X" — alg-Ag-Ax" > 6. (B.41)

Since f(x*) is monotonic decreasing by Proposition B.4, (B.39) yields that for

some large k'

FOFY < f(xF) =6, Vb > K and k € K, (B.42)
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which implies that f(x¥) — —oo as k — oo. This contradicts the boundedness of

{x"}. O

Lemma B.9. (Corresponds to Lemma 8 of [TAW06]) Suppose {x*} is bounded away

from F3 on some infinite index set K. Then {Ax*} goes to 0 on K.

Proof. By contradiction. Suppose {Ax*} does not converge to zero as k — oo, k € K.

By Lemma B.8, there exists an infinite index set K’ C K such that

AxF! -0, as k — o0, k € K, (B.43)

AT 0, ask — o0, ke K. (B.44)

Since, in view of Corollary B.5, {x*} is bounded and, by the assumption, bounded
away from Fj on K’, without loss of generality, we can assume that {x*} — x* for
some x* ¢ Fp as k — oo, k € K. Since [|x* — x*7Y| = [ TAXFL|| < ||AXFTY,
it follows that {x*"1} — x* as k — oo, k € K’. This implies, by Lemma B.7, that
x* is stationary and {f\k_l} — A" as k — oo, k € K’', where A" is the corresponding
multiplier vector. Since 7~\]i_1 = min{i\k_l, 0}, it follows from (B.44) that A* > 0, thus

x* € Fp, a contradiction. ]
We proceed by showing that {x*} approaches the set of stationary points.

Proposition B.10. (Corresponds to Lemma 9 of [TAW06]) {x*} approaches the set
of stationary points of (2.2), i.e., for any € > 0 there exists k' so that x* is e-close to

a stationary point for k > k’.
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Proof. By contradiction. Suppose not. Then, since {x*} is bounded in view of
Corollary B.5, there exists some infinite index set K and some non-stationary x*
such that x* — x* as k — 00, k € K. By Lemma B.7, thus, there exists an infinite

index set K’ C K such that inf,eg ||[Ax*|| > 0, and this contradicts Lemma B.9. [

Now we are about to show that {x*} converges to Fp, the solution set to (2.2).

For showing this we define a set of all limit points of {x*}:

L := {x : x is a limit point of {x"}}.

We will show that all the points in L are associated with the same multipliers in
Lemma B.14. By Lemma B.10, L is a subset of the set of stationary points implying
every x € L is a stationary point of (2.2). Since {x*} is bounded, so is L. Thus, as
a limit set, it is closed and, thus, compact. The following lemmas help in proving

Lemma B.14.

Lemma B.11. (Corresponds to Lemma A.5 under Lemma 3.6 of [TZ94]) If {x*} is

bounded away from Fp, then L is connected.

Proof. By contradiction. Suppose not. Since L is compact, there must exist nonempty
sets D, E C R" such that L = DUE, DNE = DNE = (), where D is the closure of D.
Since L is compact, D and E must be compact. Thus ¢ := mingep xeg||x —x'|| > 0.
By Lemma B.10 the entire sequence {x*} converges to L. A simple contradic-

tion argument using the fact that {x*} is bounded shows that, for k large enough,
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minyey, [|[x* —x|| < 46/3, i.e., either minygep [|x* —x|| < /3 or minyep ||x* —x|| < 46/3.
Moreover, since both D and E are nonempty (i.e., contain limit points of {xx}), each
of these situations occurs infinitely many times. Thus K := {k : minyep [|x* — x|| <
§/3, minyep ||[x*1 — x|| < §/3} is an infinite index set and ||Ax*|| > §/3 > 0 for all
k € K. On the other hand since {x*}rcx is bounded and bounded away from F, it

has some limit point x* ¢ F5. In view of Lemma B.9, this is a contradiction. [

Lemma B.12. (Corresponds to Lemma A.3 under Lemma 3.6 of [TZ94]) Let x,x’ €
L be such that A(x) = A(x'). Then H(x —x') = 0.
Proof. Let A* := A(x) = A(2'). Since both x and x" are limit points of {x*}, they

are stationary by Lemma B.10. Thus it follows that

Hx+c— Z)\iaizﬂ,
1€A*

Hx'+c— ) Na; =0,

1EA*
which implies that, for all a € (0,1),
Hx, +c— Z Apidi =0, (B.45)
i€ A*

where x, := (1 —a)x+ax/, A, := (1 —a)A+aX. Now a/ (x' —x) = 0 for all i € A*

which, together with (B.45), implies that
(x' —x)T(Hx, +c¢) =0, Ya € (0,1).
Since x, = x + a(x' — x), we get, for all a € (0, 1),

0= (x—x)"(Hx + aH(x' —x) +¢)
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= —x)"(Hx +¢) + a(x — x)"H(x¥ —x).
Thus (x’' —x)TH(x' —x) = 0. Since H is positive semi-definite, the claim follows. [

Lemma B.13. (Corresponds to Lemma A.4 under Lemma 5.6 of [TZ94]) If {x*} is

bounded away from Fj, then for all x,x" € L, H(x' —x) = 0.

Proof. Since there are only finitely many possible combinations of binding constraints,
in view of Lemma B.12, L is a finite union of affine sets of the form LN (x + N (H))
with x € L.

Suppose that there are N such distinct affine sets A; which are in the form L N
(x + N(H)) with x € L. Then L = UY  A;. Notice each A; is a subset of an affine
subspace £;+N (H) for £; € A;. So, for any distinct 7, j € {1,..., N}, A; and A, liec on
either the same affine subspace (¢; + N (H) = £; + N (H)) or parallel affine subspaces
(£ + N(H) # £; + N(H)). However, since L is connected in view of Lemma B.11
and there are finitely many A;’s, they can not lie on distinct parallel affine subspaces.
Therefore all A;’s lie on the same affine subspace which is parallel to N (H). This

proves the claim. O

Lemma B.14. (Corresponds to Lemma 3.6 of [TZ94]) Suppose {x*} is bounded away
from Fp. Let x*,x* € L. Let A and A" be the associated multiplier vectors. Then

/

A=A

Proof. In view of Lemma B.10, all points in L are stationary points of (2.2). Given

any x € L, let A(x) be the multiplier vector associated with x and let B(x) be the
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index set of “binding” constraints at x, i.e.,
B(x):={i e M : \(x) # 0}. (B.46)

We first claim that, if x,x” € L are such that B(x) = B(x'), then A(x) = A(X').

Indeed, in view of (B.22), it follows from Lemma B.11 and Lemma B.13 that

> Nxal = ) A(x)al
)

JjEB(X) JEB(x

Then the claim follows from linear independence of {a] : j € A(x)} under Assump-
tion 2.4 and from the fact that B(x) C A(x).

To conclude the proof, we show that, for any x,x’ € L, B(x) = B(x'). Let x € L
be arbitrary, and let D := {x € L : B(x) = B(X)} and E := {x € L : B(x) # B(x)}.
We show that both D and E are closed. Let {y'} C L be a sequence converging to
some point X such that B(y') = B for all [ and for some B. Notice, since L is closed,
% € L. It follows from the first part of this proof that all y' are associated with
some common multiplier A, i.e., A(y') = A. Due to the complementarity condition of
stationary points, it follows that s;(y') := aly’ — b; = 0 for all I and for all j such
that \; # 0. Since {y'} —= %, we know that s;(x) := alx —b; = 0 for all j such that
Aj # 0. This means that B C A(x). Since Hy' = Hx for any [ (due to Lemma B.13),

we know from (B.22) that

Y Na] =Hy'+c=Hx+c= )  N(X)a], vl
JEB JEA(X)

Therefore, from linear independence of active constraints under Assumption 2.4, we

can conclude that x is also associated with the common multiplier A, i.e., A(x) = A.
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Thus, if {y'} € D, then x € D. Likewise, if {y'} C E, then x € E. Therefore
both D and E are closed. Since D contains at least X, meaning that it is not empty,
connectedness of L by Lemma B.11 implies that E is empty (otherwise D N E # ().

Thus all points in L are associated with the same multiplier. O
We are now ready to prove that {x"} converges to Fp.

Proof of Theorem 2.4. By contradiction. Suppose that some limit point of {x*} is
not in F5. Since f(x*) monotonically decreases in view of Proposition B.4 and since
x* € Fp, f takes on the same value at all limit points of {x*}. So {x*} is bounded
away from Fj. In view of Lemma B.9, {Ax} — 0. Let A* be the common multiplier
vector associated with all limit points of {x*} (see Lemma B.14). Lemma B.7 then
implies that {i\k} — A" Since {x*} is bounded away from F}, it follows that
A" # 0. Let ig € M be such that A} < 0. So S\fo < 0 for all k£ large enough. Since
Asf = al Ax by (2.35), we know from (B.27) that As} = —()\fo)_lsfo;\fo. It then
follows that Asfo > 0, since A >0 and s¥ > 0 by construction of Algorithm 1. Due

k+1

to the strict feasibility of x*, a > 0. Since s**! = s* + aAs*, for k large enough,

0 < 85, (x") < 55 (xFT1) < -+

On the other hand, in view of Lemma B.10, since all the limit points are stationary,
we know that s} = 0 for iy such that A} < 0. Therefore {s} } converges to zero as

x* converges to some point. This is a contradiction. L]
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Lemma B.6

(2.1, 2.4)
L B.7 L B.8
Lemma B.15 Lemma B.1 ?;nir_l; 4) ?;nir_lg 4)
Lemma B.16 Lemma B.17 4Lemma B.19
(2.1,2.4,2.6) (2.1-2.6) ropost j‘m ' (2.1-2.6)
(2.1-2.6)

Figure B.2: Diagram for local convergence rate proof. Numbers in parentheses denote

assumptions which each lemma, proposition, and theorem requires.

B.2 Local Rate of Convergence

In this section, we will show that, under Assumptions 2.1-2.6, {x*, 7\'“} converges to
the primal-dual solution {x*, A"} g-quadratically. Figure B.2 illustrates the relations
among the lemmas, proposition, and theorem in proving local convergence rate. For

the following lemmas, propositions and theorems, suppose Assumptions 2.1-2.6 hold.

Lemma B.15. (Corresponds to Lemma 1 of [TAW06]) Jo(A,s,N) in (2.32) is non-

singular if and only if J(A,s,N) is nonsingular.

Proof. Assume that J,(A,s,A) is singular. Then there exists a nonzero vector [u?, w?]T #

0 such that

Hu - ATw =0, (B.47)
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AAu+ Sw = 0. (B.48)

Now let v := Au, then it immediately follows from (B.48) that

Av +Sw =0, (B.49)

which implies that J(A,s,A) is also singular since [u?, v?, wl] # 0.
Now assume that J(A,s,A) is singular. Then there exists a nonzero vector

[u?, v, wT]T # 0 such that

Hu - ATw =0, (B.50)
Au—-v =0, (B.51)
Av + Sw = 0. (B.52)

Then u and w naturally satisfy (B.47) and (B.48). If u = 0 and w = 0 at the
same time, then v is also a zero vector, a contradiction. Thus J,(A,s,A) is also

singular. O

From here on, we denote by x* the optimal solution to (2.2) (By Assumption 2.5,
it exists and is unique) and by A* its associated Lagrange multiplier. We define

s* .= Ax* — b.

Lemma B.16. (Corresponds to Lemma 13 of [TAW06]) If A(x*) C Q then J(Ag,s5H, Ap)

and Jo(Aq,sh, Ag) are nonsingular.
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Proof. Let us verify the assumptions of Lemma B.1. First, s, + A > 0 due to strict
complementarity Assumption 2.6. Second, the rows of A 4+ are linearly independent
by Assumption 2.4, and sf = 0 for i € A(x*) C @ and s} > 0 for i ¢ A(x*). Third,
A 4x+) and H share the trivial nullspace due to Assumptions 2.5 and 2.6 which implies
that {j : A} # 0} = A(x*). Thus the conclusion follows from Lemmas B.1 and

B.15. [l
Lemma B.17. (Corresponds to Lemma 14 of [TAW06]) Under our assumptions,

(i) {Ax*} >0,

. sk *

(i) {A} =A%,
(#11) If X' < Amax for alli € M, then {A*} — A*.
Proof. Since {x*} — x* (Theorem 2.4), the first claim immediately follows. The
second claim follows by Lemma B.7 and the third claim by (2.51). O

The g-quadratic convergence will be shown using the following property of New-

ton’s method, which is adapted from Proposition 3.10 of [TZ94].

Proposition B.18. (Corresponds to Proposition 3.10 of [TZ94]) Let ¥ : R — R"
be twice continuously differentiable and let t* € R™ be a zero of ¥, i.e., ¥(t*) = 0.
Suppose there exists € > 0 such that %—\f(t) is nonsingular for all t € B(S,¢) =

{t : ||t — t*|| < €}. Define ANt to be the Newton increment at t, i.e., ANt =
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—(22(t))"'W(t). Then, given any c > 0, for all t € B(t*,€), if tT € R" satisfies, for

each i € {1,...,n}, either
(i) [ =] < c[ANe]?
or
(1) [t — (t; + AVE)] < c[|AN]?,
then there exists v > 0 such that

ItF —t*| < vt —t*|> (B.53)

Proof. See [TZ794]. O

To use this proposition, we write the first three conditions of the KKT system

(2.9)-(2.11) as ¥(x,A) = 0, where

Hx — ATA + ¢
U(x,A) = . (B.54)
A(Ax —b)
Then (2.30) is equivalent to the Newton direction for the solution of ¥(x,A) = 0, and

Jo(A, Ax — b, A) is the Jacobian of ¥(x,A). In other words,

H -AT ANx —Hx —c+ ATA
— . (B.55)

AA S ANA —As
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Although the direction generated by Algorithm 1 is not the same as the Newton

direction ANt of ¥, Lemma B.19 will relate the two directions.

We use t to denote the vector containing both x and A, i.e., t¥ = [x*T, AM]T.
Also, we define a strictly feasible set E° for U:
E°:={t:x e Fp, A>0}. (B.56)

Hence, E°NB(t*, €) denotes the set of strictly feasible points in a ball around t*. Given
t € E° and Q € Q(Ax — b, q), At := [Ax”, AAT]” denotes the composite direction
at t generated by Algorithm 1. Superscript + is attached to denote the quantities of
the next iteration. We denote by [AY x', AN ?\T]T = ANt the decomposed Newton

direction for ¥ at t.

Lemma B.19. (Corresponds to Lemma 16 of [TAW06].) Let € be such that, for all
t € E°NB(t*€) and for all Q € Q(Ax — b, q), Ju(Ag, Agx — b, Ag) is nonsingular
and Agex > bge. Then there exists a positive constant § such that, for all t €

E° N B(t* €) and for any Q € Q(Ax — b, q),

1At — AN < g]lt — t][|AM¢].

Proof. Let t := (x,AT)T and let s := Ax — b. By applying block elimination to the
reduced Newton system (2.36)-(2.38), we can obtain an augmented reduced system:
H —Ag Ax —Hx —c¢ + Ag)\Q

= . (B.57)
AQ2 AQ SQ2 A}\Q —AQ2 SQ
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The Newton direction ANt for (B.54) satisfies (B.55). With a simple rearrange-

ment of (B.55), we obtain

H —Ag —Agc ANx —Hx —c+ ATA
ApAy Sg 0 AMrg | = —Agesg - (B.38)
AQc2 AQC O SQC2 ANAQC _AQC2 SQC

Multiplying AQCSCS;}2 to the third block row, adding the multiplied third block row to

the first block row, and then eliminating AV Age from the system of equations above

lead to
= . (B.59)
Ag2Aq Se> | | A —Agesq

Since (B.57) and (B.59) have the same right-hand side, equating the left hand side of

(B.59) and (B.57) yields

Ax — ANx AchéiQ Ag2Age 0 ANx
Ja(AQ,AQX—bQ,AQ) =
AXg — ANAg 0 0 ANAg
(B.60)

Then the nonsingularity of J,(Ag, Agx — bg,Ag) (by the assumption) leads to

Ax — AVx B AgCSC;QAQCzAQC 0 ANx
= Ja(AQ, AQX — bQ, )\Q)
AXg — ANAg 0 0 ANAg
(B.61)
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Since A(x*) N Q° = 0, in view of strict complementarity, Ag. = 0 and A*QC2 = 0.

So, there exists some positive constant ¢y independent of t such that
[Agez|] = [[Age2 — Al < col|Age — Agell < collt — 7. (B.62)

By taking the norm of both sides of (B.61) and by using (B.62), we obtain

Ax — ANx
(B.63)
Ahg — AVAg
ANx
< collJa(Aq, Agx — b, M) [ AG [II1S ez 1| Age ]It — ¢

In addition, it follows from (B.57) and (B.58), by taking Q° components of ANA and

AA, that

ANge — ANMAge = —S7!

QCQAQCQAQC(AX — AMx). (B.64)

Then taking the norm yields, due to (B.62),

|Ax — ANx]. (B.65)

1AAGe — AMAge|| < collSgeallllt — 71| Age

Finally, for t € E°N B(t*, ¢) and a fixed Q, since J,(Ag, Agx —bg, Ag) and S

-1

ge2ll are bounded

are nonsingular and continuous, ||J,(Ag, Agx —bg, Ag) || and ||S
above. In addition, since the number of possible candidates for () and Q¢ is finite,

1Ja(Ag, Agx—bg,Ag) M|, IS .

o2 and ||AL.

) HAQC

are bounded above for any Q).
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So, for some positive constant ¢; independent of t, we can derive from (B.63)

Ax — AVx ANx
< e[t — t7| <t —t*] [[ANE]]. (B.66)

AN — AN AN

Moreover, since t is bounded, there exist some positive constants ¢, and c3 indepen-

dent of t such that, by (B.65) and (B.66),

|AANGe — AN?\QC < oot — t7]|||Ax — AVx||
Ax — ANx
< oof[t — t7
AAg — AN (B.67)

< et — )7 || AN |
< et — t*|| || AN ]|
Therefore combining (B.66) and (B.67) using the fact that ||[xT, x2]7|| < ||x1|| +

||x2|| proves the claim. O
We now establish the g-quadratic rate of convergence.

Proof of Theorem 2.5. We confine our interest to t strictly feasible and close enough
to t* to make use of Lemma B.19. So we assume t exists inside a ball of radii
e: ||t —t*|| < e. We are interested in taking one step from t to t* according to
Algorithm 1. Note that we will frequently use strict complementarity Assumption 2.6
and the triangle inequality ||[v 4+ u|| < ||v|| + |Ju|| for any same dimensional vectors
u and v. Also notice [[ul] < [[(u”,w")"[|, (Jlull + [[w])* < 2(|luf* + [[w]*), and

|u;| < ||u|| for any vectors u and w and for any p-norm (p =1,2,...,00).
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Let s := Ax — b and s* := Ax* — b. Let @ be fixed and A(x*) C Q. Then by
the strict complementarity Assumption 2.6, it follows that S*QQAE = 0 and Ay = 0.
Since Hx* +c¢ = ATA* by the first KKT condition (2.9), it follows from the definition

of J (2.32) that

0 —Hx* —¢
J(Ag,s5,A0) | 0 | = 0
R I

Also we know from (2.32) and (2.36)-(2.38) that

Ax —-Hx - ¢
J(AQ7 SQa AQ) ASQ = 0
Ao 0

So J(Ag,sg,Ag) is continuous and nonsingular (due to Lemma B.1 under Assump-
tion 2.1), J(Ag,sp,Ay) is nonsingular (by Lemma B.16), —Hx — ¢ is continuous,

Sgc — SGe > 0 as t — t*, s and A are strictly complementary, and

Age = =SghAgeAgeAx
by (B.26). It follows that
Ax —0ast —t* (B.68)
A— Aast — t*. (B.69)

Notice this holds for any @ O A(x*).
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Now we will first investigate components of A for i € A(x*). Note that for t
strictly feasible and close enough to t*, we can assume, without loss of generality,
that A(x*) C @ € Q(Ax — b,q) for ¢ > n. So, since ?N\A(x*) — Ay > 0 and
i\A(x*)C — Ay = 0 as t — t* by strict complementarity, it holds, by (2.46),
that (A_); = min(0,);) = 0 for i € A(x*) and for t close enough to t*, and that
(A_); = min(0, \;) — 0 for i € A(x*)° as t — t*. From this, we know, for t strictly

feasible and close enough to t*, that
|AX]|2 + [[A_|]2 < A, Vi € A(xY). (B.70)
Since \f < Apax, it follows from (B.70) and the update rule (2.51) that
M) = M) = M) + AN ager), (B.71)
which results in
Moy — ey + AN A i) = Ay = AN Ay (B.72)

By Lemma B.19, thus, (B.72) yields

A i) = Pagery + AMA )| = AN Ay = AV A )

< | At — ANg| (B.73)
<&t -t 1AM

This leads to

||7\A(x* — ANax) jl(x* (Aa(x +A Aaxy) + (Aas +A Ay = M)
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<A ey = Aagery + AN A e+ Ay + A A ey = Nl

< &t — Y IAYE] + [Aape) + A Aupe) = Nyer)

. (B.74)

Here, let t* := t + ANt. Then, since | — (t; + AVt;)| = 0 < ||ANt|, in view of

Proposition B.18, we know that, for some positive constant ¢; independent of t,
[ =t < crllt — )12 (B.75)
which immediately yields

<t -t < erllt— ¢

N * s+ *
Ay + AN 46y = ANy I = 1A 4y — M)

(B.76)

So (B.74) and (B.76) result in, for ¢y = max(¢, ¢;) independent of t,
A ) = Mg || < callt =t IAYE] + cof|t — ¢, (B.77)

From this point, we will closely look at the other components of A, AT and A*,
ie. i¢ A(x*). Since \; — 0, i — 0, A\; — 0 and Ax — 0 as t — t*, it holds from

the dual update rule (2.51), for t strictly feasible and close enough to t*, that either
M =N+ ANEN) (B.78)
or,

A= 11Ax]? + A (B.79)
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Here the first case (B.78) again yields, as we did for (B.71),
A= AT < callt — €I AYE] + eof|t — £, (B.80)

Consider the second case (B.79). For i such that A; > 0, we know that [(A_);| = 0. For
i such that \; = A\;+A\; < 0, since \; > 0, we know that [(A_);]| = [X\+AN]| < [AN].

Thus we conclude from the second case that
AT = A= AT = 1A+ A < [ Ax])? + [|AA]* < At (B.81)
This immediately yields, by Lemma B.19,

AT = A7 < AP = A6 — AVE+ AVE? < (A6 — AN+ AV (B.82)

< 2| At — ANE|P 4 2| ANE[]* < 2876 — £*[*|AVE|* + 2[[ANE]?, (B.83)
Therefore, by combining (B.80) and (B.83) we obtain, for i ¢ A(x*),

N = AT < max (ea[t — E7HAYE] + et — 7%, 267 & — 7P| AYE[* + 2| AE[]?)

(B.84)

Since ||t — t*|] < ¢, we know from (B.84), for a constant ¢z := max{cy, 2£%€* + 2}
independent of t within the ball, that

NS = N| < max (st — t7[[[|AYE] + esllt — 7%, sl AVE]?) (B.85)

for i ¢ A(x*).
Now let us investigate the x component of t. For this, we first obtain the lower

bound of the step size a and then bound the step in (B.87).
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We will consider three cases: (i) A(x*) # 0 and As # 0, (ii) A(x*) # 0 and
As > 0, and (i) A(x*) = (. Consider the first case, so A(x*) # 0 and there
exists some ¢ such that As; = al Ax < 0. Observing (2.47), we notice that indices
corresponding to As; > 0 have no effect in deciding lower bounds on & and «. So we

focus on indices associated with As; < 0.

It follows from (2.34) and (2.35) that

Si Si

al Ax As;

| >

i, for i : As; < 0.

i

P

Thus, for all i such that i ¢ A(x*) and As; < 0, since sf > 0 and As; = al Ax

converges to 0 as t — t* by (B.68), it follows that

Si «
= —ooast —t

B ASZ'

>

implying 7 such that i ¢ A(x*) and As; < 0 has no effect in determining lower bounds
on @ and « if t is close enough to t*. Thus indices i such that i € A(x*) and As; <0
affect the lower bound on & and a when t is close enough to t*. Next we investigate
these indices.

Assume there exist some indices ¢ such that i € A(x*) and As; < 0. We can

rewrite (2.47) as

_ : Ai
a = min =.
i€ A(x*):As;<0 )\

For i € A(x*), since \; — A* > 0 (by the definition of t and t*) and \; — \* by

(B.69) as t — t*, we know that @ — 1 as t — t*. Now define j as the index that
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determines &. Then we can restate (2.48) as

)\,
o = min{17 S\_J - “AXH}a
J

for t strictly feasible close enough to t*. So it holds that

< ||ax] + |2

by
1—al<|1-2 4 |Ax| (B.86)
)\A

J J

Thus

X" = (x + Ax)[| = leAx — Ax|| = [1 - of [ Ax]|

) 1Ax],

which implies, by Lemma B.19 and by the fact that S\j — A} > 0ast — t*" and

< (HAXH R E Rl

J

IA; — ;| = JAX;| < [JAA]|, the existence of some positive constant ¢, independent of

t such that

" = (x + Ax)|| < (cal| Ax]| + cal|AN]) [ Ax]]
< cgV2||At|?
< cV2([| At — AVE]| + | ANE]])?
< caV2(E]lt = 7 AVE] + AN, (B.87)
This also holds when there’s no index i satisfying both ¢ € A(x*) and As; < 0, since
a=1and x" — (x+ Ax) =0.

Let us consider the other cases. In case (i), A(x*) # 0 and As > 0, so @ = 0o

and a = 1 by (2.47) and (2.48). In case (i), A(x*) =0, so sf > 0 for all : € M. So,
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since As; = al Ax converges to 0 as t — t* by (B.68) and s; is bounded away from
0 for all i, @ — 0o as t — t* by (2.47), meaning & becomes large enough to make
a = 1 for t strictly feasible and close enough to t*. In these two cases, since a = 1 for
t strictly feasible and close enough t*, the same inequality as (B.87) naturally holds,
because its left-hand side becomes 0.

Therefore, by (B.87), by Lemma B.19 and by the triangle inequality, it follows

that

I — (x+ AVx) || = []x* — (x + Ax) + (Ax — A™x)]|
< ' = (x+ Ax)|| + [[Ax — AMx|

< V(€] = E[IIAYE] + [ANE])? + €[t — | AVE]]. (B.88)
Now (B.88) leads to

e — x| = [lx" = (x+ AVx) + (x + Ax) = x|
< erV2(E]Jt = EJIIAYE] + AN + €It — AN + [](x + AVx) — x|

< eaV2(E[|t — e AN + [AVE])? + €It — [ ANE]] + e it — £, (B.89)

because ||(x+AVx) —x*|| < ||(t+ANt) —t*|| and every component of t* := t + ANt
satisfies condition (i7) of Proposition B.18 leading to (B.75). Since ||t — t*|| < ¢, for

some constant ¢ := max{csv/2(&e + 1)%,€,¢1)},

e — x| < s AV + st — €[ AYE] + es]lt — £ (B.90)
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We are ready to complete this proof. First consider the case when t satisfies
|ANt|| < ||t —t*||. Then since ||t —t*|| < ¢, it follows from (B.77), (B.85), and (B.90)

that, for some positive constant cg independent of t within the ball,

167 — "] < A ey — Mgy

+ >IN =N+ x|
igA(x*)

< 2¢p|t — t*||* + 2¢3| A(x)| |t — t*]|* + 35|t — t*||?
< gt — t*|?, (B.91)
which yields the required result.

On the other hand, when ||t — t*|| < [|[AVt], since ||[AVt]| is bounded, (B.77),
(B.85), and (B.90) yield
6% =71 < ey = Mg 1+ D AT = X[+ [lxT = x|
ig A(x*)

< 20| AYE]* + 205  Ax) | AVE]* + Bes | AV

< col|AVE2. (B.92)

Since, in view of (B.92) every component of t* satisfies condition (i) of Proposi-

tion B.18, it holds, for some constant c;, that
I£% =[] < erllt — 717, (B.93)

which, together with (B.91), proves the q-quadratic convergence. O]
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