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Preface

The main purpose of this book is to present some recent results concerning
the development of in a sense optimal algorithms for the solution of large
bound and/or equality constrained quadratic programming (QP) problems.
The unique feature of these algorithms is the rate of convergence in terms
of the bounds on the spectrum of the Hessian matrix of the cost function. If
applied to the class of QP problems with the cost functions whose Hessian
has the spectrum confined to a given positive interval, the algorithms can find
approximate solutions in a uniformly bounded number of simple iterations,
such as the matrix—vector multiplications. Moreover, if the class of problems
admits a sparse representation of the Hessian, it simply follows that the cost
of the solution is proportional to the number of unknowns.

Notice also that the cost of duplicating the solution is proportional to the
number of variables. The only difference is a constant coefficient. But the
constants are important; people are interested in their salaries, as Professor
Babuska nicely points out. We therefore tried hard to present a quantitative
theory of convergence of our algorithms wherever possible. In particular, we
tried to give realistic bounds on the rate of convergence, usually in terms of
the extreme nonzero eigenvalues of the matrices involved in the definition of
the problem. The theory covers also the problems with dependent constraints.

The presentation of each new algorithm is complete in the sense that it
starts from its classical predecessors, describes their drawbacks, introduces
modifications that improve their performance, and documents the improve-
ments by numerical experiments. Since the exposition is self-contained, the
book can serve as an introductory text for anybody interested in QP. More-
over, since the solution of a number of more general nonlinear problems can be
reduced to the solution of a sequence of QP problems, the book can also serve
as a convenient introduction to nonlinear programming. Such presentation
has also a considerable methodological appeal as it enables us to separate the
simple geometrical ideas, which are behind many theoretical results and algo-
rithms, from the technical difficulties arising in the analysis of more general
nonlinear optimization problems.
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Our algorithms are based on modifications of the active set strategy that
is optionally combined with variants of the augmented Lagrangian method.
Small observations and careful analysis resulted in their qualitatively improved
performance. Surprisingly, these methods can solve some large QP problems
with less effort than a single step of the popular interior point methods. The
reason is that the standard implementation of the interior point methods can
hardly use a favorable distribution of the spectrum of the Hessian due to the
barrier function. On the other hand, the standard implementations of interior
point methods do not rely on the conditioning of the Hessian and can exploit
efficiently its sparsity pattern to simplify LU decomposition. Hence there are
also many problems that can be solved more efficiently by the interior point
methods, and our approach may be considered as complementary to them.

Contact Problems and Scalable Algorithms

The development of the algorithms presented in this book was motivated by
an effort to solve the large sparse problems arising from the discretization
of elliptic variational inequalities, such as those describing the equilibrium of
elastic bodies in mutual contact. A simple academic example is the contact
problem of elasticity to describe the deformation and contact pressure due to
volume forces of the cantilever cube over the obstacle in Fig. 0.1.

Fig. 0.1. Cantilever cube over the obstacle

The class of problems arising from various discretizations of a given vari-
ational inequality by the finite element or boundary element method can be
reduced to the class of QP problems with a uniformly bounded spectrum
by an application of the FETI/BETTI (Finite/Boundary Element Tearing and
Interconnecting)-based domain decomposition methods. Let us recall that the
basic idea of these methods is to decompose the domain into subdomains as
in Fig. 0.2 and then “glue” them by the Lagrange multipliers that are found
by an iterative procedure.
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Combination of the results on scalability of variants of the FETI methods
for unconstrained problems with the algorithms presented in this book re-
sulted in development of scalable algorithms for elliptic boundary variational
inequalities. Let us recall that an algorithm is numerically scalable if the cost
of the solution is nearly proportional to the number of unknowns, and it en-
joys the parallel scalability if the time required for the solution can be reduced
nearly proportionally to the number of available processors. For example, the
solution of our toy problem required from 111 to 133 sparse matrix multipli-
cations for varying discretizations with the number of nodes on the surface
ranging from 417 to 163275.

Fig. 0.2. Decomposed cube Fig. 0.3. Solution

As a more realistic example, let us consider the problem to describe the
deformation and contact pressure in the ball bearings in Fig. 0.4. We can
easily recognize that it comprises several bodies — balls, rings, and cages. The
balls are not fixed in their cages, so that their stiffness matrices are necessar-
ily singular and the discretized nonpenetration conditions can be described
naturally by dependent constraints. Though the displacements and forces are
typically given on parts of the surfaces of some bodies, exact places where the
deformed balls come into contact with the cages or the rings are known only
after the problem is solved.

Fig. 0.4. Ball bearings
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It should not be surprising that the duality-based methods can be more
successful for the solution of variational inequalities than for the linear prob-
lems. The duality turns the general inequality constraints into bound con-
straints for free; the aspect not exploited in the solution of linear problems.
The first fully scalable algorithm for numerical solution of linear problems,
FETI, was introduced only in the early 1990s. It was quite challenging to get
similar results for variational inequalities. Since the cost of the solution of a
linear problem is proportional to the number of variables, a scalable algorithm
must identify the active constraits in a sense for free!

Synopsis of the Book

The book is arranged into three parts. We start the introductory part by
reviewing some well-known facts on linear algebra in the form that is useful
in the following analysis, including less standard estimates, matrix decompo-
sitions of semidefinite matrices with known kernel, and spectral theory. The
results are then used in the review of standard results on convex and quadratic
programming. Though many results concerning the existence and uniqueness
of QP problems are special cases of more general theory of nonlinear program-
ming, it is often possible to develop more straightforward proofs that exploit
specific structure of the QP problems, in particular the three-term Taylor’s
expansion, and sometimes to get stronger results. We paid special attention
to the results for dependent constraints and/or positive semidefinite Hessian,
including the sensitivity analysis and the duality theory in Sect. 2.6.5.

The second part is the core of the book and comprises four sections on the
algorithms for specific types of constraints. It starts with Chap. 3 which sum-
marizes the basic facts on the application of the conjugate gradient method to
unconstrained QP problems. The material included is rather standard, possi-
bly except Sect. 3.7 on the preconditioning by a conjugate projector.

Chapter 4 reviews in detail the Uzawa-type algorithms. A special attention
is paid to the quantitative analysis of the penalty method and of an inexact
solution of auxiliary unconstrained problems. The standard results on exact
algorithms are also included. A kind of optimality is proved for a variant of
the inexact penalty method and for the semimonotonic augmented Lagrangian
algorithm SMALE. A bound on the penalty parameter which guarantees the
linear convergence is also presented.

Chapter 5 describes the adaptations of the conjugate gradient algorithm
to the solution of bound constrained problems. The algorithms include the
variants of Polyak’s algorithm with the inexact solution of auxiliary problems
and the precision control which preserves the finite termination property. The
main result of this chapter is the MPRGP algorithm with the linear rate of
convergence which depends on the extreme eigenvalues of the Hessian of the
cost function. We show that the rate of convergence can be improved by the
preconditioning exploiting the conjugate projectors.
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The last chapter of the second part combines Chaps. 4 and 5 to obtain
optimal convergence results for the SMALBE algorithm for the solution of
bound and equality constrained QP problems.

The performance of the representative algorithms of the second part is
illustrated in each chapter by numerical experiments. We chose the bench-
marks arising from the discretization of the energy functions associated with
the Laplace operator to mimic typical applications. The benchmarks involve in
each chapter one ill-conditioned problem to illustrate the typical performance
of our algorithms in such situation and the class of well-conditioned prob-
lems to demonstrate the optimality of the best algorithms. Using the same
cost functions in all benchmarks of the second part in combination with the
boundary inequalities and multipoint constraints enables additional compari-
son. For convenience of the reader, Chaps. 3-5 are introduced by an overview
of the algorithms presented there.

The concept of optimality is fully exploited in the last part of our book,
where the algorithms of Chaps. 5 and 6 are combined with the FETI-DP
(Dual-Primal FETI) and TFETI (Total FETI) methods to develop theoret-
ically supported scalable algorithms for numerical solution of the classes of
problems arising from the discretization of elliptic boundary variational in-
equalities. The numerical and parallel scalability is demonstrated on the so-
lution of a coercive boundary variational inequality and on the solution of
a semicoercive multidomain problem with more then two million nodal vari-
ables. The application of the algorithms presented in the last part of our book
to the solution of contact problems of elasticity in two and three dimensions,
including the contact problems with friction, is straightforward. The same
is true for the applications of the algorithms to the development of scalable
BETI-based algorithms for the solution of contact problems discretized by the
direct boundary element methods. An interested reader can find the references
at the end of the last two chapters.
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1

Linear Algebra

The purpose of this chapter is to briefly review definitions, notations, and
results of linear algebra that are used in the rest of our book. A few results
especially developed for analysis of our algorithms are also included. There is
no claim of completeness as the reader is assumed to be familiar with basic
concepts of the college linear algebra such as vector spaces, linear mappings,
matrix decompositions, etc. More systematic exposition and additional ma-
terial can be found in the books by Strang [171], Hager [112], Demmel [31],
Golub and Van Loan [103], Saad [163], and Axelsson [4]. We use without any
reference basic concepts and standard results of analysis as they are reviewed
in the books by Bertsekas [12] or Conn, Gould, and Toint [28].

1.1 Vectors

In this book we work with n-dimensional arithmetic vectors v € R™, where
R denotes the set of real numbers. The only exception is Sect. 1.8, where
vectors with complex entries are considered. We denote the ith component
of an arithmetic vector v.€ R™ by [v];. Thus [v]; = v; if v = [v;] is defined
by its components v;. All the arithmetic vectors are considered by default
to be column vectors. The relations between vectors u,v € R" are defined
componentwise. Thus u = v is equivalent to [u];, = [v];, ¢ = 1,...,n, and
u < v is equivalent to [ul; < [v];, i = 1,...,n. We sometimes call the
elements of R™ points to indicate that the concepts of length and direction
are not important.

Having arithmetic vectors u,v € R™ and a scalar a € R, we define the
addition and multiplication by scalar componentwise by

[u+v];=[ul; +[v]; and [av];, =a[v];, i=1,...,n.

The rules that govern these operations, such as associativity, may be easily
deduced from the related rules for computations with real numbers.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 1,
(© Springer Science+Business Media, LLC 2009



4 1 Linear Algebra

The vector analog of 0 € R is the zero vector o, € R™ with all the entries
equal to zero. When the dimension can be deduced from the context, possibly
using the assumption that all the expressions in our book are well defined, we
often drop the subscript and write simply o.

A nonempty set V C R™ with the operations defined above is a wvector
space if « € R and u,v € V imply u+v € V and au € V. In particular, both
R™ and {o} are vector spaces. Given vectors vy,..., v, € R", the set

Span{vy,...,vi} ={veR": v=a1vy + -+ apvg, o; € R}

is a vector space called the linear span of vy,...,vi. If U and V are vector
spaces, then the sets 4 NV and

U+V={x+y: xeU and y eV}

are also vector spaces. If W =U +V and U NV = {o}, then W is said to be
the direct sum of U and V. We denote it by

W=UDV.

If U,V C R™ are vector spaces and U C V, then U is a subspace of V.

A vector space V C R™ can be spanned by different sets of vectors. A finite
set of vectors £ C R™ that spans a given vector space V # {o} is called a basis
of V if no proper subset of £ spans V. For example, the set of vectors

S:{sl,...,sn}, [si]j:&j, i,j:l,...,n,

where 9;; denotes the Kronecker symbol defined by d;; = 1 for ¢ = j and
d;j = 0 for i # j, is the standard basis of R". If £ = {ey,...,eq} is a basis of
a vector space V, then £ is independent, that is,

aje; + -+ aq4eq =0

implies
ap=--=aqg=0.

Any two bases of a vector space V have the same number of vectors. We
call it the dimension of V and denote it dim}. Obviously dimR"” = n and
dimV < n for any subspace V C R™. For convenience, we define dim{o} = 0.

We sometimes use the componentwise extensions of scalar functions to
vectors. Thus if v € R®, then v and v~ are the vectors whose ith compo-
nents are max{[v];,0} and min{[v];, 0}, respectively. Similarly, if u,v € R,
then max{u, v} and min{u, v} denote the vectors whose ith components are
max{[u];, [v];} and min{[u];, [v];}, respectively.

If 7 is a nonempty subset of {1,...,n} and v € R™, then we denote by
[v]z or simply vz the subvector of v with components [v];, ¢ € Z. Thus if 7
has m elements, then vz € R, so that we can refer to the components of
vz either by the global indices i € T or by the local indices j € {1,...,m}.
We usually rely on the reader’s judgment to recognize the appropriate type
of indexing.
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1.2 Matrices and Matrix Operations

Throughout the whole book, all the matrices are assumed to be real except
Sect. 1.8, where also complex matrices are considered. Similarly to the related
convention for vectors, the (i,j)th component of a matrix A € R™*" is
denoted by [A];;, so that [A];; = a,; for A = [a,;] which is defined by its entries
a;j. A matrix A € R™*" is called an (m,n)-matric; a matrix A € R™*" is
called a square matriz of the order n.

Having (m,n)-matrices A, B and a scalar a € R, we define addition and
multiplication by a scalar by

[A+BJij = [Alij + [Blij and [aA];; = a[A];;.

The rules that govern the addition of matrices and their multiplication by
scalars are the same as those for corresponding vector operations.

The matrix analog of 0 is the zero matriz O,,, € R™*™ with all the entries
equal to zero. When the dimension is clear from the context, we often drop
the subscripts and write simply O.

Having matrices A € R™** and B € RF*" we define their product
AB € R™*™ by

k
[AB;; = [Alu[Bli;-
1=1
Matrix multiplication is associative, therefore we do not need to use brackets
to specify the order of multiplication. In particular, given a positive integer k
and a square matrix A, we can define the kth power of a square matriz A by

Ak =AA.. A
N N

k-times

Matrix multiplication is not commutative.

The matrix counterpart of 1 € R in R"*" is the identity matriz 1, = [d;;]
of the order n. When the dimension may be deduced from the context, we
often drop the subscripts and write simply |. Thus we can write

A=IA=Al

for any matrix A, having in mind that the order of | on the left may be different
from that on the right.

Given A € R™*"_ we define the transposed matriz AT € R™™ to A by
[AT);; = [A];i. Having matrices A € R™** and B € R¥*" it may be checked
that

(AB)T = BT AT, (1.1)

A square matrix A is symmetric if A = AT
A matrix A is positive definite if xT Ax > 0 for any x # o, positive semidef-
inite if xTAx > 0 for any x, and indefinite if neither A nor —A is positive



6 1 Linear Algebra

definite or semidefinite. We are especially interested in symmetric positive
definite (SPD) matrices.

IfAeR™ "™ 7T C{l,...,m},and J C{1,...,n}, Z and J nonempty, we
denote by Azy the submatrix of A with the components [A];;, i €Z, j € J.
The local indexing of the entries of Az 7 is used whenever it is convenient
in a similar way as the local indexing of subvectors which was introduced in
Sect. 1.1. The full set of indices may be replaced by * so that A = A,. and
Az, denotes the submatrix of A with the row indices belonging to Z.

Sometimes it is useful to rearrange the matrix operations into manip-
ulations with submatrices of given matrices called blocks. A block matriz
A € R™*" is defined by its blocks A;; = Az, 7,, where Z; and J; denote
nonempty contiguous sets of indices decomposing {1,...,m} and {1,...,n},
respectively. We can use the block structure to implement matrix operations
only when the block structure of the involved matrices matches.

Very large matrices are often sparse in the sense that they have a small
number of nonzero entries distributed in a pattern which can be exploited to
the efficient implementation of matrix operations, to the reduction of storage
requirements, or to the effective solution of standard problems of linear alge-
bra. Such matrices arise, e.g., from the discretization of problems described
by differential operators. The matrices with a large number of nonzero entries
are often called full or dense matrices.

1.3 Matrices and Mappings

Each matrix A € R"™*™ defines the mapping which assigns to each x € R"
the vector Ax € R™. Two important subspaces associated with this mapping
are its range or image space ImA and its kernel or null space KerA; they are
defined by

ImA ={Ax: x€R"} and KerA={xecR": Ax = o}.

The range of A is the span of its columns.

If f is a mapping defined on D C R™ and {2 C D, then f|f2 denotes the
restriction of f to (2, that is, the mapping defined on (2 which assigns to each
x € (2 the value f(x). If A € R™*™ and V is a subspace of R™, we define A|V
as a restriction of the mapping associated with A to V. The restriction A|V
is said to be positive definite if x’ Ax > 0 for x € V, X # o, and positive
semidefinite if xTAx > 0 for x € V.

The mapping associated with A is injective if Ax = Ay implies x = y. It
is easy to check that the mapping associated with A is injective if and only if
KerA = {o}. More generally, it may be proved that

dim ImA + dim KerA = n (1.2)

for any A € R™*" If m = n, then A is injective if and only if ImA = R".
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The rank or column rank of a matrix A is equal to the dimension of the
range of A. The column rank is known to be equal to the row rank, the number
of linearly independent rows. A matrix is of full row rank or full column rank
when its rank is equal to the number of its rows or columns, respectively. A
matrix A € R™*" is of full rank when its rank is the smaller of m and n.

A subspace V C R™ which satisfies

AV ={Ax: xe€V} CV
is an invariant subspace of A. Obviously
A(ImA) C TmA,

so that ImA is an invariant subspace of A.
A projector is a square matrix P that satisfies

P> =P.

Such a matrix is also said to be idempotent. A vector x € ImP if and only if
there is y € R” such that x = Py, so that

Px = P(Py) = Py = x.
If P is a projector, then Q = | — P and PT are also projectors as
(1-P2=1-2P+P2=1—-P and (P")"=(P2)" =P".
Since for any x € R"
x = Px + (I — P)x,
it simply follows that ImQ = KerP,
R"™ = ImP + KerP, and KerP NImP = {o}.

We say that P is a projector onto &4 = ImP along V = KerP and Q is a
complementary projector onto V along . The above relations may also be
rewritten as

ImP @& KerP = R™. (1.3)
Let (7(1),...,m(n)) be a permutation of numbers 1,...,n. Then the map-
ping which assigns to each v = [v;] € R™ a vector [vy1), ..., vﬁ(n)]T is associ-

ated with the permutation matriz

P= [Sw(l)7 s 7S7r(n)]a

where s; denotes the ith column of the identity matrix l,,. If P is a permutation
matrix, then

PPT =PTP =1.
Notice that if B is a matrix obtained from a matrix A by reordering of the
rows of A, then there is a permutation matrix P such that B = PA. Similarly,
if B is a matrix obtained from A by reordering of the columns of A, then there
is a permutation matrix P such that B = AP.
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1.4 Inverse and Generalized Inverse Matrices

If A is a square full rank matrix, then there is the unique inverse matriz A=!
such that
AATL =ATIA =1 (1.4)

The mapping associated with A~! is inverse to that associated with A.

If A—! exists, we say that A is nonsingular. A square matrix is singular if
its inverse matrix does not exist. Any positive definite matrix is nonsingular.
If P is a permutation matrix, then P is nonsingular and

P~ =P

If A is a nonsingular matrix, then A~'b is the unique solution of the system
of linear equations Ax = b.
If A is a nonsingular matrix, then we can transpose (1.4) and use (1.1) to
get
(A—l)TAT _ AT(A_l)T —

)

so that
(AT)~t = (A7HT. (1.5)

It follows that if A is symmetric, then A=! is symmetric.
If A € R™™" is positive definite, then A~! is also positive definite, as any
vector X # o can be expressed as x = Ay, y # o, and

xTA x = (Ay)TA7 Ay = yTATy = yTAy > 0.

If A and B are nonsingular matrices, then it is easy to check that AB is
also nonsingular and
(AB)"* =B AL

If U,V € R™*"™ m < n, and A, A+ UTV are nonsingular, then it can be
verified directly that

(A+UTV)"t = A~ — A~ TUT (1 + VAT IUT) " tva (1.6)

The formula (1.6) is known as Sherman—Morrison—Woodbury’s formula (see
[103, p. 51]). The formula is useful in theory and for evaluation of the inverse
matrix to a low rank perturbation of A provided A=! is known.

If B € R™*" denotes a full row rank matrix, A € R™*™ is positive definite,
and y # o, then z = BTy # o and

yI'BAT'BTy =z"A"1z > 0.

Thus if A is positive definite and B is a full row rank matrix such that BA='B”
is well defined, then the latter matrix is also positive definite.

A real matrix A = [a;;] € R™*" is called a (nonsingular) M-matriz if
a;; <0 for i # j and if all entries of A~! are nonnegative. If
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n
Q5 > E |aij|, 1=1,...,n,
J#i

then A is an M-matrix (see Fiedler and Ptak [88] or Axelsson [4, Chap. 6]).

If A€ R™*"™ and b € ImA, then we can express a solution of the system
of linear equations Ax = b by means of a left generalized inverse matrix
AT € R™¥™ which satisfies AATA = A. Indeed, if b € ImA, then there is y
such that b = Ay and x = ATb satisfies

Ax = AAtb = AATAy = Ay = b.

Thus AT acts on the range of A like the inverse matrix. If A is a nonsingular
square matrix, then obviously

AT =A"L

Moreover, if S € R™*? is such that AS = O and N € R™*?_ then (A1) + SN”
is also a left generalized inverse as

A ((A+) + SNT) A =AATA +ASNTA = A.

If A is a symmetric singular matrix, then there is a permutation matrix P

such that -
_ pT
A=P {c CB—lcT]P’

where B is a nonsingular matrix whose dimension is equal to the rank of A.
It may be verified directly that the matrix

B-! 0T
A# = pT P 1.
5 o (17)
is a left generalized inverse of A. If A is symmetric positive semidefinite,
then A* is also symmetric positive semidefinite. Notice that if AS = O, then
At = A# 4 55T is also a symmetric positive semidefinite generalized inverse.

1.5 Direct Methods for Solving Linear Equations

The inverse matrix is a useful tool for theoretical developments, but not for
computations, especially when sparse matrices are involved. The reason is that
the inverse matrix is usually full, so that its evaluation results in large storage
requirements and high computational costs. It is often much more efficient to
implement the multiplication of a vector by the inverse matrix by solving the
related system of linear equations. We recall here briefly the direct methods,
which reduce solving of the original system of linear equations to solving of a
system or systems of linear equations with triangular matrices.
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A matrix L = [l;;] is lower triangular if I;; = 0 for i < j. It is easy to solve a
system Lx = b with the nonsingular lower triangular matrix L € R™. As there
is only one unknown in the first equation, we can find it and then substitute
it into the remaining equations to obtain a system with the same structure,
but with only n — 1 remaining unknowns. We can repeat the procedure until
we find all the components of x.

A similar procedure, but starting from the last equation, can be applied to
a system with the nonsingular upper triangular matric U = [u;;] with u;; =0
for i > j.

The solution costs of a system with triangular matrices is proportional to
the number of its nonzero entries. In particular, the solution of a system of
linear equations with a diagonal matriz D = [d;;], di; = 0 for i # j, reduces
to the solution of a sequence of linear equations with one unknown.

If we are to solve the system of linear equations with a nonsingular matrix,
we can use systematically equivalent transformations that do not change the
solution in order to modify the original system to that with an upper triangu-
lar matrix. It is well-known that the solutions of a system of linear equations
are the same as the solutions of a system of linear equations obtained from
the original system by interchanging two equations, replacing an equation by
its nonzero multiple, or adding a multiple of one equation to another equa-
tion. The Gauss elimination for the solution of a system of linear equations
with a nonsingular matrix thus consists of two steps: the forward reduction,
which exploits equivalent transformations to reduce the original system to the
system with an upper triangular matrix, and the backward substitution, which
solves the resulting system with the upper triangular matrix.

Alternatively, we can use suitable matrix factorizations. For example, it is
well-known that any positive definite matrix A can be decomposed into the
product

A=LLT, (1.8)

where L is a nonsingular lower triangular matrix with positive diagonal entries.
Having the decomposition, we can evaluate z = A~!'x by solving the systems

lLy=x and LTz=y.

The factorization-based solvers may be especially useful when we are to solve
several systems of equations with the same coefficients but different right-hand
sides coming one after another.

The method of evaluation of the factor L is known as the Cholesky fac-
torization. The Cholesky factor L can be computed in a number of equivalent
ways. For example, we may compute it column by column. Suppose that

T
a1 & o l110
A= {31 A22} and L= [11 |-22] '

Substituting for A and L into (1.8) and comparing the corresponding terms
immediately reveals that
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hi=+van, h=Ilja;,  Lypll =Ap—L1T. (1.9)

This gives us the first column of L, and the remaining factor Lag is simply
the Cholesky factor of the Schur complement Ags — 111{ which is known to be
positive definite, so we can find its first column by the above procedure. The
algorithm can be implemented to exploit a sparsity pattern of A, e.g., when
A = [a;;] € R"*™ is a band matriz with a;; = 0 for |i — j| > b, b < n.

If A € R ™ is only positive semidefinite, it can happen that ay; = 0.
Then

0<xTAx = yTAQQy + 2x1a?y

for any vector x = [xl, yT]T. The inequality implies that a; = o, as otherwise
we could take y = —aj and large x1 to get

yTAggy + 21‘13{}’ = anggal — 2.231”&1”2 < 0.
Thus for A symmetric positive semidefinite and aq; = 0, (1.9) reduces to
111 = O, 11 = 0, LQQL%; = A22. (110)

Of course, this simple modification assumes exact arithmetics. In the com-
puter arithmetics, the decision whether a1 is to be treated as zero depends
on some small € > 0.

In some important applications, it is possible to exploit additional infor-
mation. In mechanics, e.g., the basis of the kernel of the stiffness matrix of
a floating body is formed by three (2D) or six (3D) known and independent
rigid body motions. Any basis of the kernel of a matrix can be used to identify
the zero rows (and columns) of a Cholesky factor by means of the following
lemma.

Lemma 1.1. Let A = LLY denote a triangular decomposition of a symmetric
positive semidefinite matriz A, let Ae = o, and let l(e) denote the largest index
of a monzero entry of e € KerA, so that

[elie) #0 and le]; =0 for j>lI(e).

Then
[L]ie)i(e) = 0.

Proof. If Ae = o, then
efAe =e’LLTe = (LTe)"(LTe) = 0.
Thus L”e = o and in particular
(L7 €]i(e) = [Lieyice) [€lie) = 0.

Since [e]ye) # 0, we have [L]j(e)ie) = 0. .
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Let A € R™" be positive semidefinite and let R € R"*? denote a full
column rank matrix such that KerA = ImR. Observing that application of
equivalent transformations to the columns of R preserves the image space and
the rank of R, we can modify the forward reduction to find R which satisfies

I(Re1) < -+ < l(Ryq)-

The procedure can be described by the following transformations of R: trans-
pose R, reverse the order of columns, apply the forward reduction, reverse
the order of columns back, and transpose the resulting matrix back. Then
I(Rs1),--.,1(Ruq) are by Lemma 1.1 the indices of zero columns of a factor
of the modified Cholesky factorization; the factor cannot have any other zero
columns due to the rank argument. The procedure has been described and
tested in Mensik [151]. Denoting by the crosses and dots the nonzero and
undetermined entries, respectively, the relations between the pivots of R and
the zero columns of the Cholesky factor L can be illustrated by

x0000
.x000
X . = L=]. .000
0 . .. 0x0
0 x ..0.0

Alternatively, we can combine the basic algorithm with a suitable rank
revealing decomposition, such as the singular value decomposition (SVD) in-
troduced in Sect. 1.9. For example, Frahat and Gérardin [82] proposed to start
with the Cholesky decomposition and to switch to SVD in case of doubts.

1.6 Norms

General concepts of size and distance in a vector space are expressed by norms.
A norm on R™ is a function which assigns to each x € R™ a number IxI € R
in such a way that for any vectors x, y € R™ and any scalar a € R, the
following three conditions are satisfied:
(i) IxI > 0, and IxI = 0 if and only if x = o.
(i) Ix 4+ yI < IxI+ Iyl
(iil) TaxI = |of IxI.

It is easy to check that the functions
Ixllx = [x1[ 4+ xn| and [|x[[oc = max{|x], ..., |xn[}

are norms. They are called ¢; and ¢, norms, respectively. We often use the
Fuclidean norm defined by

Illa = /3 + -+ %3,
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The norms on R™ introduced above satisfy the inequalities
[x[loe < lIxll2 < [Ix[l1 < Vrlx(l2 < nllx] .

Given a norm defined on the domain and the range of a matrix A, we can
define the induced norm IAIL of A by

TAXI
IAI = sup IAxI = sup *
IxI=1 xXF#0 IxI
If B # O, then
TABxI TABxI IBx1I TAyI IBxI
IABI = s =8 < s 3 .
ol IXD pxae IBxI IxI = y%z% Iyl o IxI

It follows easily that the induced norm is submultiplicative, i.e.,
IABI < IA|ImBI IBI < IAT IBI. (1.11)

If A = [a;;] € R™*™ and x = [z;] € R", then

n n n

IAXloe = max | Y ayz;| < max Y ayl|zs] < [x[lo max Y agl,
i=1,....m — 1_1,...,mj71 1_1,...,mj71
j_ = =

that is, [|Aljcc < max;=1,_. _m Z?:1 |a;;|. Since the last inequality turns into
the equality for a vector x with suitably chosen entries z; € {1,—1}, we have

n
Ao = max > al. (1.12)
i=1,....m
j=1
Similarly
m n n m m
IA] s =Y 1> aiwl <Yl D lail < Ilxlh ._Dglaxnz lag],
i=1 j=1 j=1 i=1 =i

that is, [|All1 < max;—1,. . Y iy |ai|. Taking for the vector x a suitably
chosen column of the identity matrix |,,, we get

[All = max > Jai] = 1A [l (1.13)
=1

The matrix norms induced by ¢; and /., norms are relatively inexpensive
to compute. If A € R™*™ they may be used to estimate the typically expensive
Euclidean norm ||Al|2 by means of the inequalities

[Alle < VnlIAll2 < nl|AllL < ny/m||All2 < nm||Al|so.
Another useful inequality is

A2 < VA Al (1.14)
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1.7 Scalar Products

General concepts of length and angle in a vector space are introduced by means
of a scalar product; it is the mapping which assigns to each couple x, y € R"
a number (x,y) € R in such a way that for any vectors x, y, z € R and any
scalar a € R, the following four conditions are satisfied:

() (xy+z)=(xy) +xz).
(il) (ax,y)=a(x,y).
(i) (x,y) = (y.x).
(iv) (x,x) >0 for x # o.
We often use the Fuclidean scalar product or FEuclidean inner product
which assigns to each couple of vectors x, y € R™ a number defined by

(x,y) =x"y.

If A is a symmetric positive definite matrix, then we can define the more
general A-scalar product on R™ by

(x,y)a = x" Ay.

Using a scalar product, we can define the norm IxI of x and the angle «
between x and y by

(x,y)

IxI? = (x,x), cosa = IxIlyT

We denote for any x € R™ its Fuclidean norm and A-norm by

1/2 1/2

[l = (x,%) [x[la = (¢, %) A

It is easy to see that any norm induced by a scalar product satisfies the
properties (i) and (iii) of the norm. The property (ii) follows from the Cauchy-
Schwarz inequality

(x,y)? < IxI? Tyl?, (1.15)

which is valid for any x, y € R™ and any scalar product. The bound is tight in
the sense that the inequality becomes the equality when x, y are dependent.
The property (ii) of the norm then follows by

Ix + yI? = IxI% + 2(x,y) + Iyl? < IxI? + 20xITyT + Iyl? = (IxT + IyT)2.

A pair of vectors x and y is orthogonal (with respect to a given scalar
product) if
(x,y) =0.

If the scalar product is not specified, then we assume by default the Euclidean
scalar product. The vectors x and y that are orthogonal in A-scalar product
are also called A-conjugate or briefly conjugate.
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Two sets of vectors € and F are orthogonal (also stated “€ orthogonal to
F7) if every x € &£ is orthogonal to any y € F. The set £+ of all the vectors
of R™ that are orthogonal to £ C R™ is a vector space called the orthogonal
complement of £. If £ C R™, then

R" = Span& @ £+.

A set of vectors £ is orthogonal if its elements are pairwise orthogonal,
i.e.,, any x € & is orthogonal to any y € &£, y # x. A set of vectors & is
orthonormal if it is orthogonal and (x,x) =1 for any x € £.

Any orthogonalset £ = {es,...,e,} of nonzero vectors e; is independent.
Indeed, if

are; + -+ ape, = 0,

then we can take the scalar product of both sides of the equation with e; and
use the assumption on orthogonality of £ to get that

ailei, e;) =0,

so that ao; = 0.

If £ is an orthonormal basis of a vector space ¥V C R", then the same
procedure as above may be used to get conveniently the coordinates &; of any
x € V. For example, if £ is orthonormal with respect to the Euclidean scalar
product, it is enough to multiply

X = flel + - "+€nen

on the left by el to get
Ei = elTX.

A square matriz U is orthogonal if UTU = 1, that is, U™! = UT. Multipli-
cation by an orthogonal matrix U preserves both the angles between any two
vectors and the Euclidean norm of any vector as

(Ux)TUy = xTUTUy = xTy.

A matrix P € R™ " is an orthogonal projector if P is a projector, i.e.,
P2 = P, and ImP is orthogonal to KerP. The latter condition can be rewritten
equivalently as
PT(1-P)=0.

It simply follows that
PT =PTP =P,

so that orthogonal projectors are symmetric matrices and symmetric projec-
tors are orthogonal projectors. If P is an orthogonal projector, then | — P is
also an orthogonal projector as

(I-P)2=I-2P+P?=1-P and (I-P)’P=(1-P)P=0.
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ImP

|
|
1 KerP
A4

Fig. 1.1. Orthogonal projector

See Fig. 1.1 for a geometric interpretation.
If U C R"” is the subspace spanned by the columns of a full column rank
matrix U € R™*" then
P = U(UTU)flUT

is an orthogonal projector as
P? =U(UTU)"'UTUUTU)'UT =P and PT =P,
Since any vector x € U may be written in the form x = Uy and
Px = U(UTU) U Uy = Uy = x,
it follows that
U = ImP.
Observe that UT'U is nonsingular; since UTUx = o implies
[Ux||* = x" (UTUx) = 0,

it follows that x = o by the assumption on the full column rank of U.
Let B € R™*" and x € ImB7”, so that there is y such that x = B”y. Then
for any z € KerB
x'z=(B"y)'z=y" (Bz) =0,
so that KerB is orthogonal to ImB”. An important result of linear algebra is

that
(KerB)* = ImB7, (1.16)

thus
R™ = KerB @ ImB7 . (1.17)

The orthogonal projectors and their generalization, the conjugate pro-
jectors that we introduce in Sect. 3.7.1, are useful computational tools for
manipulations with subspaces.
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1.8 Eigenvalues and Eigenvectors

If A € R™ "™ is a square matrix, then it may happen that there is a vector
e € R” such that Ae is just a scalar multiple of e. Such vectors turned out to
be useful for analysis of problems described by matrices. Since the theory has
been developed for complex matrices, we consider in this section the vectors
and matrices with the entries belonging to the set of complex numbers C in
order to simplify our exposition.

Let A € C™*"™ denote a square matrix with complex entries. If a vector
e € C" and a scalar \ € C satisfy

Ae = e,

then e is said to be an eigenvector of A associated with an eigenvalue .
A vector e is an eigenvector of A if and only if Span{e} is an invariant sub-
space of A; the restriction A|Span{e} reduces to the multiplication by A. If
{e1,..., e} are eigenvectors of a symmetric matrix A, then it is easy to check
that Span{ey,...,ex} and Span{ey, ..., e} are invariant subspaces.

The set of all eigenvalues of A is called the spectrum of A; we denote it by
o(A). Obviously A € o(A) if and only if A — Al is singular, and 0 € o(A) if and
only if A is singular.

If U C C™ is an invariant subspace of A € C"*™ then we denote by o (A|U)
the eigenvalues of A that correspond to the eigenvectors belonging to U.

[NST (ST ]
[NST (ST ]
[NST NS T ]

Fig. 1.2. The spectrum of a matrix

Many important relations in this book are proved by analysis of the spec-
trum of a given matrix. The information about the spectrum is typically
obtained indirectly, in a similar way as information about a ghost in a spirit
session, when the participants are not assumed to see the ghost, but to observe
that the table is moving.

The eigenvalues can be characterized algebraically by means of the deter-
minant which can be defined by induction in two steps:

(i) A matrix [a11] € C'¥! is assigned the value det[a11] = a11.

(ii) Assuming that the determinant of a matrix A € C(»=D*(=1) is already
defined, the determinant of A = [a,;] € C"*" is assigned the value
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det(A) = En:(—l)jJrlaU det(A5),

Jj=1

where Ay; is the square matrix of the order n —1 obtained from A by deleting
its first row and jth column.

Since it is well-known that a matrix is singular if and only if its determinant
is equal to zero, it follows that the eigenvalues of A are the roots of the

characteristic equation
det(A — Al) = 0. (1.18)

The characteristic polynomial pa(\) = det(A — Al) is of the degree n. Thus
there are at most n distinct eigenvalues and o(A) is not the empty set.

In what follows, we associate with each matrix A € C"*" a sequence
A1, ..., Ay of the eigenvalues of A labeled as the roots of the characteristic
polynomial. Each distinct eigenvalue appears in this sequence as many times
as corresponds to its algebraic multiplicity as a root of the characteristic poly-
nomial. Using the factorization

Pa(A) = (A = A) - (A = A),

we get
det(A) = pa(0) = A1+ An. (1.19)

Comparing the coefficients in the factorization of pa(A) with those arising
from evaluation of det(A — Al), we get

trace(A) = A\ + - -+ + Ay, (1.20)

where trace(A) denotes the sum of all diagonal entries of A.

The dimension of Ker(A — Al) is called the geometric multiplicity of .
If the algebraic multiplicity of an eigenvalue A is k, then the number of the
independent eigenvectors corresponding to A is an integer between 1 and k.

Even though it is in general difficult to evaluate the eigenvalues of a given
matrix A, it is still possible to get nontrivial information about o(A) without
heavy computations. Useful information about the location of eigenvalues can
be obtained by Gershgorin’s theorem, which guarantees that every eigenvalue
of A = [a;;] € C"*" is located in at least one of the n circular disks in the
complex plane with the centers a;; and radii r; = Z#i |ai;|.

The eigenvalues of a real symmetric matriz are real. Since it is easy to
check whether a matrix is symmetric, this gives us useful information about
the location of eigenvalues.

Let A € R™*"™ denote a real symmetric matrix, let Z = {1,...,n— 1}, and
let Al = Azz. Let Ay > --- > )\, and )\% > > )\717,_1 denote the eigenvalues
of A and A!, respectively. Then by the Cauchy interlacing theorem

M>A> > > >0 > (1.21)
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1.9 Matrix Decompositions

If A € R™"™ is a symmetric matrix, then it is possible to find n orthonormal
eigenvectors ey, ..., e, that form the basis of R™. Moreover, the correspond-
ing eigenvalues are real. Denoting by U = [eq, ..., e,] € R"*™ an orthogonal
matrix whose columns are the eigenvectors, we may write the spectral decom-
position of A as

A =UDUT, (1.22)
where D = diag(A1,...,\,) € R™™™ is the diagonal matrix whose diagonal
entries are the eigenvalues corresponding to the eigenvectors eq,...,e,. Re-

ordering the columns of U, we can achieve that \; > --- > \,,.

The spectral decomposition reveals close relations between the properties
of a symmetric matrix and its eigenvalues. Thus a symmetric matrix is pos-
itive definite if and only if all its eigenvalues are positive, and it is positive
semidefinite if and only if they are nonnegative. It is easy to check that the
rank of a symmetric matrix is equal to the number of nonzero entries of D.

If A is symmetric, then we can use the spectral decomposition (1.22) to
check that for any nonzero x

AL = Amax > [IX)|72xTAX > Ain = A (1.23)
Thus for any symmetric positive definite matrix A

AT = Amaxs TATH = Agins %A < Amaxllxll, [x[la-2 < Agilxl. (1.24)

min’ min

The spectral condition number k(A) = ||A||[|A71]|, which is a measure of
departure from the identity, can be expressed for real symmetric matrix by

E(A) = )\max/>\min~

Another consequence of the spectral decomposition theorem is the Courant—
Fischer minimaz principle, (see, e.g., [103]) which states that if \y > --- > A\,
are the eigenvalues of a real symmetric matrix A € R™*™ then

M = max min x'Ax, k=1,...,n. (1.25)
VCR™, x€EV,
dim V=k |[x|=1

If A is a real symmetric matrix and f is a real function defined on o(A),
we can use the spectral decomposition to define the scalar function by

f(A) =Uf(D)UT,

where f(D) = diag(f(A1),...,f(A)). It is easy to check that if a is the
identity function on R defined by a(x) = z, then

and if f and g are real functions defined on o(A), then



20 1 Linear Algebra

(f +9)(A) = f(A)+g(A) and (f-g)(A) = F(A)g(A).

Moreover, if f(x) > 0 for € o(A), then f(A) is positive semidefinite, and
if f(z) > 0 for x € o(A), then f(A) is positive definite. For example, if A is
symmetric positive semidefinite, then the square root of A is well defined and

A= A1/2A1/2.
Obviously
a(f(A) = f(a(A)), (1.26)

and if e; is an eigenvector corresponding to A; € o(A), then it is also an eigen-
vector of f(A) corresponding to f()\;). It follows easily that for any symmetric
positive semidefinite matrix

ImA = ImAY/? and KerA = KerA/2. (1.27)

A key to understanding nonsymmetric matrices is the singular value de-
composition (SVD). If B € R™*™ then SVD of B is given by

B = USV’, (1.28)

where U € R™*™ and V € R™*"™ are orthogonal, and S € R"™*"™ is a diagonal
matrix with nonnegative diagonal entries o1 > -+ > Oinfm,n} = Omin called
singular values of B. If A # O, it is often more convenient to use the reduced
singular value decomposition (RSVD)

PN

B = USVZ, (1.29)

where U € R™" and V € R"™ " are matrices with orthonormal columns,
S € R™" is a nonsingular diagonal matrix with positive diagonal entries
o1 > -+ > 0p = Opin, and 7 < min{m,n} is the rank of B. The matrices U
and V are formed by the first r columns of U and V. If x € R™, then
T PONN A PSN, R U |
Bx = USV x = (USV )(VSU )(US x)=BB"y,

so that

ImB = TmBB”. (1.30)

The singular value decomposition reveals close relations between the prop-
erties of a matrix and its singular values. Thus the rank of B € R"*" is equal
to the number of its nonzero singular values,

IB|l = [[BT]| = o1, (1.31)
and for any vector x € R™

omin x| < [[Bx| < [[B]/[|x]- (1.32)



1.9 Matrix Decompositions 21

Let omin denote the least nonzero singular value of B € R™*" let
X € ImBT7 and consider a reduced singular value decomposition B = USVT
w1thAU e Rmxr Ve R™ " and S € R™*". Then there is y € R" such that
x = Vy and

IBx|| = [[USV*Vy || = |USyl| = ISy Il > o]l -

Since R
Ix[l = [IVyll = ll¥ll,
we conclude that

Omin]|X|| < ||Bx|| for any x € ImB7, (1.33)
or, equivalently,
Ominllx|| < [|IBTx|| for any x € ImB. (1.34)

The singular value decomposition (1.28) can be used to introduce the
Moore—Penrose generalized inverse of an m x n matrix B by

Bf = vstu? = Vstu?,

where ST is the diagonal matrix with the entries [ST];; = 0 if 0; = 0 and
[ST):s = o, otherwise. It is easy to check that

BB'B = USVTVSTUTUSVT = USVT =B, (1.35)

so that the Moore—Penrose generalized inverse is a generalized inverse. If B is
a full row rank matrix, then it may be checked directly that

Bf =B”"(BB")™"

If B is a singular matrix and ¢ € ImB, then x5 = Bfc is a solution of the
system of linear equations Bx = ¢, i.e.,

Bxs = c.

Notice that x5 € ImB”', so that if x is any other solution, then x = x5 +d,
where d € KerB, x{qd = 0 by (1.16), and

xesl? < [xus|? + Id)l* = f1x]*. (1.36)

The vector xrg is called the least square solution of Bx = c.
Obviously

where o,;, denotes the least nonzero singular value of B, so that
Ixcs|l = [IBYe|l < oallc]- (1.38)

It can be verified directly that

(8" = (87)'
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1.10 Penalized Matrices

We often use the matrices
A, =A+oB"B,

where A € R™*" is a symmetric matrix, B € R™*" and ¢ > 0. The matrix A,
is called the penalized matriz as it is closely related to the penalty method de-
scribed in Sect. 4.2. Let us first give a simple sufficient condition that enforces
A, to be positive definite.

Lemma 1.2. Let A € R™ ™ be a symmetric positive semidefinite matrix, let
B e R"™*", 0> 0, and let KerA N KerB = {o}. Then A, is positive definite.

Proof. If x # 0 and KerANKerB = {0}, then either Ax # o or Bx # o. Since
Ax # o is by (1.27) equivalent to A'/?x # o, we get for o > 0

xTAx = xTAx + ¢||Bx]||? = ||AY2x||? + ¢||Bx]|? > 0.
Thus A, is positive definite. O

If A is positive definite, then it can be verified either directly or by
Lemma 1.2, using KerA = {o}, that A, is also positive definite. It follows
that we can use the Sherman-Morrison-Woodbury formula (1.6) to get

At =A"1—ATIBT (o 1+ BAT'BT)TIBAT (1.39)

The following lemma shows that A, can be positive definite even when A
is indefinite.

Lemma 1.3. Let A € R™*" denote a symmetric matriz, let B € R™*"  and
let there be p > 0 such that

xTAx > pl|x||?, x € KerB.
Then A, is positive definite for sufficiently large o.

Proof. Let Apin and oy denote the least eigenvalue of A and the least pos-
itive singular value of B, respectively, and recall that by (1.17) any x € R™
can be written in the form

x=y+z, yeKeB, zeImB7.
Using the definition of A,, the assumptions, and (1.33), we get

xTA,x = y' Ay +2y" Az + 2" Az + ¢||Bz|?
> ullyll* = 20yl 2l + Awin + 0055) |21 (1.40)

. b A [l
= U021 { A, i+ 00200 ] |l ]
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We shall complete the proof by showing that the matrix

H s _HA”
e —[IAll, Amin + ngln

is positive definite for sufficiently large values of p. To this end, it is enough
to show that the eigenvalues A1, A2 of H, are positive for sufficiently large o.

First observe that H, is symmetric, so that A;, A2 are real. Moreover, both
the determinant and the trace of H, are obviously positive for a sufficiently
large o, so that by (1.19) and (1.20) both AA2 > 0 and Ay + A2 > 0 for
sufficiently large values of p. Since the latter implies that at least one of the
eigenvalues of H, is positive for sufficiently large g, it follows from A A2 > 0
that Ay > 0 and Ay > 0 provided p is sufficiently large. Thus H, is posi-
tive definite for sufficiently large p and the statement of our lemma follows
by (1.40). 0

We often use bounds on the spectrum of some matrix expressions with
penalized matrices that are based on the following lemma.

Lemma 1.4. Let m < n be given positive integers, let A € R"*™ denote a
symmetric positive definite matriz, and let B € R™*™.
Then
BA, ' = (I+¢BA™'BT)"'BA™! (1.41)

and the eigenvalues p; of BA;lBT are related to the eigenvalues 3; of BA™'BT

by
pi = Pi/(L+06i), i =1,...,n. (1.42)

Proof. Following [56], we can use a special form (1.39) of the Sherman—
Morrison—Woodbury formula to get

B(A+ oBTB)"! = BA™' —BA™'BT (oI + BAT'BT)"!BA !

| — oBA™'BT (1 + oBA™'BY)")BA™!

B
(1= (0 + 0BA™BT) —1)(1+ 0BA™'BT) 1 )BA™!
— (I+oBA'BT) 'BAL.
To prove (1.42), notice that by (1.41)
BA,'B” = (1+ oBA™'BT)"'BAT'B”
and apply (1.26) with f(z) = z/(1 + oz). O

The eigenvalues of the restriction of BA™'B7 to its invariant subspace ImB
are given by the following lemma.
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Lemma 1.5. Let m < n be positive integers, let A € R™"*"™ denote a symmet-
ric positive definite matriz, let B € R"™ " and let r denote the rank of the
matriz B.
Then
ImB = ImBA~! = ImBA~'B” (1.43)

and the eigenvalues (3, of BA;lBT|ImB of the restriction of BA;lBT to ImB
are related to the positive eigenvalues 31 > B2 > ++- > B, of BA~!'BT by

B;=Bi/(L+08:), i=1,...,m (1.44)

Proof. First observe that if C € R™*" is nonsingular and B € R™*", then
Bx = BC(C™'x), so that
ImB = ImBC.

It follows that if A € R™*"™ is positive definite, so that AY/2 is a well-defined
nonsingular matrix, then we can use (1.27) and (1.30) to get

ImB = ImBA™! = ImBA™/2 = ImBA~"/?(BA~Y/%)T = ImBA~'B”".

We have thus proved (1.43).

To prove (1.44), notice that we can use (1.43) with A = A, to get ImB =
ImBAngT. Since ImBA;1 BT is spanned by the eigenvectors of BAEIBT which
correspond to the positive eigenvalues of BA;lBT, we can use (1.42) to finish
the proof. ad

The following lemma gives the estimates that are useful in the analysis of
the Uzawa-type algorithms.

Lemma 1.6. Let m < n be given positive integers, let A € R™*™ denote a
symmetric positive definite matriz, and let B € R™*". Let B, > 0 and
Omax = Bmin denote the least nonzero eigenvalue and the largest eigenvalue of
the matriz BA™'BT, respectively.

Then for any 0 >0

IBAZ Il < IBA™Y|/ (1 + 0Bumin) » (1.45)
(14 eBAT'BT) "M ImB|| = 1/ (1 + 0fmin) » (1.46)
and
IBA; "B [ = Bmax/ (1 + Bmax) < 07" (1.47)
Moreover
lim x(BA,'B”|ImB) = 1. (1.48)

00— 00
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Proof. Applying submultiplicativity of the matrix norms (1.11) to (1.41), we
get that
IBA, I < [[(1+ BAT'BT) ! [ImBA™[|[|BA™.

To evaluate the first factor, notice that by (1.43) ImB = ImBA™' = ImBA~'B7”,
so that our task reduces to the evaluation of

|(1+ oBA~'BT)~ImBA~'B7].
Since ImBA !B is spanned by the eigenvectors of BA™'B” which correspond
to the positive eigenvalues, and the eigenvectors of | + oBA™'BT are just the
eigenvectors of BA™'BT | it follows by (1.26) with f(z) = 1/(1 + gz) that

(1 + oBA™'BT) "' [ImBA~ BT||— max 1/ (1 +08) =1/ (1+ 08

mln) .

This completes the proof of (1.45) and (1.46).
To prove (1.47), recall that the eigenvalues y; of BA;lBT are related to

the eigenvalues 3; of BA™'BT by (1.42), so that

IBA,'BY|| = max p;= max B (1+06i) = Fmax/ (1+ 00max) . (1.49)
Finally, using Lemma 1.5, we get that

min [BAT'B x| = min 8/ (1+06:) = Brin/ (1 + 0Bumin) »
x€ImB Bi>0

so that

max ]' i
lim x(BA;'B7|ImB) = lim + 0Bmin

=1.
=00 000 14 0fmax By

O

The last result to be presented here concerns the distribution of the eigen-
values of the penalized matrices. To simplify its formulation, let us denote for
each symmetric matrix M of the order n by \;(M) the ith eigenvalue of M in
the decreasing order, so that

AL(M) > Ap(M) > -+ > A\ (M).

Lemma 1.7. Let A € R™"*" denote a symmetric matriz, let B € R™*™ denote
a matriz of the rank r, 0 <r <m <n, and ¢ > 0.
Then \.(BTB) > 0 and

Ar(Ag)
)‘r+1( )

> Ao (A) + o\ (BTB), (1.50)
<\
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Proof. Using the spectral decomposition (1.22), we can find an orthogonal
matrix U such that
UTBTBU = diag(71,...,7n)

with
7 =Ai(BTB) and v >--- > > 3,00 =7, = 0.
Thus
UT(A + oBTB)U = UTAU + oUTB"BU = {E ‘FLTQG E]
with

G = diag(71,...,7.) and UTAU = {IET :_:J ,
where H is a square matrix of the order n — r. The eigenvalues of UTAU and
A are identical.
To prove (1.50), notice that the elementary properties of the spectrum of
symmetric matrices and the Cauchy interlacing property of bordering matrices
(1.21) imply that

A(Ag) = Ar(E + 06) > A (An(A)l + 0G) = Au(A) + 00 (G)
= )\n(A) + o= )\n(A) + Q)‘T(BTB)'

To prove (1.51), observe that by the Courant-Fischer min-max principle
(1.25)

Ar+1(Ap) =  max m€1\1)1 xT(A + oBTB)x

VCR™

dim V=r+1 |x|=1
. T T
< max min  x" (A+ poB"B)x
VCR® x€VNKerB
dim V=r+1 |x||=1
= max min  x7 Ax < A\ (A), (1.52)
VCR® x€VNKerB
dim V=r+1 |x||=1

so that the inequality (1.51) is proved. We used the fact that dimV = r + 1
implies

V NKerB # {o}.
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Optimization

In this chapter we briefly review the results of optimization to the extent
that is sufficient for understanding of the rest of our book. Since we are
interested mainly in quadratic programming, we present most results with
specialized arguments, typically algebraic, that exploit the specific structure
of these problems. Such approach not only simplifies the analysis, but some-
times enables us to obtain stronger results. Since the results of this section
are useful also in the analysis of more general optimization problems that are
locally approximated by quadratic problems, this chapter may also serve as
a simple introduction to nonlinear optimization. Systematic exposition of the
optimization theory in the framework of nonlinear optimization may be found
in the books by Bertsekas [12], Nocedal and Wright [155], Conn, Gould, and
Toint [28], or Bazaraa, Sherali, and Shetty [8].

2.1 Optimization Problems and Solutions

Optimization problems considered in this book are described by a cost (objec-
tive) function f defined on a subset D C R™ and by a constraint set 2 C D.
The elements of the constraint set {2 are called feasible vectors. The main
topic of this book is development of efficient algorithms for the solution of
quadratic programming (QP) problems with a quadratic cost function f and
a constraint set 2 C R™ described by linear equalities and inequalities.
We look either for a solution x € R™ of the unconstrained minimization
problem which satisfies
f(x) < (), x € R, (2.1)

or for a solution x € {2 of the constrained minimization problem
f(x) < f(x), x € 2. (2.2)

A solution of the minimization problem is called its minimizer or global min-
imizer. The value of f corresponding to a minimizer is the minimum.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 2,
(© Springer Science+Business Media, LLC 2009
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As a characterization of global minimizers of the inequality constrained
problems may be a too ambitious goal, we consider also local minimizers that
satisfy for some § > 0

J6) < (), xR [x—x| <6 (2.3)

Obviously each global minimizer is a local minimizer.

A nonzero vector d € R" is a feasible direction of {2 at a feasible point x
if x + ed € {2 for all sufficiently small ¢ > 0. Feasible directions are useful in
analysis of local minimizers.

A nonzero vector d € R™ is a recession direction, or simply a direction, of
2 if for each x € 2, x4+ ad € §2 for all a > 0.

2.2 Unconstrained Quadratic Programming

Let us first recall some simple results which concern unconstrained quadratic
programming.

2.2.1 Quadratic Cost Functions

We consider the cost functions in the form

flx) = ;XTAX — b7k, (2.4)

where A € R™"*"™ denotes a given symmetric matrix of order n and b € R™.
If x,d € R, then using elementary computations and A = AT we get

f(x+d) = f(x) + (Ax —b)'d + ;dTAd. (2.5)

The formula (2.5) is Taylor’s expansion of [ at x, so that the gradient of f
at x is given by
Vix)=Ax—b, (2.6)

and the Hessian of f at x is given by
V2f(x) = A.

Taylor’s expansion will be our simple but powerful tool in what follows.
A vector d is a decrease direction of f at x if

fx+ed) < f(x)

for all sufficiently small values of € > 0. Using Taylor’s expansion (2.5) in the
form

2
F(x+ed) = f(x) +e(Ax — b)Td + 82 dTAd,
we get that d is a decrease direction if and only if

(Ax —b)Td < 0.
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2.2.2 Unconstrained Minimization of Quadratic Functions

The following proposition gives algebraic conditions that are satisfied by the
solutions of the unconstrained QP problem to find

min f(x), (2.7)

where f is a quadratic function defined by (2.4).

Proposition 2.1. Let the quadratic function f be defined by a symmetric
matriz A € R"*"™ and b € R™. Then the following statements hold:

(i) A vector x is a solution of the unconstrained minimization problem (2.1)
if and only if A is positive semidefinite and

Vf(x)=Ax—b=o. (2.8)

(#) The unconstrained minimization problem (2.1) has a unique solution if
and only if A is positive definite.

Proof. (i) If x and d denote arbitrary n-vectors and « € R, then we can use
Taylor’s expansion (2.5) to get

f(x+ad) — f(x) = a(Ax — b)Td + a; d7Ad.

Let us first assume that x is a solution of (2.1), so that the right-hand side of
the above equation is nonnegative for any o and d. For « sufficiently large and
d € R™ arbitrary but fixed, the nonnegativity of the right-hand side implies
that dTAd > 0; thus A is positive semidefinite. On the other hand, for «
sufficiently small, the sign of the right-hand side is determined by the linear
term, so the nonnegativity of the right-hand side implies that (Ax —b)”d = 0
for any d € R”. Thus Ax — b = o.
If A is positive semidefinite and x satisfies (2.8), then for any d € R

fx+d)— f(x) = ;dTAd > 0;

therefore x is a solution of (2.1).

(ii) If X is the unique solution of the unconstrained minimization problem
(2.1), then by (i) A is positive semidefinite and X is the only vector which
satisfies AX = b. Thus A is nonsingular and positive semidefinite, i.e., positive
definite. On the other hand, if A is positive definite, then it is nonsingular and
the gradient condition (2.8) has the unique solution. O

Examining the gradient condition (2.8), we get that problem (2.1) has a
solution if and only if A is positive semidefinite and
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b € ImA. (2.9)

Denoting by R a matrix whose columns span the kernel of A, we can rewrite
the latter condition as
bR =o.

This condition has a simple mechanical interpretation: if a mechanical system
is in equilibrium, the external forces must be orthogonal to the rigid body
motions.

If b € ImA, a solution of (2.7) is given by

x =ATb,
where AT is a left generalized inverse introduced in Sect. 1.4. After substitut-
ing into f and simple manipulations, we get
1
i =—_b"ATb. 2.10
min f(x) = -, (2.10)
In particular, if A is positive definite, then
1
i =—_b'A"'b. 2.11
min f(x) = -, (2.11)

The formulae for the minimum of the unconstrained minimization prob-
lems can be used to develop useful estimates. Indeed, if (2.9) holds and x € R™,
we can use (2.10), properties of generalized inverses, and (1.37) to get

1 1 1
f(x) 2 = bTAD = = BbTATb > — ATIBI” = — B/ (2in),

where A denotes the MoorePenrose generalized inverse and A, denotes
the least nonzero eigenvalue of A. In particular, it follows that if A is positive
definite and A, denotes the least eigenvalue of A, then for any x € R™

1 _ 1, _
f60) = = bTATIb = —[ATUIBI® = — b2/ (Am).  (212)

If the dimension n of the unconstrained minimization problem (2.7) is
large, then it can be too ambitious to look for a solution which satisfies the
gradient condition (2.8) exactly. A natural idea is to consider the weaker
condition

IVl < e (213)

with a small epsilon. If x satisfies the latter condition with e sufficiently small
and A nonsingular, then x is near the unique solution X as

Ix - % = [A"A(x—%) [ = [A~ (A~ B)]| < [AT VGl (2.14)

The typical “solution” returned by an iterative solver is just x that satisfies
the condition (2.13). Using the Taylor expansion (2.5), we can obtain
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f) = f(x) = fx+ (x-%) - f(X)
= f®) +8®)"(x - %) + ;IIX— X[ - f®)

I — %3

2

2.3 Convexity

Many strong results can be proved when the problem obeys convexity assump-
tions. Intuitively, convexity is a property of the sets that contain with any two
points the joining segment as in Fig. 2.1. More formally, a subset 2 of R" is
convez if for any x and y in 2 and « € (0, 1), the vector s = ax + (1 — a)y
is also in 2.

Fig. 2.1. Convex set Fig. 2.2. Nonconvex set

Let x1,...,X; be vectors of R™. If ay, ..., o are scalars such that
k
>0, i=1,... k » ai=1,
i=1

then the vector v = Zle «;X; 1s said to be a convex combination of vectors
X1,...,Xg. The convex hull of x1,...,xy, denoted Conv{xy,...,xy}, is the
set of all convex combinations of x1,...,xy. The convex hull of x1,...,xy is
the smallest convex set to which x1,...,x; belong. Caratheodory’s theorem
guarantees that Conv{xy,...,xx} can be represented as a convex combina-
tion of no more than n + 1 elements of {x1,...,x;}. The conver boundary
of a convex set {2 is a set of vectors that cannot be expressed as a convex
combination of any other vectors of 2. Thus the convex boundary of a square
is formed by its four corners, while the convex boundary of a circle is formed
by its boundary. The intersection of two or more convex sets is also convex. In
this book, we consider minimization over the convex sets defined by a finite
set of linear equations like b”x = ¢ or inequalities like b”x < c.
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2.3.1 Convex Quadratic Functions

Given a convex set 2 € R™, a mapping h : 2 — R is said to be a convez
function if its epigraph is convex, that is, if

hax+ (1 —a)y) < ah(x) + (1 — a)h(y)
for all x,y € 2 and « € (0,1), and it is strictly convex if
hlax+ (1 —a)y) < ah(x)+ (1 —a)h(y)

for all x,y € 2, x # y, and a € (0,1). The concept of convex function is
illustrated in Fig. 2.3.

Fig. 2.3. Convex function

The following proposition offers an algebraic characterization of convex
functions.

Proposition 2.2. Let V be a subspace of R™. The restriction f|V of a
quadratic function f with the Hessian matrix A to V is convex if and only
if A|V is positive semidefinite, and f|V is strictly convez if and only if AV is
positive definite.

Proof. Let V be a subspace, let x,y € V, « € (0,1), and s = ax+ (1 — a)y.
Then by Taylor’s expansion (2.5) of f at s
T 1 T
f(s) +Vf(s)" (x —8) + ,(x =) Alx —s) = f(x),

F&)+ V) (y —8) + S(y —s)"Aly —s) = £(y).

2 (
Multiplying the first equation by «, the second equation by 1—«, and summing
up, we get

fe)+ 5 x=s)TAx—s)+ "y =) Aly - 5)
= af(x) + (1 - a)f(y).

(2.15)



2.3 Convexity 33

It follows that if A|V is positive semidefinite, then f|V is convex. Moreover,
since x =y is equivalent to x = s and y = s, it follows that if A|V is positive
definite, then f|V is strictly convex.

Let us now assume that f|V is convex, let z € V, set o = ;, and denote
Xx =2z y=o0.Thens =2z, x —s =12, y —s = —z, and substituting into
(2.15) results in

F8)+ T As = af(x) + (1~ )] (y).

Since z € V is arbitrary and f|V is assumed to be convex, it follows that
1
o7 s = af(x) + (1 - a)f(y) — [ (o + (1~ a)y) 2 0.

Thus A|V is positive semidefinite. Moreover, if f|V is strictly convex, then AV
is positive definite. a0

The following simple corollary is useful in the analysis of equality con-
strained problems.

Corollary 2.3. Let f denote a quadratic function with the Hessian A € R™*"™,
let Be R™*" ¢ €R™, and 2 = {x € R" : Bx = c¢}. Then f|2 is convex if
and only if f|KerB is convex, and f|§2 is strictly convez if and only if f|KerB
is strictly convex.

Proof. First observe that {2 is convex. If x € 2, then 2 = {x+d : d € KerB}.
It follows that the restriction of f(x) to {2 has the same graph as the restriction
of f(x+ d) to KerB. The statement then follows by Proposition 2.2 and

VAf(x) = Vaaf(x +d) = A.
O

The strictly convex functions have a nice property that f(x) — oo when
||x|]] — oo. The functions with this property are called coercive functions.
More generally, a function f : R™ — R is said to be coercive on 2 C R™ if

f(x) = o0 for x| — o0, x €12

A quadratic function need not be strictly convex to be coercive on a given
set, as in the case of f(z,y) = 2% — y, which is coercive on 2 = R x (—o0, 1].
More generally, a quadratic function f with a semidefinite Hessian A is coer-
cive on a convex set £2 if d”b < 0 for any recession direction d of {2 which
belongs to KerA. The coercive quadratic function with a semidefinite Hes-
sian matrix is also called a semicoercive function. For example, the function
f(x,y) = 22 — y is semicoercive on 2 =R x (—oo0, 1].
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2.3.2 Local and Global Minimizers of Convex Function

Under the convexity assumptions, each local minimizer is a global minimizer.
We shall formulate this result together with some observations concerning the
set of solutions.

Proposition 2.4. Let f and 2 C R" be a quadratic function defined by (2.4)
and a closed conver set, respectively. Then the following statements hold:
(i) If f is convex, then each local minimizer of [ subject to x € £2 is a global
minimizer of f subject to x € (2.
(i) If f is convex on a subspace ¥V D 2 and x, y are two minimizers of f
subject to x € {2, then

x —y € KerA.

(iwi) If f is strictly convex on §2 and x, 'y are two minimizers of f subject to
x € (2, thenx=y.

Proof. (i) Let x € £2 and y € {2 be local minimizers of f subject to x € 2,
f(x) < f(y). Denoting y, = ax+ (1 —a)y and using that f is convex, we get

fya) = flax+ (1 —a)y) < af(x)+ (1 -a)f(y) < f(y)
for every a € (0, 1). Since
ly =yal = ally =,

the inequality contradicts the assumption that y is a local minimizer.
(ii) Let x and y be global minimizers of f on 2. Then for any « € [0, 1]

xtaly—-x)=(1-a)x+ayecf, y+ax-y)=(1-a)y+axc

Moreover, using Taylor’s formula, we get

2

0= f(x+aly =) = f(x) = a(Ax = b)"(y —x) +

2
e’
0<f(y+alx-y)—fy)=aAy -b) (x-y)+ , x=y) Ax-y)
Since the latter inequalities hold for arbitrarily small «, it follows that

(Ax—b)(y —x) >0 and (Ay —b)(x—y)>0.

(v —x)"Aly — x),

After summing up the latter inequalities and simple manipulations, we have
—(x—y)"Ax —y) > 0.

Since the convexity of f|V implies by Proposition 2.2 that A|V is positive
semidefinite, it follows that x —y € KerA.

(iii) Let f be strictly convex and let x € 2 and y € {2 be different global
minimizers of f on {2, so that f(x) = f(y). Then KerA = {0} and by (ii)
x —y = o. Alternatively, taking « € (0,1), we get

flax+ (1 —a)y) <af(x)+ (1 -a)f(y) = f(x),

which contradicts the assumption that x is a global minimizer of f on 2. O
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2.3.3 Existence of Minimizers

Since quadratic functions are continuous, existence of at least one minimizer is
guaranteed by the Weierstrass theorem provided {2 is compact, that is, closed
and bounded. We can also use the following standard results which do not
assume that (2 is bounded.

Proposition 2.5. Let f be a quadratic function defined on a nonempty closed
convex set 2 C R™. Then the following statements hold:

(i) If f is strictly convez, then a global minimizer of f subject to x € 2 exists
and is necessarily unique.

(i) If f is coercive on {2, then a global minimizer of [ subject to x € 2 exists.
(iii) A global minimizer of f subject to x € (2 exists if and only if f is bounded
from below on §2.

Proof. (i) If f is strictly convex, it follows by Proposition 2.2 that its Hessian
A is positive definite, and z = A~'b is by Proposition 2.1 the unique minimizer
of f on R™. Thus for any x € R”

fx) = f(2).

It follows that the infimum of f(x) subject to x € {2 exists, and there is a
sequence of vectors x* € £2 such that

lim f(x*) = inf f(x).

k—oo xEN
The sequence {x*} is bounded as

Amin

o =,

1

Fx*) = f(z) = Q(Xk —2) A" —z) >

where A, denotes the least eigenvalue of A. It follows that {xk} has at least
one cluster point x € {2. Since f is continuous, we get

f(x) = inf f(x).
The uniqueness follows by Proposition 2.4.
(ii) The proof is similar to that of (i). See, e.g., Bertsekas [12, Proposition A.8].
(iii) The statement is the well-known Frank—Wolfe theorem [93]. See also Eaves
[79] or Blum and Oettli [15]. O

Using a special structure of the feasible set, it is possible to get stronger
existence results. For example, it is known that the quadratic function with a
positive semidefinite Hessian attains its minimum on a polyhedral cone if and
only if its linear term satisfies b”d < 0 for any recession direction d € KerA
(see Zeidler [184, pp. 553-556]). See also Sect. 2.5.4.
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2.3.4 Projections to Convex Sets

Having the results of the previous subsection, we can naturally define the pro-
jection Pg to the (closed) convex set {2 C R™ as a mapping which assigns to
each x € R™ its nearest vector X € §2 as in Fig. 2.4. The distance can be mea-
sured by the norm induced by any scalar product. The following proposition
concerns the projection induced by the Euclidean scalar product.

Fig. 2.4. Projection to the convex set

Proposition 2.6. Let {2 C R™ be a nonempty closed convex set and x € R™.
Then there is a unique point X € 2 with the minimum FEuclidean distance
from x, and for anyy € {2

(x-x)"(y-%)<o. (2.16)

Proof. Since the proof is trivial for x € (2, let us assume that x ¢ 2 is
arbitrary but fixed and observe that the function f defined on R™ by

fy) =lx-yl?=y"y —2y"x + ||x||?

has the Hessian

V2 f(y) =2l

The identity matrix being positive definite, it follows by Proposition 2.2 that
f is strictly convex, so that the unique minimizer X € 2 of f(y) with respect
to y € {2 exists by Proposition 2.5(i).

Ify € 2 and « € (0,1), then by convexity of {2

l-a)xX+ay=X+aly —X) € {2,
so that for any x € R"
I

I = %I < x ~ %~ aly = %)

Using simple manipulations and the latter inequality, we get
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[x =% —aly =%)|I> =[x = x||* + ||y = %|* = 2a(x = %) " (y — %)
<|x—=x—aly — )|
+a?|ly = %|? = 2a(x — %) (y — %).
Thus
2a(x — %) (y — %) < o?[ly — x|?
for any « € (0,1). To obtain (2.16), just divide the last inequality by « > 0
and observe that a may be arbitrarily small. O

Using Proposition 2.6, it is not difficult to show that the mapping Py, which
assigns to each x € R"™ its projection to (2 is nonexpansive as in Fig. 2.5.

Fig. 2.5. Projection Pg is nonexpansive

Corollary 2.7. Let 2 C R™ be a nonempty closed convex set, and for any
x € R", let X € 2 denote the projection of x to 2. Then for any x,y € §2

X =¥l < [x -yl (2.17)
Proof. 1If x,y € R, then by Proposition 2.6 their projections X,y to {2 satisfy
(x-%)"(z-%) <0 and (y-9)'(z-y)<0

for any z € 2. Substituting z = y into the first inequality, z = X into the
second inequality, and summing up, we get

(x-%-y+9)7F-%) 0.
After rearranging the entries and using the Schwarz inequality, we get
[X=¥I?<(x-y)"&x-¥) < lx-yllx-¥I,

showing that the projection to the convex set is nonexpansive and prov-
ing (2.17). O
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2.4 Equality Constrained Problems

We shall now consider the problems with the constraint set described by a set
of linear equations. More formally, we shall look for
i 2.18

Jmin f(x), (2.18)
where f is a quadratic function defined by (2.4), 2 = {x € R" : Bx = c},
B € R™*™ and ¢ € ImB. We assume that B # O is not a full column rank
matrix, so that KerB # {o}, but we admit dependent rows of B. It is easy to
check that 25 is a nonempty closed convex set.

A feasible set 2p is a linear manifold of the form

2r = x + KerB,
where x is any vector which satisfies
Bx =c.

Thus a nonzero vector d € R" is a feasible direction of 2 at any x € 2
if and only if d € KerB, and d is a recession direction of g if and only if
d € KerB.

Substituting x = x+2z, z € KerB, we can reduce (2.18) to the minimization
of

ful(z) = ;ZTAZ —(b-Ax)"z (2.19)

over the subspace KerB. Thus we can assume, without loss of generality, that
c = o in the definition of 5. We shall occasionally use this assumption to
simplify our exposition.

A useful tool for the analysis of equality constrained problems is the La-
grangian function Lo : R"™™ — R defined by

Lo(x,A) = f(x) + AT(Bx —¢) = ;XTAX ~bfx+ (Bx—-c)"A.  (2.20)

Obviously

V2, Lo(x,A) = V2f(x) = A, (2.21)
ViLo(x,\) = Vf(x) +BT'A=Ax — b+ BT, (2.22)

Lo(x+d,\) = Lo(x,\) + (Ax — b+ BT X)7Td + ;dTAd. (2.23)

The Lagrangian function is defined in such a way that if considered as a
function of x, then its Hessian and its restriction to {25 are exactly those of
f, but its gradient VxLo(x, A) varies depending on the choice of A. It simply
follows that if f is convex, then L is convex for any fixed A, and the global
minimizer of Ly with respect to x also varies with A. We shall see that it is
possible to give conditions on A, B, and b such that with a suitable choice
A = X, the solution of the constrained minimization problem (2.18) reduces
to the unconstrained minimization of Lg as in Fig. 2.6.
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Lo(x,A) = Lo(%,A) + ¢

/ ___________________ T >
flx) = f(x") +c

Fig. 2.6. Geometric illustration of the Lagrangian function

2.4.1 Optimality Conditions

The main questions concerning the optimality and solvability conditions of
(2.18) are answered by the next proposition.

Proposition 2.8. Let the equality constrained problem (2.18) be defined by a
symmetric matriz A € R a constraint matric B € R™*" whose column
rank is less than n, and vectors b € R™, ¢ € ImB. Then the following state-
ments hold:
(i) A vector x € 25 is a solution of (2.18) if and only if A|KerB is positive
semidefinite and

(Ax —b)'d=0 (2.24)

for any d € KerB.
(i) A vector x € 25 is a solution of (2.18) if and only if A|KerB is positive
semidefinite and there is a vector A € R™ such that

Ax —b+BTA =o. (2.25)

Proof. (1) Let x be a solution of the equality constrained minimization prob-
lem (2.18), so that for any d € KerB and o € R

0< f(x+ad) — f(x) = a(Ax — b)7d + a; d7Ad. (2.26)

Fixing d € KerB and taking « sufficiently large, we get that the nonnegativity
of the right-hand side of (2.26) implies d’Ad > 0. Thus A|KerB must be
positive semidefinite. On the other hand, for sufficiently small values of o and
(Ax — b)Td # 0, the sign of the right-hand side of (2.26) is determined by
the sign of a(Ax — b)Td. Since we can choose the sign of a arbitrarily and
the right-hand side of (2.26) is nonnegative, we conclude that (2.24) holds for
any d € KerB.

Let us now assume that (2.24) holds for a vector x € 25 and A|KerB is
positive semidefinite. Then
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1
fx+d)— f(x) = 2dTAd >0

for any d € KerB, so that x is a solution of (2.18).

(ii) Let x be a solution of (2.18), so that by (i) A|KerB is positive semidefinite

and x satisfies (2.24) for any d € KerB. The latter condition is by (1.16)

equivalent to Ax —b € ImB™, so that there is A € R™ such that (2.25) holds.
Let A|KerB be positive semidefinite. If there are A and x € 25 such that

(2.25) holds, then by Taylor’s expansion (2.23)

f(x+d)— f(x) =Lo(x+d,A) — Lo(x,A) = ;dTAd >0

for any d € KerB, so that x is a solution of the equality constrained problem
(2.18). ad

Proposition 2.8(i) may be easily modified to characterize the solutions of
the minimization problem whose feasible set is a manifold defined by a vector
and a subspace; this modification is often useful in what follows.

Corollary 2.9. Let f be a convex quadratic function on R™, let S be a sub-
space of R™, and let x° € R™. Then x is a solution of

min f(x), 2s=x"+8 (2.27)
xXEs
if and only if
Vfx)Td=0 for any deS.

Proof. Let S be a subspace of R", § = ImS, where S € R"*™ is a full column
rank matrix, x° € R", and let B = | — S(STS)~1ST'| so that

S=KerB and 25 ={xcR": Bx =Bx"}.

Using Proposition 2.8, we get that x € (2s is the minimizer of a convex
quadratic function f on {2s if and only if V f(x) is orthogonal to S. O

The conditions (ii) of Proposition 2.8 are known as the Karush—Kuhn—
Tucker (KKT) conditions for the solution of the equality constrained problem
(2.18). If x € 25 and A € R™ satisty (2.25), then (x, A) is called a KK T pair
of problem (2.18). Its second component A is called a vector of Lagrange
multipliers or simply a multiplier. We shall often use the notation X or X to
denote the components of a KKT pair that are uniquely determined.

Proposition 2.8 has a simple geometrical interpretation. The condition
(2.24) requires that the gradient of f at a solution x is orthogonal to KerB, the
set of feasible directions of 2z, so that there is no feasible decrease direction
as illustrated in Fig. 2.7. Since d is by (1.16) orthogonal to KerB if and only
if d € ImB7, it follows that (2.24) is equivalent to the possibility to choose A



2.4 Equality Constrained Problems 41

Vf

f(x)=d Qg

Fig. 2.7. Solvability condition (i)  Fig. 2.8. Solvability condition (ii)

so that VxLo(x,A) = o. If f is convex, then the latter condition is equivalent
to the condition for the unconstrained minimizer of Ly with respect to x as
illustrated in Fig. 2.8.

Notice that if f is convex, then the vector of Lagrange multipliers which is
the component of a KKT pair modifies the linear term of the original problem
in such a way that the solution of the unconstrained modified problem is
exactly the same as the solution of the original constrained problem. In terms
of mechanics, if the original problem describes the equilibrium of a constrained
elastic body subject to traction, then the modified problem is unconstrained
with the constraints replaced by the reaction forces.

2.4.2 Existence and Uniqueness

Using the optimality conditions of Sect. 2.4.1, we can formulate the conditions
that guarantee the existence or uniqueness of a solution of (2.18).

Proposition 2.10. Let the equality constrained problem (2.18) be defined by
a symmetric matric A € R™"*"  a constraint matriz B € R™*™ whose column
rank is less than n, and vectors b € R",c¢ € ImB. Let R denote a matriz
whose columns span KerA and let A|lKerB be positive semidefinite. Then the
following statements hold:

(i) Problem (2.18) has a solution if and only if

R™b € Im(R"BT). (2.28)

(i) If A|KerB is positive definite, then problem (2.18) has a unique solution.
(iii) If (x,A) and (y, ) are KKT couples for problem (2.18), then

x—y eKerA and X —p e KerBT.
In particular, if problem (2.18) has a solution and
KerB” = {o},

then there is a unique Lagrange multiplier by
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Proof. (i) Using Proposition 2.8(ii), we have that problem (2.18) has a solution
if and only if there is A such that b—B” A € ImA, or, equivalently, that b—B7 X
is orthogonal to KerA. The latter condition reads R”b — R"BT X = o and can
be rewritten as (2.28).

(ii) First observe that if A|KerB is positive definite, then f|KerB is strictly
convex by Proposition 2.2 and f|{2g is strictly convex by Corollary 2.3. Since
2g is closed, convex, and nonempty, it follows by Proposition 2.5(i) that the
equality constrained problem (2.18) has a unique solution.

(iii) First observe that KerB = {x —y : x,y € 2} and that f is convex
on KerB by the assumption and Proposition 2.2. Thus if x and y are any
solutions of (2.18), then by Proposition 2.4(ii) Ax = Ay. The rest follows by
a simple analysis of the KKT conditions (2.25). O

If B is not a full row rank matrix and X is a Lagrange multiplier for (2.18),
then by Proposition 2.10(iii) any Lagrange multiplier A can be expressed in
the form

A=X+46, 6¢cKerB”. (2.29)

The Lagrange multiplier Arg which minimizes the Euclidean norm is called
the least square Lagrange multiplier; it is a unique multiplier which belongs
to ImB. If X\ is a vector of Lagrange multipliers, then Apg can be evaluated
by

As = (B) BTA (2.30)

and
A=A +0, 6 c KerBT.

2.4.3 KKT Systems

If A is positive definite, then the unique solution X of (2.18) is by Proposi-
tion 2.8 fully determined by the matrix equation

ABT] [x b
5o ][] e
which is known as the Karush—-Kuhn—Tucker system, briefly KKT system or
KKT conditions for the equality constrained problem (2.18). Proposition 2.8
does not require that the related KKT system is nonsingular, in agreement
with observation that the solution of the equality constrained problem should
not depend on the description of 2.
An alternative proof of the uniqueness of the component X of the solution
of the KKT system (2.31) for A positive definite and B with dependent rows
can be obtained by analysis of the solutions of the homogeneous system

5o ][] -2 o
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Indeed, after multiplying the first block row of (2.32) by d’ on the left,
d € KerB, we get

dTAd +d"BTu = 0.
Since Bd = o, it follows that d”B” u = (Bd)” u = 0, so that d”Ad = 0 and,
due to the positive definiteness of A, also d = o. The same argument is valid
for A positive semidefinite provided

KerA N KerB = {o}.

If A and B are respectively positive definite and full row rank matrices,
then we can directly evaluate the inverse of the matrix of the KKT system
(2.31) to get

ABT]™'  [A! - A-IBTSTIBA~!, A-1BTS-! 533
B O - S—1BA-L, _g-1|> (2.33)

where S = BA™!B” denotes the Schur complement matriz.

Even though not very useful computationally, the inverse matrix is use-
ful in analysis. In the following lemma, we use it to get information on the
distribution of the eigenvalues of the spectrum of a matrix of the KKT system.

Lemma 2.11. Let A € RTm)x(+m) denote the matriz of the KKT system
(2.31) with a positive definite matriz A and a full rank matriz B. Then A is
nonsingular and its eigenvalues aq > +++ > Qi Satisfy

(651 Z Tt Z (077} Z /\min(A) > 0 > On41 Z e Z Aptm,

where
)\min (A) = ||A_1 || -1

denotes the smallest eigenvalue of A.

Proof. Using repeatedly the Cauchy interlacing inequalities (1.21) to A, we
get
(651 Z )\1(A), (65) 2 )\Q(A), ey Qg > )\n(A) = Amin(A)a

where
AL(A) > - > X (A)

denote the eigenvalues of A.

Now observe that if o7 > -+ > 0, > 0 denote the eigenvalues of the Schur
complement S = BA~!'BT, then by (1.26) 0 > —o; ' > --- > —0.,! are the
eigenvalues of —S™!. Thus we can apply the Cauchy interlacing inequalities
(1.21) to the formula (2.33) for A~! to get the inequalities

—1 —1 —1
—0q > Hn+1, —09 > Hn+2y «voy —O0,, > Mn+m

for the m smallest eigenvalues i1 > -+ > finem of A71. We have thus
proved that A~' has at least m negative eigenvalues. Since u;}rl, ceey u;j_m
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are the eigenvalues of A, it follows that A has at least m negative eigenvalues.
As A has altogether n + m eigenvalues counting multiplicity and includes at
least n positive ones, we conclude that 0 > au,41. O

Using the extreme singular values of B, Rusten and Winther [162] estab-
lished stronger bounds on the eigenvalues of A including

; (/\1 (A) - \//\1 (A)Q + 4Unlin(B)2) > Op+1,

where op,in(B) denotes the smallest singular value of B. More results con-
cerning the spectrum of A may be found also in Benzi, Golub, and Liesen
[10].

2.4.4 Min-max, Dual, and Saddle Point Problems

To simplify our exposition, we shall assume in this subsection that A and
B are positive definite and full row rank matrices, respectively, postponing
the analysis of more general convex problems to Sects. 2.6.4 and 2.6.5. The
assumptions imply that the related KKT system

ViLo(x,A) =Ax —b+ B A =0, (2.34)

VaLo(x,A) =Bx—c=o0 (2.35)

has a unique solution (X, X), which can be found by first solving (2.34) with

respect to x, and then substituting for x into (2.35) to get an equation for .
We shall now associate these two steps with optimization problems.

First observe that by the gradient argument of Proposition 2.1, equation

(2.34) is just the condition for x to be the unconstrained minimizer of Lg

with respect to x. Thus for a given A € R™, the first step is equivalent to
evaluating the minimizer

x =x(A)=A" b -BTN)

of Lo(x, A) with respect to x. We can use this observation to express explicitly
the dual function

OA) = ienﬂgn Lo(x,A) = Hel]iRl}l Lo(x,A) = Lo(x(A), A) (2.36)
= —;ATBA_lBTA + (BA™'b — )X - ;bTAflb
and its gradient

VOA) = —BAT'BTA 4 (BA™'b —¢). (2.37)

We can also substitute for x into (2.35) to get
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—BA'BTA+(BA 'b—c) =o.

Comparing the left-hand side of the last equation with the explicit expression
(2.37) for VO(X), we get that the last equation can be written in the form

VO(A) =o.

As BAT!BT, the Hessian of —©, is positive definite, we conclude that the latter
is equivalent to the condition (2.8) for the minimizer of —© or, equivalently,
for the maximizer of ©. Therefore the KKT couple (Q,X) for the equality
constrained problem (2.18) solves the min-max problem

Lo(%.X) = max min L(x, A), (2.38)

X solves the dual problem

O(X) = max O(N), (2.39)

and, since X is feasible, we get
J®) = Lo(%, ) = Lo(®. X) = O(X). (2.40)
Moreover, it follows that
ﬂ@:%@%:g&%@%ﬁ%@%,xew. (2.41)
There is yet another equivalent problem which is related to the penalty

method. Since

sup Lo(x,A) =00 for x ¢ 2 and sup Lo(x,A) = f(x) for x € 2,

AER™ AER™
it follows that the solution X of the KKT system (2.32) satisfies
f(X) = min sup Lo(x,\). (2.42)
XER™ \cRrm

Comparing (2.42) with (2.38) and (2.40), we get the well-known duality rela-
tion

in L A) = min sup L A). 2.43

max min Lo(x, A) gﬁgﬁldx) (2.43)

Using (2.40) and (2.41), we get that (X, X) solves the saddle point problem to

o~

find (X, A) so that for any x € R™ and A € R™
Lo(%,A) < Lo(X,A) < Lo(x, A). (2.44)

We have thus obtained two unconstrained problems which are equivalent
to the original equality constrained problem (2.18). The saddle point formu-
lation enhances explicitly the Lagrange multipliers and is unconstrained at
the cost of two sets of variables, while the dual formulation may enjoy a small
dimension at the cost of dealing with more complex matrices. The dual prob-
lem may be also better conditioned. Notice that the left inequality in (2.44)
can be replaced by the equality.
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2.4.5 Sensitivity

The Lagrange multipliers emerged in Proposition 2.8 as auxiliary variables
which nobody had asked for, but which turned out to be useful in alterna-
tive formulations of the optimality conditions. However, it turns out that the
Lagrange multipliers frequently have an interesting interpretation in specific
practical contexts, as we have mentioned at the end of Sect. 2.4.1, where we
briefly described their mechanical interpretation. Here we show that if they
are uniquely determined by the KKT conditions (2.31), then they are related
to the rates of change of the optimal cost due to the violation of constraints.

f(x)=d

Fig. 2.9. Minimization with perturbed constraints

Let us assume that A and B are positive definite and full rank matri-
ces, respectively, so that there is a unique KKT couple (X, A) of the equality
constrained problem (2.18). For u € R™, let us consider also the perturbed
problem

gmin f(x)

as in Fig. 2.9. Its solution x(u) and the corresponding vector of Lagrange
multipliers A(u) are fully determined by the KKT conditions

B ] -[en)
so that

x8]- (3 .22 %) )
First observe that d(u) = x(u) — % satisfies
Bd(u) = Bx(u) — BX = u,

so that we can use Vf(X) = —BTX to approximate the change of optimal cost
by
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Vi) Td(u) = —(BTA) d(u) = ~ATBd(u) = —ATu.

It follows that —[X]z can be used to approximate the change of the optimal
cost due to the violation of the ith constraint by [u];.

To give more detailed analysis of the sensitivity of the optimal cost with
respect to the violation of constraints, let us define for each u € R™ the primal
function

p(u) = f (x(u)).

Observing that X = x(0) and using the explicit formula (2.33) to evaluate the
inverse of the KKT system, we get

x(u) =x +A"'BTS !,

where S = BA='B” denotes the Schur complement matrix. Thus
x(u) - X = A"'BTS !,

so that

p(u) —p(o) = f (x(u)) - f(x)

= V(R (x(u) - %) + ;(x(u) — ﬁ)T

A(x(u) - X)
=VfX)TATBTS Tu+ ;uTs*BA*BTS*lu.
It follows that the gradient of the primal function p at o is given by
Vp(o) = (VAR)TATBTS ) = STIBAIV(R).

Recalling that Vf(X) = —BTX, we get

o~

Vp(o) = =S'BAT'BTA = —. (2.45)

Our analysis shows that if the total differential of f at X decreases outside
g, then this decrease is compensated by the increase of AT (Bx —c). See also
Fig. 2.6. The components of X are also called the shadow prices after their
meaning in the applications in economics.

For the sensitivity analysis of the solution of more general equality con-
strained problems, we refer to the book by Bertsekas [12].

2.4.6 Error Analysis

We shall now give the bounds on the error of the solution of the KKT system
(2.31) in terms of perturbation of the right-hand side. As we do not assume
here that the constraints are necessarily defined by a full rank matrix B, we
shall use bounds on the nonzero singular values of the constraint matrix.
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Proposition 2.12. Let matrices A, B and vectors b, c be those from the def-
inition of problem (2.18) with A SPD and B € R™*" not necessarily a full
rank matriz of the column rank less than n. Let Amin(A) denote the least
eigenvalue of A, let omin(B) denote the least nonzero singular value of B,
let (X,A) denote any KKT pair for the equality constrained problem (2.18),
let g € R", e € R™, and let (x,\) denote an approximate KKT pair which
satisfies

Ax +BTA=b+g,

Bx =c+e. (2.46)
Then Al
T —
BT = X)) < sl + g el (2.47)
e (A) +1 (A)
- K + K
e ERNON E RN (2.49)

Moreover, if ALs denotes the least square Lagrange multiplier for (2.18)
and X € ImB, then

1 Al
A= Ang] < A . 2.49
A=< Lo (sl el (2.49)
Proof. Let us recall that we assume ¢ € ImB, so that also e € ImB. If Bf
denotes the Moore—Penrose pseudoinverse of B, it follows that § = Bfe satisfies
BS = e and ||6]| < omin(B) " '|le|| (see (1.38)). Moreover, y = x — & satisfies
Aly —x) + BT(A =) =g+ A4,
B(y — X) =o.
After eliminating y — X from the first equation, we get
BAT'BT(A —\) =B(A g +9),
so that, after multiplication on the left by (A — X)T and taking norms, we get
IAITHIBEO = X)[2 < BT = N)[[|A~ g + 4.
Thus
Al
Umin(B)
After subtracting AX + BT\ = b from the first equation of (2.46), multiplying
the result on the left by A~!, and taking the norms, we get
Kk(A)+1
/\min(A)

IBTA = NIl < s(A)llgll + [All16]] < s(A) g + llel]-

K(A)

Ix = || = |A™" (g = B"(A = N))| < min(B)

gl + le]-

If X € ImB, then A — Apg € ImB and
A= As = (BN BT(A = Avg).
The last inequality then follows by (1.37) and (2.47). O
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2.5 Inequality Constrained Problems

Let us now consider the problems whose feasible sets are described by linear
inequalities. Such sets are also called the polyhedral sets. More formally, we
look for

min (), (2.50)

where f is a quadratic function defined by (2.4), 2; = {x € R" : Bx < ¢},
B = [by,...,b,]T € R™*" and ¢ = [¢;] € R™. We assume that 2 # (.
At any feasible point x, we define the active set

Ax)={ie{l,...,m}: bl'x=¢}.

In particular, if x is a local solution of (2.50), then each feasible direction
of Pp ={x€R": [Bx]|gx) = Cax)} at x is a feasible direction of 2; at x.
Using the arguments of Sect. 2.4.1, we get that x is also a local solution of
the equality constrained problem
min f(X)7 g = {X eR™: [BX]A(x) = C.A(x)}- (251)
xXENE
Thus (2.50) is a more difficult problem than the equality constrained problem
(2.18) as its solution necessarily enhances the identification of A(x).

2.5.1 Polyhedral Sets

To understand the conditions of solvability of the inequality constrained prob-
lem (2.50), it is useful to get some insight into the geometry of polyhedral sets.
We shall need a few new concepts.

A set C C R" is a (convex) cone (with its vertex at the origin) if x+y € C
and ax € C for all @« > 0, x € C, and y € C. We are interested in polyhedral
cones which are defined by

C={xeR": Bx <o},

where B € R™*" ig a given matrix. The Minkowski-Weyl Theorem (see, e.g.,
[12]) says that polyhedral cones are finitely generated, i.e., there is a matrix
C such that
C={xeR": x=Cy, y >o}.

A polyhedral cone is a closed convex set.

A polyhedral set 2 can be represented as the sum of the convex hull of
a finite set of points and a polyhedral cone whose elements are the recession
directions of 2. Let us formulate this nontrivial statement more formally.

Proposition 2.13. A set 2 C R"™ is polyhedral if and only if there is a
nonempty set of n-vectors {x1,...,xx} and a polyhedral cone C C R™ such
that

2 =C+ Conv{xy,..., Xk}

Proof. See, e.g., [12, Proposition B.17]. O
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2.5.2 Farkas’s Lemma

The main tool for the transformation of the geometrical conditions of opti-
mality for the inequality constrained problems to their algebraic form with
Lagrange multipliers is the following lemma by Farkas.

Lemma 2.14. Let B € R™*" and h € R™. Then ezactly one of the following
problems has a solution:

(I)  Find deR™ such that Bd<o and h'd>0.
(I1) Find yeR™ such that B'y=h and y>o.

Proof. Suppose first that (II) has a solution, so that there is y > o such that
BTy = h. Let d € R"™ be such that Bd < o. Then

h"d = (B"y)" d = y"Bd <0,

so that the problem (I) has no solution.
Now suppose that the problem (II) has no solution and denote

2 ={xeR": x=B"y, y>ol,

so that our assumption amounts to h ¢ (2. Denoting by h € 2 the projection
of h to 2 and d = h — h, we get by (2.16) that for any x € {2

d"(x—h)=(h-h7"(x—h) <0,
or alternatively N
d’x <d"h =a.

Observing that o € 2, we get a > 0. Moreover, substituting x = BTy, we get
for any y > o
yIBd =d’Bly < a.

Since the components of y can be arbitrarily large, Bd < o. Thus d satis-
fies the first inequality of (I). To check the second one, recall that by our
assumption h ¢ . It follows that d # o, so that d¥(h — h) = ||d||?> > 0 and

d"h>d"h=a>0.
Thus d is a solution of (I). O
Farkas’s lemma is used in the proof of the KKT conditions for inequality
constrained QP problems in a similar way as the statement that ImB” is

the orthogonal complement of KerB in the analysis of equality constrained
problems. A geometric illustration of Farkas’s lemma is in Fig. 2.10.
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b2 bs b2 bs

b1
b4 bl b4

id

Fig. 2.10. Farkas’s lemma: solution of (I) (left) and (II) (right)

2.5.3 Necessary Optimality Conditions for Local Solutions

The structure of inequality constrained QP problems (2.50) is more compli-
cated than that of the equality constrained ones (2.18). We shall start our
exposition with the following necessary optimality conditions.

Proposition 2.15. Let the inequality constrained problem (2.50) be defined
by a symmetric matrix A € R™ ", the constraint matriz B € R™*™ whose
column rank is less than n, and the vectors b,c. Let C denote the cone of
directions of the feasible set £2;. Then the following statements hold:

(i) If x € 25 is a local solution of (2.50), then

(Ax —b)'d >0 (2.52)

for any feasible direction d of £2; at x.
(i) If x € 21 is a local solution of (2.50), then there is A € R™ such that

A>0, Ax—b+B"A=0, and A (Bx—c)=0. (2.53)

Proof. (i) Let x be a local solution of the inequality constrained problem
(2.50) and let d denote a feasible direction of {27 at x, so that the right-hand
side of

2
f(x+ad) — f(x) = a(Ax — b)Td + O; d”Ad (2.54)
is nonnegative for all sufficiently small o > 0. To prove (2.52), it is enough
to take a > 0 so small that the nonnegativity of the right-hand side of (2.54)

implies that
a(Ax —b)Td > 0.

(ii) First observe that if x is a local solution of (2.50), then d is a feasible
direction of £2; at x if and only if d is a feasible direction of

Nr={xeR": Baxsx<cu}
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at x, where A = A(x) is the active set of x. Thus by (i) x is also a local
solution of
min f(x), 2;={x€R": Bax<cu}.
xE€NT
Denoting h = —(Ax — b), it follows by (i) that the problem to find d € R”
such that
Basd <o and h”d >0

has no solution. Thus we can apply Farkas’s lemma 2.14 to get y € R™ such
that
(BA*)Ty =hy and y >o.

Denoting by A € R™ the vector obtained by padding y with zeros, so that
[Ali =0 fori ¢ Aand Ag =y, it is easy to check that X satisfies (2.53). O

The conditions (2.53) are called the KKT conditions for inequality con-
straints. The last of these conditions, the equation AT(Bx — ¢) = 0, is called
the condition of complementarity. Notice that (ii) can be proved without any
reference to Farkas’s lemma as any solution x of (2.50) solves (2.51), so that
by Proposition 2.8(ii) there is y such that

Ax — b+ Ba(x)y = CA(x)>
and y > o by the arguments based on the discussion of sensitivity of the
minimum in Sect. 2.4.5.
2.5.4 Existence and Uniqueness

In our discussion of the existence and uniqueness results for the inequality
constrained QP problem (2.50), we restrict our attention to the following
results that are useful in our applications.

Proposition 2.16. Let the inequality constrained problem (2.50) be defined
by a symmetric matriz A € R™*" | a constraint matriz B € R™*™ and vectors
b, c. Let C denote the cone of recession directions of the nonempty feasible set
21. Then the following statements hold:

(i) If problem (2.50) has a solution, then dTAd > 0 for d € C and

d"b <0 for decCnKerA. (2.55)

(i) If (2.55) holds and f is convezx, then problem (2.50) has a solution.
(i3) If f is conver and (x,X) and (y,p) are KKT couples for (2.50), then

x -y cKerA and X— p € KerBT. (2.56)

(iv) If A is positive definite, then the inequality constrained minimization prob-
lem (2.50) has the unique solution.
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Proof. (i) Let x be a global solution of the inequality constrained minimization
problem (2.50), and recall that

f(x+ad) — f(x) = a(Ax — b)Td + O; d”Ad (2.57)

for any d € R™ and « € R. Taking d € C arbitrary but fixed and « sufficiently
large, we get that the nonnegativity of the right-hand side requires d”Ad > 0.
Moreover, if d € C N KerA, then (2.57) reduces to

f(x+ad) — f(x) = —ab’d,

which is nonnegative for any o > 0 if and only if b”d < 0.
(i) Let us now assume that (2.55) is satisfied and observe that if ¢ = o, then
(27 is a cone, so that a solution is known to exist even in infinite dimension
(see Zeidler [184, pp. 553-556]).
If ¢ is arbitrary, then by Proposition 2.13 there are x1,...,x) € 21 such
that
2 =C+ conv{xy,...,xx}, C={x: Bx<o}.

Observing that d € C if and only if 2d € C, we get that x € (2 if and only if
x=2d+y, deC, yeConv{xy,...,xx}

Thus

1
f(x) = f(2d+y) =dTAd — 2b"d + d"Ad + 2d" Ay + 2yTAy —bTy
> 2f(d) + (d"Ad + 2d" Ay) — bTy. (2.58)

We have already seen that f is bounded from below on C. Moreover, using
the Euclidean norm, we get

—b"y > —||b|| max{||x4|, ..., |Ixx|}
and by (2.10)
d"Ad +2d"Ay > —(Ay)"ATAy = —y" Ay > —||A| max{|x: %, ..., [|x]*},

where AT denotes the Moore-Penrose generalized inverse to A. Thus f is
bounded from below on {2; and we can use the Frank—Wolfe theorem (see
Proposition 2.5(iii)) to finish the proof of (ii).

(iii) The first inclusion of (2.56) holds by Proposition 2.4(ii) for solutions of
any convex problem. The inclusion for multipliers then follows by the KKT
condition (2.53).

(iv) If A is positive definite, then f is strictly convex by Proposition 2.2, so
that by Proposition 2.5 there is a unique minimizer of f subject tox € 2;. O
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2.5.5 Optimality Conditions for Convex Problems

When the cost function is convex, then the necessary conditions of Sect. 2.5.3
are also sufficient.

Proposition 2.17. Let f be a convex quadratic function defined by (2.4) with
a positive semidefinite Hessian matriz A. Then the following statements hold:
(i) A vector x € 21 is a solution of (2.50) if and only if

(Ax —b)'d >0 (2.59)

for any feasible direction d of 21 at x.
(i) A wvector x € 21 is a solution of (2.50) if and only if there is X € R™
such that

A>0, Ax—b+B'A=0, and AT (Bx—c)=0. (2.60)

Proof. Since f is convex, it follows by Proposition 2.4(i) that each local min-
imizer is a global minimizer. Moreover, by Proposition 2.15, each minimizer
satisfies (2.59) and (2.60). Thus it is enough to prove that the convexity of f,
the feasibility condition, and (2.59) or (2.60) are sufficient for x to be a solu-
tion of the inequality constrained minimization problem (2.50).

(i) Let us assume that x € (25 satisfies (2.59) and x € (2;. Since {2 is convex,
it follows that d = x — x is a feasible direction of {2; at x, so that, using
Taylor’s expansion and the assumptions, we have

1
fx) = f(x) = (Ax —b)"d + 2dTAd > 0.
(ii) Let us assume that x € 27 satisfies (2.60) and Bx — ¢ < 0. Then

Lo(x,X) = f(x) + AT (Bx — ¢) = f(x),
Lo(x,X) = f(x) + AT(Bx — ¢) < f(x),

and

f(x) = f(x) = Lo(x, A) = Lo(x, A)
= VyLo(x, M) (x — x) + ;(x —x)TA(x — x)

— (Ax—b+BTN)(x - x) + ;(x —)TAx - x)

;(x —x)TA(x —x) >0.
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2.5.6 Optimality Conditions for Bound Constrained Problems
A special case of problem (2.50) is the bound constrained problem

min f(x), 2p={xe€R": x> ¢}, (2.61)

x€ENp

where f is a quadratic function defined by (2.4) and £ € R™. The optimality
conditions for convex bound constrained problems can be written in the form
which is more convenient in some applications.

Proposition 2.18. Let f be a convex quadratic function defined by (2.4) with
a positive semidefinite Hessian A. Then x € 25 solves (2.61) if and only if

Ax-b>o0 and (Ax—b)T(x—£)=0. (2.62)
Proof. First observe that denoting B = —1,,, ¢ = —¢, and
2r={xeR": Bx<c},

the bound constrained problem (2.61) becomes the standard inequality con-
strained problem(2.50) with 2; = 2. Using Proposition 2.17, it follows that
x € {2p is the solution of (2.61) if and only if there is A € R™ such that

A>0, Ax—-b—IA=0, and A (x—#£)=0. (2.63)

We complete the proof by observing that (2.62) can be obtained from (2.63)
and vice versa by substituting A = Ax — b. ad

In the proof, we have shown that A = Vf(x) is a vector of Lagrange
multipliers for the constraints —x < —£, or, equivalently, for x > £. Notice
that the conditions (2.62) require that none of the vectors s; is a feasible
decrease direction of {25 at x, where s; denotes a vector of the standard basis
of R™ formed by the columns of |,,, i € A(x).

2.5.7 Min-max, Dual, and Saddle Point Problems

As in Sect. 2.4.4, we shall assume that A and B are positive definite and full
rank matrices, respectively, postponing the analysis of more general problems
to Sects. 2.6.4 and 2.6.5. The assumptions imply that the related KKT system

> o, (2.64)
VyLo(x,A) = Ax —b+BTXx =o, (2.65)
VaLo(x,A) = Bx —c <o, (2.66)
ATBx—-c)=0 (2.67)

has a unique solution (X, X) We shall now associate the KKT system (2.64)—
(2.67) with some other extremal problems.
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First observe that given A € R™, we can evaluate x from (2.65) to get the
minimizer

x=x(A)=A"'b - ATIBTA

of Lo(x, A) with respect to x. We can use this observation to express explicitly
the dual function

O(A) = inf Lo(x,A) = min Lo(x, A) = Lo(x(A), A) (2.68)

x€R" x€ER™
=— ;)\TBA_lBTA + (BA b — )X — ;bTAflb

and its gradient

VOA) = —BAT'BTA 4 (BA™'b —¢). (2.69)
Moreover,

Bx(A) —c=-BAT'BTA+ (BA™'b —¢c) = VO(N),
so that (2.66) and (2.67) are equivalent to
VOA) <o and ATVO) =0,

which can be rewritten as

—VOA) >0 and —ATVON) =0. (2.70)

As the Hessian BA™'B” of —0 is SPD, we conclude that (2.70) is equiv-
alent to the condition (2.62) for the minimizer of —© subject to A > o, or,
equivalently, for the maximizer of © subject to A > o. Therefore the KKT
couple (X, A) for the inequality constrained problem (2.50) solves the min-maz
problem R

Lo(X,A\) = max min Lo(x, A), (2.71)

X solves the dual problem

OA) = max O(A), (2.72)
and R R
F(X) = Lo(%,X) = O(N). (2.73)

As in Sect. 2.4.4, there is yet another equivalent problem which is related
to the penalty method. Since

sup Lo(x,A) = oo for x ¢ 21 and sup Lo(x,A) = f(x) for x € (2,
A>o A>o

it follows that the solution X of the KKT system (2.64)—(2.67) satisfies
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f(X) = min sup Lo(x, \).
XER™ x>0
Comparing the latter equality with (2.71) and (2.73), we get the well-known
duality relation
max min Lo(x,A) = Inin ilé[; Lo(x, A). (2.74)
Using the feasibility of X, equations (2.73), and definition (2.68) of the

dual function @, we also get that (Q,X) solves the saddle point problem to
find (X, A) so that for any x € R™ and A > o

Lo(%,A) < Lo(X,A) < Lo(x, X). (2.75)

We have obtained again two bound constrained problems which are equiv-
alent to the original equality constrained problem (2.50). The mixed formu-
lation enhances explicitly the Lagrange multipliers and is only bound con-
strained at the cost of two sets of variables, while the dual formulation enjoys
both the bound constraints and typically a small dimension at the cost of
dealing with more complex matrices. The dual problem may be also better
conditioned.

2.6 Equality and Inequality Constrained Problems

In the previous sections, we have obtained the results concerning optimization
problems with either equality or inequality constraints. Here we extend these
results to the optimization problems whose variables are subjected to both
equality and inequality constraints. More formally, we look for

min f(x), 25 ={x€R": Bx|]z <cz, [Bx]e =cs}, (2.76)

xXE€ELE

where f is a quadratic function with the symmetric Hessian A € R"*" and

the linear term defined by b € R, B = [by,...,b,]T € R™*" is a matrix
with possibly dependent rows, ¢ = [¢;] € R™, and Z, £ are disjoint sets of
indices which decompose {1,...,m}. We assume that ;g is not empty.

If we describe the conditions that define the feasible set 275 in detail, we
get
Qp={xeR": bI'x<¢, i€, blx=¢, ic&},

which makes sense even for Z = () or £ = (); we consider the conditions which
involve the empty set as always satisfied. For example, £ = () gives

Qg = {X cR": b?X <c, @ EZ},
and the kernel of an “empty” matrix is defined by

KerBg. = {x € R": b;rX =0,ie€&}=R"
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2.6.1 Optimality Conditions

First observe that {27 is a polyhedral set as any equality constraint b x = ¢;
can be replaced by the couple of inequalities bZTx < ¢; and —b;jpx < —q;.
We can thus use our results obtained by the analysis of the inequality con-
strained problems in Sect. 2.5 to get similar results for general bound and
equality constrained QP problem (2.76).

Proposition 2.19. Let the quadratic function [ and the feasible set 215 be
defined by the matrices A, B, the vectors b, c, and the index sets I,E from the
definition of problem (2.76). We assume that A is symmetric and that B is
not necessarily a full row rank matriz. Let C denote the cone of directions of
the feasible set £2;p. Then the following statements hold:

(i) If x € Q1 is a local solution of (2.76), then

Vf(x)=(Ax—b)Td >0 (2.77)

for any feasible direction d of (215 at x.
(i) If x € 2rp is a local solution of (2.76), then there is a vector A € R™
such that

Az >0, Ax—b+B'A=0, and A[Bx-c]; =0. (2.78)

(i) If A is positive semidefinite, then x € 21 is a solution of (2.76) if and
only if x satisfies (2.77) or (2.78).

Proof. First observe that if £ = (), then the statements of the above proposi-
tion reduce to Propositions 2.15 and 2.17, and if Z = (), then they reduce to
Proposition 2.8. Thus we can assume in the rest of the proof that Z # ) and
E#0.

As mentioned above, (2.76) may be rewritten also as

min f(x), 2;={xeR": Bx]z <cz, [Bx]e <cg —[Bx|e < —cg},

XENR]
(2.79)
where £2; = ;5. Thus the statement (i) is a special case of Proposition 2.15.
If x € 21 is alocal solution of (2.76), then, using (ii) of Proposition 2.15,
we get that there are nonnegative vectors u, v, and w such that

Ax —b+Bfu+Blv-Bl,w=o0 and Al[Bx—c|z=0.
Defining A € R™ by
Az =1, Ag=V-—-w,

we get that A and x satisfy (2.78), which proves (ii).
In the same way as above, we can use Proposition 2.17 to prove the state-
ment (iii). O



2.6 Equality and Inequality Constrained Problems 59

2.6.2 Existence and Uniqueness

As recalled in Sect. 2.6.1, problem (2.76) can be considered as a special
case of the inequality constrained problem, so that we can use the results
of Sect. 2.5.4. We add here one simple proposition for the case that A|KerBg.
is positive definite.

Proposition 2.20. Let the quadratic function [ and the feasible set §2;p be
defined by the matrices A, B, the vectors b, c, and the index sets Z,E from
the definition of problem (2.76). Let A|KerBg, be positive definite. Then the
equality and inequality constrained minimization problem (2.76) has a unique
solution X.

Proof. Let us consider the penalized function
fo(%) = f(x) + (Beux — ce)" (Beux — cg).

Using the assumption that A|KerBg., is positive definite and Lemma 1.2, we
get that the Hessian Ay = A + 2BL Bg. of the function f, is also positive
definite, so that fs is strictly convex by Proposition 2.2. Since

2rp C 2, ¢ ={xe€R": Be,x=cg},

it follows that f|2¢ = f2|2¢. Thus f|£2;f is strictly convex and the statement
then follows by Proposition 2.5(i). O

2.6.3 Partially Bound and Equality Constrained Problems
Here we consider the partially bound and equality constrained problem

min f(x), 2pp={xeR": x; >¥£;, Begx=cg}, (2.80)
xXENBE

where f is a convex quadratic function with a symmetric positive semidefinite
Hessian A € R™ ™ Bg € R?*™ is a matrix with possibly dependent rows,
cp € RY and £; € RP is a vector of bounds on the first p components of x
which form variables x;. Though the partial constraints can be easily imple-
mented by admitting ¢; = —oo, here we consider them explicitly to simplify
the reference in our applications. To unify the references to the correspond-
ing vectors, we denote by Z = {1,...,p} and R = {p+1,...,n} the sets of
indices of the bound constrained and remaining entries of x, respectively, so
that x7 = x;. With

B —£
BI:[_IpyoprLT:n—pa B:|:B;:|7 CZ[CEI:|7
and &€ = {p+1,...,m}, the bound and equality constrained problem (2.80)
becomes the standard equality and inequality constrained problem (2.76).
Introducing the Lagrange multipliers A € R™ and denoting
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g = VxLo(x,Ae) = Ax — b+ BE g,
we get

VeLo(x,A\) =Ax—b+BEA: +BIA; =g+ B A; =g — {(l)} A,

so that by Proposition 2.19 the KKT conditions for problem (2.80) read
g7 Z o, gr = 0O, and gf,ZZj(XI - EI) =0. (28]‘)

Thus the KKT conditions for bound and equality constrained problems can

be conveniently expressed by means of the Lagrangian function for equality

constrained problems. The Lagrange multipliers for the inequality constraints

may be recovered by Az = gz. If x € Qpp and g = VxLo(x, Ae) satisly

(2.81), then (x, Ag) is called the KKT pair for bound and equality constraints.
Application of the duality typically results in problem

2.82
nax_f(x) (2.82)
with —f convex. Since

Jnax f(x)=— min —f(x),

we get easily that the KKT conditions for (2.82) read
gr <o, gr=o, and gr(xz—4£;)=0. (2.83)

The analysis presented above covers also the partially bound constrained
problem to find

min f(x), 2 ={xeR": x; > ¥} (2.84)

x€eNp

Skipping the terms concerning the equality constraints and denoting
gZVf(X):AX—b,

we get the KKT conditions for the bound constrained problem (2.84) in the
form
gr >0, gr=o, and gr(xz—4£;)=0. (2.85)

As above, we get that the KKT conditions for partially bound constrained
problem
max f(x), 2p={xeR": x5 >4£;} (2.86)

xXENE

with f convex read

gr <o, gr=o, and gr(xz—4£;)=0. (2.87)
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2.6.4 Duality for Dependent Constraints

Combining the arguments of the previous subsections, in particular Sects. 2.4.4
and 2.5.7, it is possible to get the dual and mixed formulations of equality
and inequality constrained problems under the conditions that A and B are
positive definite and full rank matrices, respectively. Since there are important
applications where such assumptions are too restrictive, it is useful to extend
the duality theory without these assumptions. We first relax the assumptions
on the constraints, postponing the discussion of more general cases to the next
section.

Duality Relations

Let us consider problem (2.76) with A positive definite and B with dependent
rows. Let us recall that by Proposition 2.2 our assumptions imply that f is
strictly convex; therefore we can apply Proposition 2.5 to get that there is a
unique solution X of (2.76).

Let (X, A) be a solution of the bound and equality problem (2.76). Then

AT (Bx —¢) = Af[BX —c]e + AT[BX — ]z =0,

so that
f(X) = Lo(X, A). (2.88)

Next observe that if A is a vector of the Lagrange multipliers of the so-
lution, then X is fully determined by the second condition of (2.78) which
reads

VxLo(x,A) = o.

Since Ly is strictly convex, the latter is the gradient condition for the uncon-
strained minimizer of Ly with respect to x; therefore

Lo(X,A) = ng'ﬁgl Lo(x, A). (2.89)

Recalling the definition of the dual function

O(A) = min Lo(x, A)

and using (2.88) and (2.89), we get

F(R) = Lo(%,A) = O(N). (2.90)

Dual and Saddle Point Problems

Let us first present the analysis which enhances our earlier results and admits
the constraint matrices with possibly dependent rows.
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Proposition 2.21. Let the quadratic function f and the feasible set Qg # ()
be defined by the matrices A, B, the vectors b, c, and the index sets T,E from
the definition of problem (2.76). We assume that A is SPD, but we admit that
B is not necessarily a full row rank matriz, T =0, or € =10. Let

1 1
O(A) = —2>\TBA*1|3T>\+AT(BA*1b—c) - 2bTA’1b (2.91)

denote the dual function. Then the following statements are equivalent:
(i) (X, A) is a KKT pair for problem (2.76).

(i) X is a unique solution of the primal problem (2.76) and X is a solution of
the dual problem

= m. > o}. .
Jnax OA), Np={A€eR Az > o} (2.92)

(iii) (X,A) € R™ x R™ with Az > o is a saddle point of Lo in the sense that
for any x € R™ and A € R™ such that Az > o,

Lo(X, ) < Lo(X, A) < Lo(x, A). (2.93)
Proof. (1) = (ii). Let (X, A) be a KKT pair for (2.76), so that X is a unique

solution of (2.76), f(X) = ©(A) by (2.90), and (X, A) is by Proposition 2.19 a
solution of

Az > o, (2.94)
VyLo(x,A) =Ax —b+BTXx =0, (2.95)
[VaLo(x,\)]; = Bx —c]; <o, (2.96)
[VaLo(x,A)]s = [Bx — ¢z = o, (2.97)
MBx —clr =0. (2.98)

In particular, since A is positive definite, it follows that we can use (2.95) to
get
x=A"1(b-B"X).

After substituting into (2.96)-(2.98), we get

[-BAT'B"A+ (BA™'b —¢)]z <o, (2.99)
[-BAT'B"A+ (BA™'b —c¢)|¢ = o, (2.100)
M -BATIBTA+ (BA™'b —¢)]z = 0. (2.101)

Denoting g = VO(X), we can rewrite the relations (2.99)—(2.101) as
gr <o, ge=o, and Agr=o0. (2.102)

Comparing (2.102) with the KKT conditions (2.87) for the partially bound
constrained problem (2.86), we conclude that (2.102) are the KKT conditions



2.6 Equality and Inequality Constrained Problems 63

for (2.92). Since Az > o by (2.94), we have thus proved that X is a feasible
vector for problem (2.92) which satisfies the related KKT conditions. Recalling
that A is positive definite, so that BA™'B” is positive semidefinite, we conclude
that A solves (2.92).

(ii) = (iii). Let X be a unique solution of the primal problem (2.76) and let
A be a solution of the dual problem (2.92), so that f(X) = ©@(X) by (2.90).
Then X is feasible, i.e.,

[BX —cle =0, [Bx—c|r <o,

and
sup Lo(X,A) = f(X) + sup AT(BX —¢) = f(X).

>\z ZO >\z ZO

Thus
O(A) = min Lo(x,A) < Lo(X,A) < sup Lo(X,A) = f(X).

x€eRn Az>0

Since f(X) = O(N), it follows that

sup Lo(X,A) = Lo(X,A) = min Lo(x, A)

Az>o0 xER™

and (X, A) is the solution of the saddle point problem (2.93).

(iii) = (i). Let us now assume that there is (X, A), Az > o, such that (2.93)
holds for any x € R™ and A € R™, Az > o. To show that (X, ) is a KKT
pair for (2.76), notice that for any x € R™

sup Lo(x,A) =00 for x ¢ 2;p and sup Lo(x,A) = f(x) for x € 2.
Az>o0 Az>o0

Since by the assumptions
Lo(X,A) < Lo(X, A)

for any A € R™, Az > o, it follows that X € 275 and f(X) = Lo(X, ). The
feasibility of X and the latter equation imply the complementarity condition

MBx —c|r =0.
Taking into account the right saddle point inequality in (2.93), we get that

Lo(X,A) = min Lo(x, A).

x€ER”

Thus X is the unconstrained minimizer of Lo(x,A) with respect to x. Since
Ly is a convex function of x, we conclude that VxLo(X,A) = o and (X, A) is
a KKT pair for problem (2.76). O
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2.6.5 Duality for Semicoercive Problems

Now let us examine what happens when the matrices A and B in the defini-
tion of the bound and equality constrained QP problem (2.76) are positive
semidefinite and rank deficient, respectively. A special case of (2.76) is a linear
programming problem with A = O.

Constrained Dual Problem

First observe that if A is only positive semidefinite and b # o, then the cost
function f need not be bounded from below. Thus —oo can be in the range
of the dual function @. We resolve this problem by keeping @ quadratic at
the cost of introducing equality constraints. An alternative development of
duality for special semicoercive QP problems can be found in the papers by
Dorn [37, 38].

Proposition 2.22. Let matrices A, B, vectors b,c, and index sets I,E be
those from the definition of problem (2.76) with A positive semidefinite and
Qrp # 0. Let R € R™*? be a full rank matriz such that

ImR = KerA,
let AT denote a symmetric positive semidefinite generalized inverse of A, and
let
1 1
O\) = — 2ATBA+BT,\ +AT(BATb —¢) — 2loTAﬂo. (2.103)
Then the following statements hold:
(i) If (x,X) is a KKT pair for (2.76), then X is a solution of

\nax O\), 2pr={Ac€R™: Az >0, RTBTA=R"b}.  (2.104)

Moreover, there is a € RY such that (X, &) is a KK T pair for problem (2.104)
and
x = AT (b—-BTX) +Rau (2.105)

(i) If (A, o) is a KKT pair for problem (2.104), then x defined by (2.105) is
a solution of the equality and inequality constrained problem (2.76).
(ii3) If (x,A) is a KKT pair for problem (2.76), then
f(x)=06(N). (2.106)
Proof. (i) Assume that (x, ) is a KKT pair for (2.76), so that (x, ) is by
Proposition 2.19 a solution of
AI Z o, ( )
ViLo(x,A\) =Ax —b+B X =o, ( )
[VaLo(x,A)]; = [Bx —c]; <o, (2.109)
[VaLo(x,A)]g = [Bx — ¢z = o, ( )
MBx -z =0. ( )
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Notice that given a vector A € R™, we can express the condition
b —BTA € ImA,
which guarantees solvability of (2.108) with respect to x, conveniently as
RT”(B'A —b) =o. (2.112)

If the latter condition is satisfied, then we can use any symmetric left gener-
alized inverse AT to find all the solutions of (2.108) with respect to x in the
form

x(A,a) =AT(b—BTX) + Ra, a € RY,

where d is the dimension of KerA. After substituting for x into (2.109)—(2.111),
we get

[ -BATBTA + (BA*b — ¢) + BRajz < o, (2.113)
[ -BATBTA + (BA*b — ¢) + BRajs = o, (2.114)
AT [-BATBTA + (BA™b — ¢) + BRa]z = 0. (2.115)

The formulae in (2.113)—-(2.115) look like something that we have already
seen. Indeed, introducing the vector of Lagrange multipliers e for (2.112) and
denoting

AN a) = O(N) + o (RTBTA -~ RTDb)
- — ;ATBA+BT)\ +AT(BATb —¢) — ;bTAJFb
+aT(RTBTA - RTDb),
g =Vad(\ a) = —BATBYA + (BA™b — ¢) + BRa,
we can rewrite the relations (2.113)—(2.115) as
gr <o, ge=o, and Agr=o. (2.116)

Comparing (2.116) with the KKT conditions (2.83) for the bound and equality
constrained problem (2.82), we conclude that (2.116) are the KKT conditions
for

maxO(A) subject to R'B'A—-R'b=0 and Az >o. (2.117)

We have thus proved that if (x,A) solves (2.107)—(2.111), then A is a
feasible vector for problem (2.117) which satisfies the related KKT conditions.
Recalling that AT is by the assumption symmetric positive semidefinite, so
that BA*BT is also positive semidefinite, we conclude that A solves (2.104).
Moreover, we have shown that any solution x can be obtained in the form
(2.105) with a KKT pair (X, o), where e is a vector of the Lagrange multipliers
for (2.104).
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(ii) Let (A, a) be a KKT pair for problem (2.104), so that (A, o) satisfies
(2.112)—(2.115) and Az > o. If we denote

x =AT(b—-BTA) +Ra,

we can use (2.113)—((2.115) to verify directly that x is feasible and that (x, A)
satisfies the complementarity conditions, respectively. Finally, using (2.112),
we get that there is y € R™ such that

b— BT = Ay.
Thus
Ax —b+BTX = A(AT(b - B”A) + Ra) — b+ BT
=AATAYy —b+BTA=b—-B'A—-b+B A =o,
which proves that (x,A) is a KKT pair for (2.76).

(iii) Let (x,A) be a KKT pair for (2.76). Using the feasibility condition (2.109)
and the complementarity condition (2.111), we get

AT(Bx —¢) = Al [Bx — c|g + AT[Bx —c|z = 0.
Hence
F(x) = f(x) + AT (Bx — c) = Lo(x, \).
Next recall that if (x,A) is a KKT pair, then
vxLo(X, )\) = 0.

Since Lg is convex, the latter is the gradient condition for the unconstrained
minimizer of Ly with respect to x; therefore

Lo(x,A\) = m]iRn Lo(x,A) = O(X).
xeR™

Thus
f(x) = Lo(x,A) = O(A).

O

The result which we have just proved is useful for reformulation of the
convex quadratic problems with general inequality constraints to the problems
with bound and equality constraints. See Chaps. 7 and 8 for examples.

Since the constant term is not essential in our applications and we formu-
late our algorithms for minimization problems, we shall consider the function

1 1
O(A) = —O(\) — 2loTAﬂo = 2>\TBA+BT,\ - AT(BATb —c), (2.118)

so that

arg )\g}%gE O(A) = arg \max O(A).
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Uniqueness of a KKT Pair

We shall complete our exposition of duality by formulating the results con-
cerning the uniqueness of the solution for the constrained dual problem

min O(A), 2pp={AER™: Az >0, RTBTA =R"b}, (2.119)
AEBE

where 6 is defined by (2.118).

Proposition 2.23. Let the matrices A, B, the vectors b, c, and the index sets
Z,E be those from the definition of problem (2.76) with A positive semidefinite,
Q1 #0, and 2pp # 0. Let R € R™*? be a full rank matriz such that

ImR = KerA.

Then the following statements hold:
(i) If BT and BR are full column rank matrices, then there is a unique solution

A of problem (2.119).
(i) If X is a unique solution of the constrained dual problem (2.119),

A=1{i: [\, >0} UE,

and B_«R is a full column rank matriz, then there is a unique triple (X, /):, Q)
such that (X, ) solves the primal problem (2.76) and (X, &) solves the con-
strained dual problem (2.119). If X is known, then

& = (RTBT, B.4.R)~'RTBT, (BA*A+ BTA — (B4 Atb — cA)) (2.120)

and R

% =A"(b—-BTX) +Ra. (2.121)
(iii) If BT and BgiR are full column rank matrices, then there is a unique
triple (X, A, @) such that (X, A) solves the primal problem (2.76) and (X, &)
solves the constrained dual problem (2.119).

Proof. (i) Let BT and BR be full column rank matrices. To show that there
is a unique solution of (2.119), we examine the Hessian BA*BT of 6. Let
RTBTA = o and BA*BTX = o. Using the definition of R, it follows that
BT\ € ImA. Hence there is pu € R™ such that

BTA =Ap

and
pfAp = pTAATAp = ATBATBT X = 0.

Thus p € KerA and
BTA = Au =o.



68 2 Optimization

Since we assume that B” has independent columns, we conclude that A = o.
We have thus proved that the restriction of BATBT to Ker(RTBT) is positive
definite, so that #|KerR”B” is by Proposition 2.5 strictly convex, and by
Corollary 2.3 it is strictly convex on

U={xeR™: R'BTX = R"b}.

Since 2pg # 0 and 2pr C U, we have that 0 is strictly convex on {2, and
it follows by Proposition 2.4 that there is a unique solution A of (2.119).

(ii) Let X be a unique solution of problem (2.119). Since the solution satisfies
the related KKT conditions, it follows that there is & such that

BuATBTX — (B4, Atb —c4) — BuR& = o.

After multiplying on the left by RTB%, and simple manipulations, we get
(2.120). The inverse exists and the solution & is unique due to the uniqueness
of X and the assumption on the full column rank of B_4.R.

(iii) If BT and Bg.R are full column rank matrices, then BR is also a full
column rank matrix. Hence there is a unique solution X of problem (2.119)
by (i). Since £ C A and Bg.R has independent columns, it follows that B 4+R
has also independent columns. Thus we can use (ii) to finish the proof. O

The reconstruction formula (2.120) can be modified in order to work when-
ever the dual problem has a solution A. The resulting formula obtained by
analysis of the related KKT conditions then reads

a = (R"BY,B4R)TR"BY, (BA-ATB"A— (Ba.ATb—c4)).  (2.122)

The duality theory can be illustrated on a problem to find the displacement
x of an elastic body under traction b. After the finite element discretization,
we get a convex QP problem. We assume that the body is fixed on a part of
the boundary in normal direction, so that the vector of nodal displacements
satisfies Bgix = cg as in Fig. 2.12. Moreover, the body may not be allowed
to penetrate an obstacle, so that Bz,x < ¢z as in Fig. 2.11.

The displacement x of the body in equilibrium is a minimizer of the convex
energy function f. The Hessian A of f is positive semidefinite if the constraints
admit rigid body motions. The Lagrange multipliers solve the dual problem.
The condition R”b = RTBT A requires that the resulting forces are balanced
in the directions of the rigid body motions and Az > o guarantees that the
body is not glued to the obstacle. If the reaction forces BT\ determine the
components of A, then A is uniquely determined by the conditions of equi-
librium. Notice that BT X is always uniquely determined by the conditions of
equilibrium. If no rigid body motion is possible due to the active constraints
B4«x = c4 as in Fig. 2.11, then the displacement x is uniquely determined.
If this is not the case, then the displacement is determined up to some rigid
body motion as in Fig. 2.12.
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2.7 Linear Programming

We shall finish our review of optimization theory by recalling some results on
minimization of linear functions subject to linear constraints. More formally,
we shall look for the solution of linear programming problem to find

min /(x), 21p={xeR": [Cx]z >dz, [Cx]¢ =d¢}, (2.123)

XENrE

where /(x) = fTx is a linear function defined by f € R?, C € R™*" is a
matrix with possibly dependent rows, d € R™, and Z, £ are disjoint sets of
indices which decompose {1,...,m}. As in the definition of (2.76), we admit
Z =0 or & = 0 and assume that {2/ is not empty. Let us mention that (2.123)
may be easily reduced to the standard form (2.80) with Cz, = |, and dz = o.
Here we restrict our attention to the very basic results on linear programming
that we shall use in what follows. More information on linear programming
may be found, e.g., in the books by Gass [98], Chvétal [22], Bertsekas and
Tsitsiklis [13], Nocedal and Wright [155], or Vanderbei [177].

2.7.1 Solvability and Localization of Solutions

Let us recall that by Proposition 2.13 there exists a nonempty finite set of
n-vectors {x1,...,x;} and a polyhedral cone C C R™ such that

Opr=C+ CODV{Xl, . ,Xk};

hence any x € 2z can be written in the form

k k
x=aw+Zaixi, w € C, aZO,Zaizl, 0<q;<1,1=1,... k.

i=1 =1

The vectors {x1,...,X;} can be chosen in such a way that none of the vectors
x; can be expressed as a convex combination of the remaining ones; the vectors
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{xX1,...,Xx)} are then called the vertices of the polyhedral set 25;. It follows

that
k

U(x) = al(w) + Z il (%) > (W) + aml(Xm),

where m is defined by
Uxp) <U(x;), i=1,...,k

therefore (2.123) has a solution if and only if ¢(w) > 0 for any w € C, i.e., if ¢
is bounded from below on C. Moreover, if a solution exists, then it is achieved
in at least one vertex x;.

2.7.2 Duality in Linear Programming

Noticing that problem (2.123) can be considered as a special case of the bound
and equality constrained problem (2.76) with A = O, b = —f, B = —C, and
¢ = —d, we can get the following proposition on duality in linear programming
as a special case of Proposition 2.22.

Proposition 2.24. Let the matrix C, vectors £, d, and index sets T,E be those
of the definition of problem (2.123) with Qrg # 0. Let let

¢(A) =ATd. (2.124)

Then the following statements hold:

(i) Problem (2.123) has a solution if and only if 21 # 0 and £ is bounded
from below.

(i) The dual problem

max ((A), 2pr={AER™: Az >0, ("X =f} (2.125)
AENBE
has a solution if and only if 2pE # O and ¢ is bounded from above.
(#i) Problem (2.123) has a solution if and only if the dual problem (2.125)
has a solution.
(iv) A vector x is a solution of (2.123) if and only if X is a solution of (2.125).
Moreover,

U(x) = C(N). (2.126)

Proof. The statements (i) and (ii) can be considered as special cases of Frank—
Wolfe theorem [93]. See also Eaves [79] or Blum and Oettli [15]. To finish the
proof, consider problem (2.123) as a special case of (2.76) with A = O, b = —f,
B = —C, and ¢ = —d. Choose R = |, and O;},, = O,,,,. The statements (iii)
and (iv) then become special cases of Proposition 2.22. O
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Conjugate Gradients for Unconstrained
Minimization

We shall begin our development of scalable algorithms by description of the
conjugate gradient method for the solution of

Iin f(x), (3.1)

where f(x) = %XTAX —xTb, b is a given column n-vector, and A is an n x n
symmetric positive definite or positive semidefinite matrix. We are interested
especially in problems with n large and A sparse and reasonably conditioned.
We have already seen in Sect. 2.2.2 that (3.1) is equivalent to the solution of
a system of linear equations Ax = b, but our main goal here is not to solve
large systems of linear equations, but rather to describe our basic tool for
dealing with the auxiliary linear systems that are generated by algorithms for
the solution of constrained quadratic programming problems.

We shall use the conjugate gradient (CG) method as an iterative method
which generates improving approximations to the solution at each step. The
cost of one step of the CG method is typically dominated by the cost of the
multiplication of a vector by the matrix A, which is proportional to the number
of nonzero entries of A. The memory requirements are also proportional to the
number of nonzero entries of A.

To develop optimal algorithms for more general quadratic programming
problems, it is important that the rate of convergence of the conjugate gradi-
ent method depends on the distribution of the spectrum of A. In particular,
given a positive interval [amin, @max] With the spectrum of A, it is possible to
give a bound in terms of amax/amin 00 & number of the conjugate gradient
iterations that are necessary to solve problem (3.1) to a given relative pre-
cision. It is also important that the number of steps that are necessary to
obtain an approximate solution of a given problem is typically proportional
to the logarithm of prescribed precision, so that the algorithm can return a
low-precision solution at a reduced time.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 3,
(© Springer Science+Business Media, LLC 2009
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Overview of Algorithms

The first algorithm of this chapter is the method of conjugate directions defined
by the two simple formulae (3.6). The algorithm assumes that we are given
an A-orthogonal basis of R™, leaving open the problem how to get it.

The conjugate gradient algorithm, Algorithm 3.1, the main hero of this
chapter, combines the conjugate gradient direction method with a clever con-
struction of conjugate directions. It is the best method as it exploits effectively
all the information gathered during the solution in order to maximize the de-
crease of the cost function. The CG method can be considered both as a direct
method and an iterative method.

A step of the restarted conjugate gradient method described in Sect. 3.4
comprises a fixed number of the conjugate gradient steps. Such algorithm is
more robust, but usually less efficient. If the chain of the CG iterations reduces
to just one iteration, we get the gradient method, known also as the method
of the steepest descent. It is the most robust and most simple variant of the
restarted CG method. See Algorithm 3.2 for a more formal description.

If we are able to find an easily invertible approximation of the Hessian,
we can use it to improve the performance of the CG method in the precon-
ditioned conjugate gradient method described in Sect. 3.6 as Algorithm 3.3.
The construction of preconditioners is problem dependent. The precondition-
ing by a conjugate projector described in Sect. 3.7 as Algorithm 3.4 is useful
in the minimization problems arising from the discretization of elliptic partial
differential equations and variational inequalities.

3.1 Conjugate Directions and Minimization

The conjugate gradient method, an ingenious and powerful engine of our al-
gorithms, is based on simple observations. In this section we examine the first
one, namely, that it is possible to reduce the solution of (3.1) to the solution
of a sequence of one-dimensional problems.

Let A € R™*™ be an SPD matrix and let us assume that there are nonzero
n-vectors p', ..., p" such that

(0", p")a = (p")TAp? =0 for i#j.
We call such vectors A-conjugate or briefly conjugate. Specializing the argu-

ments of Sect. 1.7, we get that p',...,p" are independent. Thus p',...,p"
form the basis of R” and any x € R™ can be written in the form

X:§1p1+...+§np".
Substituting into f and using the conjugacy results in
1 1
fx) = <2£f(p1)TAp1 - £1pr1> +ot <2£§(p”)TAp” - Eanp”)

= fl&p) + -+ f(&p™).
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Thus
F(%) = min f(x) = min féph) 4+ + min f(&.p").

We have thus managed to decompose the original problem (3.1) into n
one-dimensional problems. Since

df (ép')

—_ 61 pi TApz _ prl _ 0,

the solution X of (3.1) is given by

R=&p' 4+ +&p" &G =bTp/(p) AP, i=1,...,n (3.2)

If the dimension of problem (3.1) is large, the task to evaluate X may be
too ambitious. In this case it may be useful to modify the procedure that
we have just described so that it can be used to find an approximation x to
the solution X for (3.1) by means of some initial guess x” and a few vectors
p',...,p", k < n.A natural choice for the approximation X is the minimizer
xP of f in 8¥ = x% 4 Span{p!,...,p"}. To find it, notice that any x € S* can
be written in the form

x=x"+&p" + -+ &p",

so, after substituting into f and using that p!,...,p* are conjugate, we get
1 T
) = £060) + (LEETAR 461 (A 1) 1)
Loy p\Tpk 0 Tk
+ (&) AP" + & (A" —b) p* ).
Denoting g° = g(x%) = Vf(x") = Ax" — b and

1
fo(x) = 2XTAX + XTgO,

we have
f(x) = f(x°) + fo(&ap") + -+ + fo(&xp")

and

F(t) = min f(x) = f(x") + min fo(&p!) + -+ min fo(&p").  (3.3)

We have thus again reduced our problem to the solution of a sequence of
simple one-dimensional problems. The approximation x* is given by

xF=x'rapt o apt G=-)"p/() AP, i=1,... K, (34)
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as
df (ep! R .
TEPY _ oy api + )7 = 0.
e e,
Since by (3.3) for k > 1
F(t) = min £(x) = f(<) +min fo(ep"), (35)

we can generate the approximations x* iteratively. The conjugate direction
method starts from an arbitrary initial guess x". If x*~1 is given, then x* is
generated by the formula

x¥ = xF"t —aup®, = (&")7p'/ (') Ap'. (3.6)

Thus f(x*~! + ¢p*) achieves its minimum at ¢ = —ay, and the procedure
guarantees that the successive iterates x* minimize f over a progressively
expanding manifold S* that eventually includes the global minimum of f.

The coefficients a, can be evaluated by alternative formulae. For example,
using Corollary 2.9 and the definition of S*, we get

e"Tpi=0, i=1,... k. (3.7)
Since for ¢ > 1

g =Ax'—-b=A (xi*1 — aipi) —b= (Axl‘*1 — b) — a;Ap’
= gi_l - aiApiv

we get for k > 1and i =1,...,k — 1, by using the conjugacy, that

(g)7p" = (&) p" — i(p’)TAP* = (g )" P".

Thus
(&")p" = (g")p" = = (" ")Tp"
and 0\T -k k—1\T -k
ak:(g)p _ . _ () (3.8)
(p*)TAp* (p*)TAp*
Combining the latter formula with the Taylor expansion, we get
1 E—1\T k)2
fxR) = () - (e . ) pk) . (3.9)
(p*)" Ap
So far, we have not discussed how to get the vectors p',...,p". Are we

able to generate them efficiently? Positive answer in the next section is a key
to the success of the conjugate gradient method.
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3.2 Generating Conjugate Directions and Krylov Spaces

Let us now recall how to generate conjugate directions with the Gramm-—

Schmidt procedure. Let us first suppose that p', ..., p* are nonzero conjugate
directions, 1 < k < n, and let us examine how to use h* ¢ Span{p!,...,p*}
to generate a new member p**! in the form

P = 0"+ Bup' + - + Bup” (3.10)
Since pF*! should be conjugate to p',...,p", we get

0= (pi)TAkarl — (pi)TAhk + ﬂkl (pi)TApl 4oy ﬂkk(pi)TApk
= (p)TAD* + Bi(p)TAp?, i=1,...,k

Thus Tk
(P ART (3.11)

6 T = ; N
" (p?)TAp?

Obviously
Span{p*,...,p""!} = Span{p!,...,p* h*}.

Therefore, given any independent vectors h®,... , h*~!, we can start from
p' = h® and use (3.10) and (3.11) to construct a set of mutually A-conjugate
directions p', ..., p"* such that

Span{h® ... h""'} = Span{p',...,p'}, i=1,..., k.

For h®, ..., h*~1 arbitrary, the construction is increasingly expensive as
it requires both the storage for the vectors p!,...,p* and heavy calculations
including evaluation of k(k + 1)/2 scalar products. However, it turns out that
we can adapt the procedure so that it generates very efficiently the conjugate
basis of the Krylov spaces

KF = KF(A, g% = Span{g®, Ag®, ... AF"1g"Y k=1 ... n,

with g = Ax? — b defined by a suitable initial vector x° and K° = {o}. The
powerful method is again based on a few simple observations.

First assume that p',...,p* form a conjugate basis of K?, i = 1,..., k, and
observe that if x* denotes the minimizer of f on x°4 k¥, then by Corollary 2.9
the gradient g¥ = Vf(x") is orthogonal to the Krylov space K¥, that is,

(g")7Tx =0 for any x € k.

In particular, if g* # o, then
g ¢ K",

Since g € KFt!, we can use (3.10) with h* = g* to expand any conjugate
basis of IC¥ to the conjugate basis of I¥*1. Obviously
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K*(A,g%) = Span{g?,...,g" '}
Next observe that for any x € K1 and k>1
Ax € KF,
or briefly AKCF=1 C KF. Since p* € K C KCF=1, i =1,...,k — 1, we have
(ApH)Tgk = (pH)TAgF =0, i=1,...,k—1.

It follows that

(p')"Ag" .
Ok :_(pi)TApi =0,i=1,...,k—1.
Summing up, if we have a set of such conjugate vectors p', ..., p* that

Span{p!,...,p'} =K', i=1,...k,

then the formula (3.10) applied to p',...,p* and h* = g* simplifies to

P =g" + Bp" (3.12)
with ( k)T N
p") Ag

B = Bk =  (pH)TApE (3.13)

Finally, observe that the orthogonality of g to Span{p!,...,p"*} and
(3.12) imply that
Ip" ] > llg” - (3.14)

In particular, if g¥=! # o, then p* # o, so the formula (3.13) is well defined
provided gF~! # o.

3.3 Conjugate Gradient Method

In the previous two sections, we have found that the conjugate directions can
be used to reduce the minimization of any convex quadratic function to the
solution of a sequence of one-dimensional problems, and that the conjugate
directions can be generated very efficiently. The famous conjugate gradient
(CG) method just puts these two observations together.

The algorithm starts from an initial guess x°, g® = Ax® — b, and p' = g°.
If x*=1 and gF—! are given, k > 1, it first checks if x*~! is the solution. If
not, then the algorithm generates

Xk _ kal o Oékpk with ap = (gkfl)Tpk/(pk)TApk

and
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g"=Ax" —b=A(x"" - ap") —b= (Ax""' - b) — a;Ap”

=g — AP~

(3.15)
Finally the new conjugate direction p**! is generated by (3.12) and (3.13).

The decision if x*~! is an acceptable solution is typically based on the
value of ||gF~1||, so the norm of the gradient must be evaluated at each step.
It turns out that the norm can also be used to replace the scalar products
involving the gradient in the definition of oy and Fi. To find the formulae, let
us replace k in (3.12) by k — 1 and multiply the resulting identity by (gF=")7.
Using the orthogonality, we get

& NP =g 1P+ Bea (8" TP T = g (3.16)
so by (3.8)
o= 1B (3.17)
(p*)TAp*

To find an alternative formula for i, notice that a; > 0 for gk_1 # o and
that by (3.15)

Apt = (gt —gh),
Qe
so that
ar(g®)"Ap* = (") (g" " —g") = —lg"|I?
and k\T k k|2 k112
5= Asm gt e (3.18)

(P*)TAPE  ay(pk)TApF — |lgh—1|2”
The complete CG method is presented as Algorithm 3.1.

Algorithm 3.1. Conjugate gradient method (CG).

Given a symmetric positive definite matriz A € R™*™ and b € R".
Step 0. {Initialization.}
Choose x° € R™, set g® =Ax? —b, p' =g, k=1
Step 1. { Conjugate gradient loop. }
while ||g"~!|| > 0
ar = [lg"~1*/(p*)" Ap*
x* = x*1 — qup
g" — gh~1 _ o, Ap”
B = llg"1?/lg" " I* = —(Ap*)Tg"/ (") " AD")
P! = g* + Bip*
k=k+1
end while
Step 2. {Return the solution.}
X=x
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Each step of the CG method can be implemented with just one matrix—
vector multiplication. This multiplication by the Hessian matrix A typically
dominates the cost of the step. Only one generation of vectors x*, p*, and g*
is typically stored, so the memory requirements are modest.

Let us recall that the algorithm finds at each step the minimizer x* of f
on x° + KF = x% + K*(A, g°) and expands the conjugate basis of IC* to that
of KKF+1 provided g # o. Since the dimension of KF is less than or equal to
k, it follows that for some k < n

KF = KR

Since gF € KF*! and gF is orthogonal to K¥, Algorithm 3.1 implemented in
the exact arithmetics finds the solution X of (3.1) in at most n steps. We can
sum up the most important properties of Algorithm 3.1 into the following
theorem.

Theorem 3.1. Let {x*} be generated by Algorithm 3.1 to find the solution
X of (5.1) starting from x° € R™. Then the algorithm is well defined and

there is k < n such that x* = X. Moreover, the following statements hold for
i=1,... k:

(i) f(xi) =min{f(x): x € x0 + KA, g}

(i) P > [lg’]l-

(iii) (g")"g? =0 fori#j.

(iv) (p")"Ap? =0 fori#j.

(v) KA, g% = Span{g’,...,g""!} = Span{p!,...,p’}.

It is usually sufficient to find x* such that ||g¥|| is small. For example,
given a small € > 0, we can consider g¥ small if

g™l < ellb].

Then X = x*

is an approximate solution which satisfies
IAG =)l < elbll, 1% — X[ < eAmin(A) 7",

where Apin(A) denotes the least eigenvalue of A. Tt is easy to check that the
approximate solution X solves the perturbed problem

- 1 ~ ~
min f(x) = 2XTAx—bTx7 b=b+g".
What is “small” depends on the problem solved. To keep our exposition gen-

eral, we shall often not specify the test in what follows. Of course g¥ = o is
always considered small.
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3.4 Restarted CG and the Gradient Method

Given an approximation x° of the solution X, we can use k conjugate gradient
iterations to find an improved approximation x*. Repeating the procedure
with x0 = x*, we get the restarted conjugate gradient method.

A special case with k = 1 and p! = Vf(x") is of independent interest.
Given x*, the gradient method (also called the steepest descent method) gen-
erates x*t1 by

XkJrl

— argmin f(x* — agh), g" = Vf(x"),

a€cR
The name “steepest descent” is derived from observation that the linear model
of f at x achieves its minimum on the set of all unit vectors

U={der,|d] =1}
at d = —[[VF(x)| 'V f(x). Indeed, for any d € U
Vi) d = |Vl = -Vl = Vf(x)"d.

The complete steepest descent method reads as follows:

Algorithm 3.2. Gradient (steepest descent) method.

Given a symmetric positive definite matriz A € R™*™ and b € R™.
Step 0. {Initialization.}
Choose x° € R", set g = Ax" —b, k=0
Step 1. {Steepest descent loop. }
while ||g¥|| is not small
ar = |1g"[1?/(g") " Ag"
X = x* — apg”
ghtl = gF _ oy Agh
k=k+1
end while
Step 2. {Return a (possibly approzimate) solution.}
X=X

The gradient method is known to converge, but its convergence is for ill-
conditioned problems considerably slower than that of the conjugate gradient
method, as we shall see in the next section. The slow convergence is illustrated
in Fig. 3.1.

In spite of its slow convergence, the gradient method is useful as it is easy
to implement and uses a robust decrease direction. It is illustrated in Fig. 3.2
that even if dg is a relatively large perturbation of the gradient g, the vector
—g — Jg is still a decrease direction, while a small perturbation dp of the CG
direction p can cause that —p — Jp is not a decrease direction.
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Fig. 3.1. Slow convergence of the steepest descent method

Fig. 3.2. Robustness of the gradient and CG decrease directions g and p

3.5 Rate of Convergence and Optimality

Although the conjugate gradient method finds by Theorem 3.1 the exact so-
lution X of (3.1) in a number of steps which does not exceed the dimension of
the problem, it turns out that it can often produce a sufficiently accurate ap-
proximation X of X in a much smaller number of steps than required for exact
termination. This observation suggests that the conjugate gradient method
may also be considered as an iterative method. In this section we present the
results which substantiate this claim and help us to identify the favorable
cases.

3.5.1 Min-max Estimate

Let us denote the solution error as

and observe that

It follows that
gh = Ax¥ — b = Ax" — Ax = A(x" — %) = AéF,

so in particular

K*(A, g% = Span{g®, Ag®, ..., A¥"1g%} = Span{Ae’, ... AFe%}.
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We start our analysis of the solution error by using the Taylor expansion
(2.5) to obtain the identity

fE) =) =fx+(x-X) - %)
~ ~ ~ 1 ~ ~
= f®) +e® (x-%) +, [x =X} - f(&)
1 N 1
= lx—%IZ =, el
Combining the latter identity with Theorem 3.1, we get

lelZ =2 (f(x") = f(®)) = min  2(f(x) ~ f(X))

xex04+Kk(A,g0)
le(x)]3-

Ix — %3 =

xexfurrrilci?(A,gO) xExOJrrrIICiE(A,gO)
Since any x € x° + K*(A, g°) may be written in the form
x=x"+&g" + HAgY + - + GAFT g0 = x0 + A + -+ AR,
it follows that
x—x=e"+ A" + -+ AR = p(A)e’,
where p denotes the polynomial defined for any = € R by
p(x) =1+ &z + &Ha° + - + &a®.

Thus denoting by P* the set of all kth degree polynomials p which satisfy
p(0) = 1, we have

k2 : 2 : AVeO|[2
e = min e(Xx = min e . 3.19
e Ila exd Kk(AgO)H (x)Ila o [p(A)e”]|a (3.19)

We shall now derive a bound on the expression on the right-hand side of
(3.19) that depends on the spectrum of A, but is independent of the direc-
tion of the initial error e?. Let a spectral decomposition of A be written as
A = UDUT, where U is an orthogonal matrix and D =diag(A1,...,\,) is
a diagonal matrix defined by the eigenvalues of A. Since A is assumed to be
positive definite, the square root of A is well defined by

Az =UD=U".
Using p(A) = Up(D)U7, it is also easy to check that
AZp(A) = p(A)AZ.
Moreover, for any vector v € R™

Iv[Z2 = vTAv = vTAz A2y = (A2v)TA2v = |Azv|2.
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Using the latter identities, (3.19), and the properties of norms, we get
k2 : 012 : ! 012 : 1,072
e = min Ae = min ||Az2p(A)e = min A)Aze
15 = min lp(A)e" 3 = min |A>p(A)e”]? = min [p(A)ALe"]

< min A)[I2[Aze’||2 = min D)[|%||e%]2.
pePka( M= [ pePka( = lle” [l

Since
D)|| = i ’
pO)] = _max_[p()]
we can write
le¥]la < min max _[p(Ai)| [[€”]|a. (3.20)

pePk ie{l,...,n}

3.5.2 Estimate in the Condition Number

The estimate (3.20) reduces the analysis of convergence of the CG method to
the analysis of approximation of the zero function on the spectrum of A by
a kth degree polynomial with the value one at origin. This result helps us to
identify the favorable cases when the conjugate gradient method is effective.
For example, if the spectrum of A is clustered around a single point £, then
the minimization by the CG should be very effective because |(1 — z/€)*| is
small near £. We shall use (3.20) to get a “global” estimate of the rate of
convergence of the CG method in terms of the condition number of A.

Theorem 3.2. Let {x*} be generated by Algorithm 3.1 to find the solution X
of (8.1) starting from x° € R™. Then the error

satisfies

le¥a < 2 (“"(A) - 1)k 1€ la (3.21)
N VE(A) +1 7 .

where k(A) denotes the spectral condition number of A.

Proof. First notice that if P* is the set of all kth degree polynomials p such
that p(0) = 1, then for any t € P*

i M| < t(N)]|. 3.22
B PO S, HO o

A natural choice for ¢ is the kth (weighted and shifted) Chebyshev polynomial
on the interval [Amin; Amax]

2\ — )\max - )\min )\max + )\min
tk()\)ZTk< >/Tk (_ )a

)\max - )\min )\max - )\min
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where Ty (z) is the Chebyshev polynomial of the first kind on the interval
[—1,1] given by

Ti(z) = ! (x—k\/x?—l)k—k;(x—\/x?—l)k.

2

This ¢, is known to minimize the right-hand side of (3.22) (see, e.g., [172]).
Obviously t, € P*, so that we can use its well-known properties to get

/\max + Amin)

)\max - )\min

max  |tx(A)| =1/Tk (

)\ep\min;Amax]

Simple manipulations then show that

k k
T (Amaxﬂmm) 1 <\/K(A)+1> +; <\/E(A)—1> |

Amax = Amin 2 \/K(A) -1 \/KJ(A) +1
Thus for any A € [Amin, Amax)

N R
|Pk()\)|<2<\/K(A)+1> .

Substituting this bound into (3.20) then gives the required result. O

The estimate (3.21) can be improved for some special distributions of
the eigenvalues. For example, if the spectrum of A is in a positive interval
[@min, Gmax] except for m isolated eigenvalues Ai,..., A, then we can use
special polynomials p € P*+™ of the form

p(x\)z(l—)ﬁ)...(l—)\i\n)q()\), ge P

to get the estimate

vi-1\"
m K=
||ek+ ”A<2<\/’/~5+1> HeOIIA, (3.23)

where K = amax/@min-
If the spectrum of A is distributed in two positive intervals [amin, Gmax)
and [amin + d, Gmax + d], d > 0, then

k VE—1 ' 0
et <2 () el .21
where k = 4amax/amin approximates the effective condition number of a ma-
trix A with the spectrum in [amin, @max] U [@min + d, @max + d]. An interesting
feature of the estimates (3.23) and (3.24) is that the upper bound is inde-
pendent of the values of some eigenvalues or d. The proofs of the above and
some other interesting estimates can be found in papers by Axelsson [3] and
Axelsson and Lindskeg [5].
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3.5.3 Convergence Rate of the Gradient Method

Observing that the step of the gradient method defined by Algorithm 3.2 is
just the first step of the CG algorithm, we can use the results of Sect. 3.5.1
to find the rate of convergence of the gradient method. The estimate is for-
mulated in the following proposition.

Proposition 3.3. Let {x*} be generated by Algorithm 3.2 to find the solution
X of (5.1) starting from x° € R™. Then the error

satisfies

k
EE AT (3.25)

where k(A) denotes the spectral condition number of A.

Fig. 3.3. The best approximation of zero on o (A) by linear polynomial with p(0) =1

Proof. Let x**! be generated by the gradient method from x* € R™ and let
Pl denote the set of all linear polynomials p such that p(0) = 1. Then the
energy norm ||e¥||a of the error

eh=xF-x
is by (3.20) reduced by a factor which can be estimated from

k+1 : k : k
e < min max )\ e = min max )\ + 1 e .
H HA ~ pePlic{l,...n} |p( z)' ” HA E1ER i={1....n} |£1 i | H HA

Using elementary properties of linear functions or Fig. 3.3, we get that the
minimizer £, satisfies
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51)\min +1= _(51)\max + ]-)

It follows that
fl = _2/()\min + Amax)

and

_2)\min

k
. 3.26
. le¥(a (3.26)

)\max - Amin
I < ( #1) el =

)\max + )\min

The estimate (3.25) can be obtained from (3.26) by simple manipulations. O

Notice that the estimate (3.21) for the first step of the conjugate gradi-
ent method may give worse bound than the estimate (3.25) for the gradient
method, but for large k, the estimate (3.21) for the kth step of the conjugate
gradient method is much better than the estimate (3.25) for the kth step of the
gradient method. The reason is that (3.21) captures the global performance of
the CG method, in particular its capability to exploit the information from the
previous steps, while (3.25) is based on analysis of just one step, in agreement
with the one-step information used by the gradient method.

3.5.4 Optimality

Theorem 3.2 implies an easy optimality result concerning the number of iter-
ations of the CG algorithm. To formulate it, let 7 denote any set of indices
and assume that for any ¢t € 7 there is defined the problem

minimize f;(x)

with fi(x) = JxTAx — b{x, A, € R"*"™ symmetric positive definite, and
b, x € R™. Moreover, assume that the eigenvalues of any A; are in the interval
[@min, @max]; 0 < @min < @max. Then the number of the CG iterations that
are necessary to reduce the error by a given factor ¢ is uniformly bounded. It
easily follows that the CG algorithm starting from x) = o finds x¥ such that

1A —be|| < e[|

at O(1) iterations. It follows that if the matrices A; have O(n¢) elements, then
we can get approximate solutions at the optimal O(n;) arithmetic operations.

3.6 Preconditioned Conjugate Gradients

The analysis of the previous section shows that the rate of convergence of the
conjugate gradient algorithm depends on the distribution of the eigenvalues of
the Hessian A of f. In particular, we argued that CG converges very rapidly
if the eigenvalues of A are clustered around one point, i.e., if the condition
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number (A) is close to one. We shall now show that we can reduce our
minimization problem to this favorable case if we have a symmetric positive
definite matrix M such that M~!1x can be easily evaluated for any x and M
approximates A in the sense that M~'A is close to the identity.

First assume that M is available in the form

M= LLT,
so that M~!A is similar to L~'AL=7 and the latter matrix is close to the
identity. Then
1 ~ - - - - -
760 = 7T HATT)(Tx) - (L 1h)7 (%)

and we can replace our original problem (3.1) by the preconditioned problem
to find B
i 2
min f(y), (3.27)
where we substituted y = LTx and set
_ 1 ~
fy) =y (AL )y = (L) "y

The solution y of the preconditioned problem (3.27) is related to the solution
X of the original problem by B
x=L"Ty.
If the CG algorithm is applied directly to the preconditioned problem
(3.27) with a given y°, then the algorithm is initialized by

yO=17x% g =L'AL- Ty’ L 'b=L"1° and p'=z"

the iterates are defined by

Substituting
y*=1Tx* g"=0"'g* and p*=LTp",

and denoting

_ [—Tt—lgk — M1k
we obtain the preconditioned conjugate gradient algorithm (PCGQG) in the orig-
inal variables.
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Algorithm 3.3. Preconditioned conjugate gradient method (PCG).

Given a symmetric positive definite matriv A € R™*", its symmetric positive
definite approzimation M € R™™ ™ and b € R™.
Step 0. {Initialization.}
Choose x° € R™, set g® = Ax" —b, 2 =M~'g’, p' =2° k=1
Step 1. { Conjugate gradient loop.}
while ||g"~!|| is not small
ap = (Zk—l)Tgk—l/(pk)TApk

xF = x*1 — aup
gk _ gkfl O[kApk
Zk — M71 k

ﬁk — (Zk)Tgk/(zkfl)Tgkfl
p" =2" + Brp”
k=k+1
end while
Step 2. {Return a (possibly approzimate) solution.}
X=X

Notice that the PCG algorithm does not exploit explicitly the Cholesky
factorization of the preconditioner M. The pseudoresiduals z* are typically ob-
tained by solving Mz* = g*. If M is a good approximation of A, then z* is close
to the error vector €. The rate of convergence of the PCG algorithm depends
on the condition number of the Hessian of the transformed function f,ie., on
K(M~IA) = k(L7TAL™T). Thus the efficiency of the preconditioned conjugate
gradient method depends critically on the choice of a preconditioner, which
should balance the cost of its application with the preconditioning effect. We
refer interested readers to specialized books like Saad [163] or Axelsson [4]
for more information. Since the choice of the preconditioner is problem de-
pendent, we limit our attention here to the brief discussion of a few general
strategies.

The most simple preconditioners may be defined by means of the decom-
position

A=D+E+ET,

where D is the diagonal of A and E is its strict lower part with the entries
[E]i; = [A];; for i > j and [E];; = 0 otherwise.

The Jacobi preconditioner Mj; = D is the easiest one to implement, but
its efficiency is very limited. Better approximation of A can be achieved by
choosing the block diagonal Jacobi preconditioner

A11 O... 0

My, — | O Ano O] (3.28)

O O ... Aw
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where A;; are diagonal blocks of A (see, e.g., Greenbaum [106, Sect. 10.5]).
The pseudoresiduals z* are typically obtained by solving A;;zF = gF.
Good results may be often achieved with the symmetric Gauss-Seidel pre-

conditioner
Mscs = (D+E)D™ (D + E”).

Notice that _ )
L=(D+E)D =2

is a regular lower triangular matrix, so we have the triangular factorization
Msas = LLT

for free.

More generally, the factorized preconditioners can be produced by incom-
plete Cholesky (IC) which neglects some fill-in elements in the factor L. When
the elements of L are neglected because they are smaller than a certain thresh-
old, the factorization is called “IC-by-value”, and when they are omitted
because they do not belong to a certain sparsity pattern, we have “IC-by-
position”. See for example Axelsson [4] or Saad [163]. The drawback of this
method is that it can fail on the generation of diagonal entries.

3.7 Preconditioning by Conjugate Projector

So far we have assumed that the preconditioners to a symmetric positive
definite matrix A are nonsingular matrices that approximate A. In this section
we describe an alternative strategy which is useful when we are able to find
the minimizer x° of f over a subspace U of R”. We shall show that in this
case we can get the preconditioning effect by reducing the conjugate gradient
iterations to the conjugate complement of U.

3.7.1 Conjugate Projectors

Our main tools will be the projectors with conjugate range and kernel. We
shall use the basic relations introduced in Sect. 1.3 and some observations
that we review in this subsection.

Let A € R™ ™ be a symmetric positive definite matrix. A projector P is an
A-conjugate projector or briefly a conjugate projector if ImP is A-conjugate
to KerP, or equivalently

PTA(Il—P) =PTA - PTAP = 0.
It follows that Q = | — P is also a conjugate projector,

PTA=AP=PTAP, and QTA=AQ=QTAQ. (3.29)
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Let us denote V = ImQ. If x € AV, then y = Qx satisfies y € V and
QTAQx = AQx = Ay,

so that
QTAQ(AV) C AV. (3.30)

Thus AV is an invariant subspace of QTAQ.
The following lemma shows that the mapping which assigns to each x € AV
the vector Qx € V is expansive as in Fig. 3.4.

AV

Fig. 3.4. Geometric illustration of Lemma 3.4

Lemma 3.4. Let Q denote a conjugate projector on'V and x € AV. Then
Qx| > x|,
Proof. For any x € AV, there is y € R” such that x = AQy. It follows that
Q"x = Q"AQy = AQy = x.
Since xTQx = xTQTx = ||x||?, we have
1Qx]” = x7QTQx = x" ((Q7 1) +1) (Q — 1) + D x = [[(Q — x> + |x]*.

O

3.7.2 Minimization in Subspace

Let us assume that U/ is the subspace spanned by the columns of a full column
rank matrix U € R™*™ and notice that UT AU is regular. Indeed, if UT AUx = o,
then
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|Ux||Z = xT(UTAUx) = 0,

so x = o by the assumptions that U is the full column rank matrix and A is
SPD. Thus we can define

P =U(UTAU)*UTA.
It is easy to check directly that P is a conjugate projector onto U as
P2 = U(UTAU)"'UTAU(UTAU)"IUTA =P

and
PTA(l — P) = AU(UTAU)~TUTA(I — U(UTAU)tUTA) = O.

Since any vector x € U can be written in the form x = Uy, y € R™, and
Px = U(UTAU)"'UTAUy = Uy = x,
it follows that
U = TmP.

The conjugate projector P onto U can be used for the solution of

1
i = min f(Uy) = mi TuTAUy — bTUy.
min f(x) yrgllglf( y) Join Ly y y

Using the gradient argument of Proposition 2.1, we get that the minimizer y°
of the latter problem satisfies

UTAUy? = UTb, (3.31)
so that the minimizer x° of f over U satisfies
x" = Uy? = U(UTAU)"'UTb = PA"'b. (3.32)

Our assumption concerning the ability to find the minimum of f over U
effectively amounts to the assumption that we are able to solve (3.31). Notice
that we can evaluate the product PA™'b without solving any system of linear
equations with the matrix A.

3.7.3 Conjugate Gradients in Conjugate Complement

In the next step we shall use the conjugate projectors P and Q = 1 — P to
decompose our minimization problem (3.1) into the minimization on ¢ and
the minimization on V = ImQ. We shall use the conjugate gradient method
to solve the latter problem.

Two observations are needed to exploit the special structure of our prob-
lem. First, using Lemma 3.4, dimV = dimAV, and (1.2), we get that the
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mapping which assigns to each x € AV a vector Qx € V is an isomorphism,
so that
Q(AV) = V.
Second, using (3.29) and (3.32), we get
g"=Ax"-b=APA"'b-b=P"b-b=-Q"b. (3.33)

Using both observations, we get

min f(x) = o fly+2z)= min F(y) + min f(z)

= F(<) + min f(z) = 7<) + min x"QTAQx — b Qx
= fx% + ){IEHAI\I} ;XTQTAQX + (gO)Tx7 (3.34)

where xV is determined by (3.32).

It remains to solve the minimization problem (3.34). First observe that
using Lemma 3.4, we get that QTAQ|AV is positive definite. Since by (3.33)
g’ € ImQ7,

ImQ” = Im(QTA) = Im(AQ) = AV, (3.35)
and AV is an invariant subspace of QT AQ, we can use the procedure described
in Sect. 3.2 to generate Q7 AQ-conjugate vectors p',...,p" of

KF = KF(QTAQ, g°) = Span{g’, Q" AQg", ..., (QTAQ)* 'g"}.
It simply follows that
qa' =Qp'.a®>=Qp?,...

are A-conjugate vectors of V. Using (3.14), p* € AV, and Lemma 3.4, it is
easy to see that

la®ll > Ip* 1 > llg"" I,

so that we can generate a new conjugate direction q* whenever gh~1 # o.
We can sum up the most important properties of the CG algorithm with the
preconditioning by the conjugate projector into the following theorem.

Theorem 3.5. Let x* be generated by Algorithm 3.4 to find the solution X of
(3.1) with a full column rank matrizc U € R™*™. Then the algorithm is well
defined and there is k < n — m such that x* = X. Moreover, the following
statements hold fori=1,... k:

(i) f(x')=min{f(x): x €U +QL(QTAQ,g°)}.
(ii) 'l > [lg" I
(iii) (q')TAq’ =0 fori > j.
(iv) (@)TAx =0 forx € U.
The complete conjugate gradient algorithm with the preconditioning by
the conjugate projector reads as follows:
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Algorithm 3.4. Conjugate gradients with projector preconditioning
(CGPP).

Given a symmetric positive definite matriz A € R™*™, a full column rank matriz
UecR™™, and b € R".
Step 0. {Initialization.}
P=UUTAU)"'UTA, Q=1-P
x% = PA~'b = U(UTAU)*UTb
k=1, g"=Ax"-b, q =Qg’
Step 1. { Conjugate gradient loop. }
while ||g"~!|| > 0
ar = (g1 q"/(d") " A"
<P = x k
g =e k k(o k k
Br = (g")"Ad"/(d")"Aq
"' = Qg" + Bd*
k=k+1
end while
Step 2. {Return a (possibly approzimate) solution.}
= k
X =x

3.7.4 Preconditioning Effect

As we have seen in the previous section, the iterations of Algorithm 3.4 may
be considered as the conjugate gradient iterations for the minimization of

1
foa(x) = ,x"QTAQx + (g°)x
that generate the iterations
x" € KF(QTAQ,g%) C AV.

Thus only the positive definite restriction QTAQ|AV of QTAQ to AV takes
part in the process of solution, and the rate of convergence may be estimated
by the spectral condition number x(QTAQ|AV) of QT AQ|AV.

It is rather easy to see that

K(QTAQIAY) < K(A).

Indeed, denoting by A; > --- > A, the eigenvalues of A, we can observe that
if x € AV and ||x|| = 1, then by Lemma 3.4

x"QTAQx > (Qx)"A(Qx)/[1Qx* > As

and
xTQTAQx < xTQTAQx + xTPTAPx = xTAx < \;. (3.36)
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To see the preconditioning effect of the algorithm in more detail, let us
denote by £ the m-dimensional subspace spanned by the eigenvectors corre-
sponding to the m smallest eigenvalues A\, _,+1 > -+ > A\, of A, and let Ray
and Rg¢ denote the orthogonal projectors on A/ and &, respectively. Let

7 = [[Rau — Rel|

denote the gap between AU and £. It can be evaluated provided we have
matrices U and E whose columns form the orthonormal bases of AU and &,
respectively. It is known [170] that if o is the least singular value of UTE, then

y=11-02<1.

Theorem 3.6. Let U, )V, Q be those of Algorithm 8.4, let Ay > -+ > A\, de-
note the eigenvalues of A, and let Amin denote the least nonzero eigenvalue of
QTAQ. Then

An < \/(1 —YH)N: 7202 < Ain (3.37)

and
A1

\/(1 A2, £ 4202

Proof. Let x € AV, ||x|| = 1, so that ||Qx|| > 1 by Lemma 3.4. Observing that
ImRg and Im(l — R¢) are orthogonal invariant subspaces of A, we get that

IAQx(|* = [|A(l = Re)Qx||* + AR Qx|
> X%l = Re)Qx|* + A2 R Qx|?
> (N ll0 = Re)Qx” + A2 [IReQx|I%) /1Qx ||
> Ao (1-€%) + A€,
where ¢ = ||Qx||7!||ReQx]||. We have used that
10 = Re)Qx||* + [[ReQx||* = [|Qx]|*.
Since ImQ =V, it follows by the definition of Ray that RayyQ = O and
§ = [|Qx[| 7 I(Re — Raze) Qx| < 7.

As the last expression in (3.38) is a decreasing function of & for & > 0, it
follows that

x(QTAQIAY) <

(3.38)

IQTAQx|1* = [|AQx(1* = A}, (1 —7*) + X372
The rest is an easy consequence of (3.36). O

The above theorem suggests that the preconditioning by the conjugate pro-
jector is efficient when U/ approximates the subspace spanned by the eigenvec-
tors which correspond to the smallest eigenvalues of A. If UTE is nonsingular
and A\, < Ap_m, then v < 1 and
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k(QTAQIAV) < k(A).

If the minimization problem arises from the discretization of elliptic partial
differential equations, than U can be obtained by aggregation. It turns out that
even the subspace with a very small dimension can considerably improve the
rate of convergence. See Sect. 3.10.1 for a numerical example.

3.8 Conjugate Gradients for More General Problems

Let A be only positive semidefinite, so that the cost function f is convex but
not strictly convex, and let the unconstrained minimization problem (3.1) be
well posed, i.e., b € ImA by Proposition 2.1.

If we start the conjugate gradient algorithm from arbitrary x € R”, then
the gradient g® and the Krylov space K" (A, g) satisfy

g’ eImA and K"(A,g%) C ImA.

Since the CG method picks the conjugate directions from K" (A, g%), it follows
that the method works only on the range of A. Thus the algorithm generates
the iterates x* which converge to a solution x with the rate of convergence
which can be described by the distribution of the spectrum of the restriction
AIK™(A,g%). Observing that the least eigenvalue of A|K"(A,g) is bounded
from below by the least nonzero eigenvalue A, of A, we get the error estimate

k
k(A)—1
feita <2 (VA T ey (3.39)
VE(A) +1
where k(A) denotes the regular spectral condition number of A defined by
K(A) = K(AImA) = Anax/Amin-

Let P and Q = | — P denote the orthogonal projectors on ImA and KerA,
respectively, so that
x = Px + Qx.

Since the reduction A[ImA is nonsingular, it follows that there is a unique
solution x1,s € ImA of (3.1), and by Proposition 2.1 any solution x satisfies

x=3Xrs +d, de&KerA.
Thus if x is a solution of (3.1), then Px = xr,g and
Qx = QxY.

It follows that xy,g is the least square solution of Ax = b, and to get it by the
conjugate gradient algorithm, it is enough to take x° € ImA.
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If A is indefinite, then, using the arguments of Sect. 3.2, it is easy to check
that the conjugate gradient method still generates conjugate directions, but
it fails when (p¥)TAp* = 0. The latter case may happen with p* ¢ KerA, as

waf3 2)[] o

It follows that there is no guarantee that the CG Algorithm 3.1 is able, at
least without modifications, to find a stationary point of f.

3.9 Convergence in Presence of Rounding Errors

The elegant mathematical theory presented above assumes implementation
of the conjugate gradient algorithm in exact arithmetic and captures well the
performance of only a limited number of conjugate gradient iterations in com-
puter arithmetics. Since we are going to use the conjugate gradient method
mainly for a low-precision approximation of well-conditioned auxiliary prob-
lems, we shall base our exposition on this theory in what follows. However, it
is still useful to be aware of possible effects of rounding errors that accompany
any computer implementation of the conjugate gradient algorithm.

It has been known since the introduction of the CG method and the Lanc-
zos method [140], which generates the same iterates, that, when used in finite
precision arithmetic, the vectors generated by these algorithms can seriously
violate their theoretical properties. In particular, it has been observed that
the evaluated gradients can lose their orthogonality after as small a number
of iterations as twenty, and that nearly dependent conjugate directions can
be generated. In spite of these effects, it has been observed that the conjugate
gradient method still converges in finite precision arithmetic, but that the
convergence is delayed [105, 107].

Undesirable effects of the rounding errors can be reduced by reorthogo-
nalization. A simple analysis reveals that the full reorthogonalization of the
gradients is costly and requires large memory. A key to an efficient implemen-
tation of the reorthogonalization is based on observation that accumulation of
the rounding errors has a regular pattern, namely, that large perturbations of
the generated vectors belong to the space generated by the eigenvectors of A
which can be approximated well by the vectors from the current Krylov space.
This has led to the efficient implementation of the conjugate gradient method
based on the selective orthogonalization proposed by Parlett and Scott [158].
More details and information about the effects of rounding errors and imple-
mentation of the conjugate gradient method in finite arithmetic can be found
in the comprehensive review paper by Meurant and Strakos [152].
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3.10 Numerical Experiments

Here we illustrate the performance of the CG algorithm and the effect of pre-
conditioning on the solution of an ill-conditioned benchmark and a class of
well-conditioned problems. The latter was proposed to resemble the class of
problems arising from application of the multigrid or domain decomposition
methods to the elliptic partial differential equations. The cost functions fi,
and frw, introduced here are used in Sects. 4.8, 5.11, and 6.12 as bench-
marks for the solution of constrained problems, so that we can assess ad-
ditional complexity arising from implementation of various constraints and
better understand our algorithms. Moreover, using the same cost functions in
our benchmarks considerably simplifies their implementation.

3.10.1 Basic CG and Preconditioning

Let £2 = (0,1) x (0,1) denote an open domain with the boundary I" and its
part I, = {0} x [0,1]. Let H'(£2) denote the Sobolev space of the first order
in the space L?(2) of functions on {2 whose squares are integrable in the
Lebesgue sense, let

V={ueH(2): u=0 on I},
and let us define for any u € H'($2)

1
fulu) = / V() |2de + / uds2.
2Ja Q
Thus we can define the continuous problem to find
min fi,(u). (3.40)

Our ill-conditioned benchmark was obtained from (3.40) by the finite ele-
ment discretization using a regular grid defined by the discretization param-
eter h and linear elements. The Dirichlet conditions were enhanced into the
Hessian Ay, j, of the discretized cost function fi, 1, so that A, , € R™*™ is pos-
itive definite, n = p(p — 1), and p = 1/h + 1. Moreover, Ay, 5, is known to be
ill-conditioned with the condition number x(Ar, ) ~ h~2. The computations
were carried out with h = 1/32, which corresponds to n = 1056 unknowns.

We used the benchmark to compare the performance of CG, CG with
SSOR preconditioning, and CG with preconditioning by the conjugate pro-
jector. To define the conjugate projector, we decomposed the domain into 4 x 4
squares with typically 8 x 8 variables which were aggregated by means of the
matrix U with 16 columns.

The graph of the norm of the gradient (vertical axis) against the number
of iterations for the basic CG algorithm (CG), the CG algorithm with SSOR
preconditioning (CG-SSOR), and the CG algorithm with preconditioning by
the conjugate projector (CG-CP) is in Fig. 3.5. We can see that though the
performance of the CG algorithm is poor if the Hessian of the cost function
is ill-conditioned, it can be considerably improved by preconditioning.
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Fig. 3.5. Convergence of CG, CG-SSOR, and CG-CP algorithms

3.10.2 Numerical Demonstration of Optimality

To illustrate the concept of optimality, let us consider the class of problems
to minimize

1

fLW,h(X) = 9

T T
X" ALw,nX — by pX,

where

Arw.n = Arn + 21, [bLW’h]iZ—l, 1=1,...,n, n=1/h+1.

The class of problems can be given a mechanical interpretation associated
to the expanding spring systems on Winkler’s foundation. Using Gershgorin’s
theorem, it can be proved that the spectrum of the Hessian Arw p of fuw,p is
located in the interval [2,10], so that x(ALw ) < 5.

15 : : ‘
10f ]
g
g
5, 4
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Fig. 3.6. Optimality of CG for a class of well-conditioned problems
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In Fig. 3.6, we can see the numbers of CG iterations k, (vertical axis) that
were necessary to reduce the norm of the gradient by 106 for the problems
with the dimension n ranging from 100 to 1000000. The dimension n on the
horizontal axis is in the logarithmic scale. We can see that k,, varies mildly
with varying n, in agreement with the theory developed in Sect. 3.5. Moreover,
since the cost of the matrix—vector multiplications is in our case proportional
to the dimension n of the matrix Aryy 4, it follows that the cost of the solution
is also proportional to n.

3.11 Comments and Conclusions

The development of the conjugate gradient method was preceded by the
method of conjugate directions [92]. If the conjugate directions are generated
by means of a suitable matrix decomposition, the method can be considered
as a variant of the direct methods of Sect. 1.5 (see, e.g., [169]).

Since its introduction in the early 1950s by Hestenes and Stiefel [117], a
lot of research related to the development of the CG method has been carried
out, so that there are many references concerning this subject. We refer an
interested reader to the textbooks and research monographs by Saad [163], van
der Vorst [178], Greenbaum [106], Hackbusch [110], Chen [21], and Axelsson
[4] for more information. A comprehensive account of development of the
CG method up to 1989 may be found in the paper by Golub and O’Leary
[102]. Most of the research is concentrated on the development and analysis
of preconditioners.

Preconditioning by conjugate projector presented in Sect. 3.7 was intro-
duced by Dostdl [39]. The same preconditioning with different analysis was
presented independently by Marchuk and Kuznetsov [150] as the conjugate
gradients in subspace or the generalized conjugate gradient method and by
Nicolaides [154] as the deflation method.

Finding at each step the minimum over the subspace generated by all the
previous search directions, the conjugate gradient method exploits all the in-
formation gathered during the previous iterations. To use this feature in the
algorithms for the solution of constrained problems, it is important to generate
long uninterrupted sequences of the conjugate gradient iterations. This strat-
egy also supports exploitation of yet another unique feature of the conjugate
gradient method, namely, its self-preconditioning capabilities that were de-
scribed by van der Sluis and van der Vorst [168]. The latter property can also
be described in terms of the preconditioning by the conjugate projector. In-
deed, if Qi denotes the conjugate projector onto the conjugate complement V
of U = Span{ps,...,Pk}, then it is possible to give the bound on the rate
of convergence of the conjugate gradient method starting from x4 in terms
of the regular condition number ki = k(QF AQx|V) of QFAQ,|V and observe
that kj decreases with the increasing k.
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For the solution of large problems, the basic CG algorithm is most suc-
cessful when it is combined with the preconditioning which exploits additional
information about A, often obtained by tracing its generation. Thus the multi-
grid (see, e.g., Hackbusch [109] or Trottenberg et al. [176]) or FETI (see, e.g.,
Farhat, Mandel, and Roux [85], or Toselli and Widlund [175])-based precon-
ditioners for the solution of problems arising from the discretization of elliptic
partial differential equations exploit the information about the original con-
tinuous problems so efficiently that the discretized problems can be solved at
a cost proportional to the number of unknowns. It follows that the conjugate
gradient method should outperform direct solvers at least for some large prob-
lems. Special preconditioners for singular or nearly singular systems arising
in optimization were proposed, e.g., by Hager [114].



4

Equality Constrained Minimization

We shall now be interested in the development of efficient algorithms for

min f(x), (4.1)
where f(x) = %XTAX —xTb, b is a given column n-vector, A is an n x n
symmetric positive definite matrix, 25 = {x € R” : Bx = ¢}, B € R™*", and
c € ImB. We assume that B # O is not a full column rank matrix, so that
KerB # {o}, but we allow dependent rows of B. Using a simple observation
of Sect. 4.6.7, we can extend our results to the solution of problems with A
positive definite on KerB.

There are several reasons why we consider the constraint matrix B with
dependent rows. First, for large problems, it may be expensive to identify
the dependent rows, as this can often be done only by an expensive rank
revealing decomposition. Second, the removal of the dependent constraints
may complicate the precision control of the removed equations when we accept
approximate solutions. For example, if we carry out the minimization subject
to 1 = x9 = x3, but control only that |1 — x2| < € and |zy — 23| < ¢,
then it can easily happen that |z1 — 23] > . Finally, the whole concept
of the dependence assumes that all computations are carried out in exact
arithmetics, so that it is better to avoid such assumption whenever we assume
our algorithms to be implemented in computer arithmetics.

Here we are interested in large sparse problems with a well-conditioned A,
and in algorithms that can be used also for the solution of equality and in-
equality constrained problems. Our choice is the class of inexact augmented
Lagrangian algorithms which enforce the feasibility condition by the Lagrange
multipliers generated in the outer loop, while unconstrained minimization is
carried out by the conjugate gradient algorithm in the inner loop. A new
feature of our approach is that the algorithm is viewed as a repeated imple-
mentation of the penalty method. We combine this approach with an adaptive
precision control of the inner loop to get the convergence results which are
independent of the representation of 2.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 4,
(© Springer Science+Business Media, LLC 2009
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If we add the penalization function, which is zero on the feasible domain and
which achieves large values outside the feasible region, to the original cost
function, we can approximate a solution of the original equality constrained
problem by the solution of the unconstrained minimization problem with the
modified (penalized) cost function. The resulting penalty method presented in
Sect. 4.2 is probably the most simple way to reduce the equality constrained
problem to the unconstrained one. If the penalized problem is solved by an
iterative method, the Hessian of the penalized problem can be preconditioned
by a special preconditioner of Sect. 4.2.6 which preserves the gap in the spec-
trum.

A prototype of the method studied in this chapter is the exact augmented
Lagrangian method and its specialization called the Uzawa algorithm. See
Algorithm 4.2 for their formal description. These methods reduce the original
bound constrained problem to a sequence of the unconstrained, optionally
moderately penalized problems that are solved exactly, typically by the direct
methods of Sect. 1.5.

The auxiliary problems of the augmented Lagrangian method need not
be solved exactly. An extreme case is Algorithm 4.1, known as the Arrows—
Hurwitz algorithm, which carries out only one gradient iteration with the fixed
steplength to approximate the solution of the auxiliary problem.

The asymptotically exact augmented Lagrangian method, which is de-
scribed in Sect. 4.4 as Algorithm 4.3, controls the precision of the solution
of the auxiliary unconstrained problems by a forcing sequence decreasing to
zero. The forcing sequence should be defined by the user.

The precision of the solution of the auxiliary unconstrained problems can
also be controlled by the current feasibility error. To achieve convergence, the
adaptive augmented Lagrangian method modifies also the regularization pa-
rameter by means of the forcing sequence generated in the process of solution.
The method is described in Sect. 4.5 as Algorithm 4.4.

The most sophisticated method presented in this chapter is the semimono-
tonic augmented Lagrangian method for equality constraints referred to as
SMALE. The algorithm is described in Sect. 4.6 as Algorithm 4.5. Similarly
to the adaptive augmented Lagrangian method, SMALE controls the preci-
sion of the solution of the auxiliary unconstrained problems by the feasibility
error, but the penalty parameter is adapted in order to guarantee a suffi-
cient increase of the augmented Lagrangians. The unique theoretical results
concerning SMALE include a small explicit bound on the penalty parameter
which guarantees that the number of iterations that are necessary to find an
approximate solution can be bounded by a number independent of the con-
straints. The preconditioning preserving the bound on the rate of convergence
of Sect. 4.2.6 can be applied also to SMALE.
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4.1 Review of Alternative Methods

Before we embark on the study of inexact augmented Lagrangians, let us
briefly review alternative methods for the solution of the equality constrained
problem (4.1).

Using Proposition 2.8, it follows that (4.1) is equivalent to the solution of
the saddle point system of linear equations

ABT] [x b
5o B[] =
If B is a full row rank matrix, we can solve (4.2) effectively by the Gauss
elimination with a suitable pivoting strategy, or by a symmetric factorization
which takes into account that (4.2) is indefinite. Alternatively, we can also
use MINRES, a Krylov space method which generates the iterates minimizing
the Euclidean norm of the residual in the Krylov space. The performance of
MINRES depends on the distribution of the spectrum of the KKT system
(4.2) similarly as the performance of the CG method. A recent comprehensive
review of the methods for the solution of saddle point systems with many
references is in Benzi, Golub, and Liesen [10]; see also Elman, Sylvester, and
Wathen [81].
We can also reduce (4.2) to a symmetric positive definite case. If B is a full
row rank matrix, and if we are able to evaluate the action of A1 effectively,
we can multiply the first block row in (4.2) by BA~!, subtract the second row

from the result, and change the signs to obtain the symmetric positive definite
Schur complement system

BAT'BTA=BA'b —c, (4.3)

which can be solved by the methods described in Chap. 3. The method is also
known as the range-space method. Let us point out that if we solve (4.3) by
the CG method, then it is not necessary to evaluate BA™'B” explicitly. Using
the CG method and the left generalized inverse of Sect. 1.4, the method can
be extended to A positive semidefinite and B with dependent rows. We shall
see that the range-space method is closely related to the Uzawa-type methods
that we shall study later in this chapter.

Alternatively, we can use the null-space method, provided we have a basis
Z of KerB and a feasible xq,

Bxg = c.

Observing that 25 = {xo + Zy : y € R?}, we can substitute into (4.1) to get
1 1
min f(x) = min f(xo + Zy) = .y  Z'AZy — (b — Ax0)" Zy + _x{ Axq,
XENE yER? 2 2

so that we can evaluate y by solving the gradient equation

ZTAZy = 77 (b — Axo).
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If the resulting system is solved by the CG method, then the method can
be directly applied to the problems with A positive semidefinite and B with
dependent rows.

Results concerning application of domain decomposition methods can be
found in the monograph by Toselli and Widlund [175].

A class of algorithms which is important for our exposition is based on the

mixed formulation

Lo(® A) = jnax min Lo(x, )

for the problems with full row rank B. As an example let us recall the Arrow—
Hurwitz algorithm 4.1, which exploits the first-order approximation of Lg
given by

Lo(x +ad, A\ +170) = Lo(x,X) + aVxLo(x, A)d + rVaLo(x, A)d

to improve the approximations of the solution X by taking small steps in the
direction opposite to the gradient

ViLo(x,\) = Ax — b + BT\,

and to improve the approximations of the Lagrange multipliers P by taking
small steps in the direction

VaLo(x,A) =Bx —c.

Algorithm 4.1. Arrow—Hurwitz algorithm.

Given a symmetric positive definite matriz A € R™*"™, a matriz B € R™*"™ with
the nonempty kernel, b € R", and ¢ € ImB.

Step 0. {Initialization.}
Choose \° e R™, x 1 eR", a >0, r>0

for k=0,1,2,. ..
Step 1. {Reducing the value of Lo in x direction.}
xF = xF7 — oV Lo(x* 71 %) = xF71 — a(Ax — b 4+ BTN)

Step 2. {Increasing the value of Lo in A direction.}
AL = AP 4 VA Lo(x*, AF) = A% + 7(Bx* — ¢)
end for

The Arrow—Hurwitz algorithm is known to converge for sufficiently small
steplengths a and r. Even though its convergence is known to be slow, the
algorithm has found its applications due to the low cost of the iterations and
minimal memory requirements. It can be considered as an extreme case of the
inexact Uzawa-type algorithms, the main topic of this chapter.



4.2 Penalty Method 107

4.2 Penalty Method

Probably the most simple way to reduce the equality constrained quadratic
programming problem (4.1) to the unconstrained one is to enhance the con-
straints into the objective function by adding a suitable term which penal-
izes the violation of the constraints. In this section we consider the quadratic
penalty method which approximates the solution X of (4.1) by the solution X,
of

min f,(0),  folx) = F(x) + ] [Bx — c|]%, (4.4)

where o > 0 is the penalty parameter and ||Bx — c||? is the penalty function.
Intuitively, if the penalty parameter g is large, then the solution X, of
(4.4) can hardly be far from the solution of (4.1). Indeed, if ¢ were infinite,
then the minimizer of f, would solve the equality constrained problem (4.1).
Thus it is natural to expect that if o is sufficiently large, then the penalty
approximation X, is a suitable approximation to the solution X of (4.1). The
effect of the penalty term is illustrated in Fig. 4.1. Notice that the penalty
approximation is typically near the feasible set, but does not belong to it.
That is why our penalty method is also called the exterior penalty method.

Fig. 4.1. The effect of the quadratic penalty

In the following sections, we shall often use the more general augmented
Lagrangian penalty function L : R?T™+! — R which is defined by

Lix, A 0) = F(x)+ (Bx—¢) A+ [|Bx—c|* = Lo(x,\) + o [Bx—c]?, (4.5)

where A € R™ is arbitrary and Lo(x,A) = L(x, A, 0) is the Lagrangian func-
tion (2.20). Notice that f,(x) = L(x,0, 0). Since o|Bx — c||? and (Bx —c)TA
vanish when Bx = c, it follows that

f(x) = fo(x) = L(x, A, 0)

for any x € 25, A € R™, and p > 0.
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4.2.1 Minimization of Augmented Lagrangian
Let us start with the modified problem

min L(x, A, o). (4.6)

xENE

Since the gradient of the augmented Lagrangian is given by
ViL(x, A, 0) = Ax — b + B (A + o(Bx — ¢)), (4.7)

it follows that the KKT system for (4.6) reads

EER-E) e

where A, = A + oBTB. Eliminating x, we get that any multiplier \ satisfies
~1pTy _ pa-1 T
BA, B"A=BA, (b+¢B'c)—c. (4.9)

Moreover, if we substitute Bx = ¢ into the first block equation, we get that
(4.8) is equivalent to the KKT system (2.31), so the saddle points of Ly are
exactly the saddle points of L. This result is not surprising as

L(x, A, 0) = fo(x)+ (Bx — c)Ta
is the Lagrangian for the penalized equality constrained problem

Jmin f(x).
To see how the penalty method enforces the feasibility, let us assume that
A € R™ is fixed, and let us denote by Xy and X, the minimizers of Lo(x, A)
and L(x, A, ), respectively. Then the solution X satisfies

~ 0o~ ~ ~ ~
LO(XK_HA) + 2||BX.Q - c”2 = L(XKJ?Av Q) S L(X7Aa Q) = f(X)7
so that, using Lo(Xo, X) < Lo(X,, ), we get

[B%, —clF < (F(R) ~ Lol X)) < (/) = Lo(a: A).
It follows that the feasibility error ||BX, —c||, which corresponds to the second
block equation of the KKT system (2.31), can be made arbitrarily small. We
shall give stronger or easier computable bounds later in this section.

To see how X, satisfies the first block equation of the KKT conditions
(4.2), let us recall that the gradient of the augmented Lagrangian is given by
(4.7) and denote

A=A+ o(Bx, —c). (4.10)
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Then _ _
AX, —b+BTA =V, Ly(X,, A) = ViL(X,, A, 0) = 0,

so that (X,, A) satisfies the first block equation of the KKT conditions exactly.
Moreover, if X is considered as an approximation of a vector of Lagrange
multipliers of the solution of (4.1), then our observations indicate that A is a
better approximation. Using Proposition 2.12, we conclude that (X,, ;\) can
approximate the KKT pair of (4.1) with arbitrarily small error.

4.2.2 An Optimal Feasibility Error Estimate for Homogeneous
Constraints

Let us first examine the feasibility error of an approximate solution x of the
problem

min fo(x),  folx) = £() + 7 |Bx|?, (4.11)

where f and B are from the definition of problem (4.1) and ¢ > 0. We assume
that x satisfies
IV o)l < elbl, (4.12)

where € > 0 is a small number.

Notice that our x can be considered as an approximation to the solution X
of the equality constrained problem (4.1) in case that the equality constraints
are homogeneous, i.e., ¢ = 0. To check that x satisfies approximately the first
part of the KKT conditions (4.2), observe that

Vf,(x) = (A+ oBTB)x — b.
After denoting A = pBx and g = V f,(x), we get
Ax —-b+BTA=g, (4.13)

which can be considered as an approximation of the first block equation of
the KKT conditions (4.2).
The feasibility error is considered in the next theorem.

Theorem 4.1. Let A, B, and b be those of the definition of problem (4.1)
with B not necessarily a full rank matriz, let Amin = Amin(A) > 0 denote the
smallest eigenvalue of A, and let € > 0 and o > 0.

If x is an approximate solution of (4.11) such that

IV fo(x)|| < ellbll,
then

1+¢

[[Bx]| <
\/)‘ming

[b]|- (4.14)
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Proof. Let us denote
A, =A+oB"B

and notice that for any x,d € R"
T L .7 1 2
fox +d) = folx) +g d+ d7Ad = fo(x) — ligllid]l + , Amin||d]]
> min (£, — glI€ + ) Auin€? ) > o) .- [lgl?
= ml]g o\X g 9 min Z JolX 2)\min gl

where g = V f,(x). Recalling that by (2.11)

Tp-1
émn fﬁ’(x_l_d)_;relﬁé}z foly) = b A,'b,
we get
1 0 1
>— bIA b > Bx|? — 2,
0> = )b7A; b > 0+ SIBxl -, ! e

Let us now assume that x satisfies ||g|| < ¢||b||. After substituting into the
last inequality and using (2.11), (1.24), and the properties of the Euclidean
norm, we get

0> 70+ 2IBx— .1 Jlel? > min f(y) + ; |1Bx|l” - = b2
- 2 2\ min ye 2 2\ min
1 _ 0 g2
= blA b Bx||? — bl
) o IBxIP = b
1 0 1+E
> _ bl2 Bx|?2 — bl|2 > ©||Bx]|? bl?
T L - O 1B - bl

Equation (4.14) can be obtained by simple manipulations with application of
14+e? < (14¢)% O

An interesting feature of Theorem 4.1 is that the estimate is independent
of the constraint matriz B. In particular, the estimate (4.14) is valid even if
B has dependent rows. The assumption that the constraints are homogeneous
was used to get that the unconstrained minimum of f, is not positive.

Theorem 4.1 implies a simple optimality result concerning the approxima-
tion by the penalty method. To formulate it, let 7 denote any set of indices
and assume that for any ¢ € 7, there is defined a problem

min fi(x), (4.15)

xent,

where fi(x) = JxTA;x — b{x, A, € R"*™ is SPD with the eigenvalues in
the interval [@min, Gmax], 0 < Gmin < Gmax , b, x € R™, By € R™*™ and
0t ={x € R" : B;x = o}.
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Corollary 4.2. For each ¢ > 0, there is o > 0 such that if approrimate
solutions x¢,, of (4.15) satisfy

Vfio(Xt,0) <elbefl, teT,

then
[Bixt,ol <ellbel|, t€T.

Proof. Notice that by Theorem 4.1

[BeXt,of| < by ||

\/aminQ |
for any o > 0. It is enough to set 0 = 1/(amine?). a

We conclude that the prescribed bound on the relative feasibility error for
all problems (4.15) can be achieved with one value of the penalty parameter
o0+ = o. Numerical experiments which illustrate the optimal feasibility esti-
mates in the framework of FETI methods can be found in Dostal and Horak
[65, 66].

4.2.3 Approximation Error and Convergence

Using the feasibility estimate (4.14) of the previous subsection and an error
bound on the violation of the first block equation of the KKT conditions
(2.46), we can bound the approximation error of the penalty method for ho-
mogeneous constraints.

Theorem 4.3. Let problem (4.1) be defined by A,B, b, and ¢ = o, with B # O
not necessarily a full rank matriz, let (X, ALs) denote the least square KKT
pair for (4.1) with ¢ = o, let Amin denote the least eigenvalue of A, let o min
denote the least nonzero singular value of B, let € > 0, o > 0, and let

A = 0Bx. (4.16)
If x is such that
IV fo(x)|| < ellbl],
then (A) +1 ) A)

~ K + +e K
— < b b 4.17
[x—x[ <e - bl + Ve o Aumin bl (4.17)

" 1 1ve Al

+e

[A = As]l < (er(A)lb]l + Ibll). (4.18)

O min \/Q O min \/)\min
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Proof. Let us denote g = V f,(x) and e = Bx, so that

Ax+B"A=b+g and Bx=e, (4.19)
and notice that by the assumptions A € ImB. Assuming that

Il = IV ()l < ellbll,

it follows by Theorem 4.1 that

1+e
B < b))
|| | \/Aming l
Substituting into the estimates (2.48) and (2.49) of Proposition 2.12, we get
(4.17) and (4.18). 0

Notice that the error bounds (4.17) and (4.18) depend on the representa-
tion of 25, namely, on the constraint matrix B.

The performance of the penalty method can also be described in terms
of convergence. Let ¢, > 0 denote a sequence converging to zero, let g > 0
denote an increasing unbounded sequence, let gf = V for (x*), and let x*
satisty

k k
8% = IV for (x) || < e[[b]l.
Let us denote
AF = 0, Bx*.

Then by (4.17) there is a constant C; dependent on A and C dependent on
A, B such that

1+ e

k o~
x" —X|| < epCql]|b|| + Cs|b]|,
” ” k 1” H \/Qk 2” ”

and by (4.18) there are constants C5 and Cy dependent on A, B such that

14 ¢
Cy4|/b]]. 4.20
Jor Calll (4.20)

It follows that A* converges to Ars and xF converges to X.

IN* = Avs| < exCsb] +

4.2.4 Improved Feasibility Error Estimate

We shall now give a feasibility error estimate for the penalty approximation
of (4.1) which is valid for nonhomogeneous constraints with ¢ # o. Our new
bound on the error is proportional to =1, but dependent on B and c.

Theorem 4.4. Let A,B,b, and ¢ be those of the definition of problem (4.1)
with B # O not necessarily a full rank matriz, let 3,,;, > 0 denote the smallest
nonzero eigenvalue of BTATIB, let ¢ denote a given positive number, and let
o> 0.
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If x is such that
IVfe(x)Il < elbl],

then the feasibility error satisfies

1Bx — ¢ < (1+ Bruime) (1 +)IBA~Y[Ib + [cll) - (4.21)
Proof. Let us recall that for any vector x
Vf,(x) = (A+ 0BTB)x — b — B¢,
so that, after denoting g = V f,(x) and A, = A + oBT B,
x=A,'(g+b+oB"c).

It follows that
Bx = BA, (g +b) + 0BA, 'B”c.

Using equation (1.41) of Lemma 1.4 and simple manipulations, we get

Bx —c=BA,'(g+b)+o(l+oBA™'B")'BA"'BTc — ¢
=BA, ' (g+b)+ (I+0BA'BT) " (I+BA™'BT) —l)c—c
=BA,'(g+b) — (I+ ¢BA™'BT) c.

To finish the proof, use the assumptions that ¢ € ImB and ||g|| < ¢|b]l,
Lemma 1.6, and the properties of norms. a

Numerical experiments which illustrate (4.21) can be found in Dostdl and
Hordk [65, 66].

4.2.5 Improved Approximation Error Estimate

Using the improved feasibility estimate (4.21) of the previous section, we can
improve the bounds on the approximation error of the penalty method given
in Sect. 4.2.3.

Theorem 4.5. Let A,B,b, and c be those of the definition of problem (4.1)
with B not necessarily a full rank matriz, let \min denote the least eigenvalue
of A, let omin denote the least nonzero singular value of B, let (X, Ars) denote
the least square KKT pair for (4.1), let B,;, > 0 denote the least nonzero
eigenvalue of the matriz BA™'BT, lete >0, 0 >0, and

A= o(Bx —c). (4.22)

If x is such that
IV fo(x)|| < ellbl],

then



114 4 Equality Constrained Minimization

I < APl IA] (L +e)IBA=H bl + [lell)

A= ALs
H O min 0?11111(1 + Qﬂmin)

(4.23)
and

Ix—x|| <e

SR Ty R (BB ) o

min Umin(l + Qﬁmin)
Proof. Let us denote g = V f,(x) and e = Bx — ¢, so that

Ax+BTA=b+g and Bx=c+e.

If
Il = [IVfo(x)Il < el|bl],
then by Theorem 4.4
1
Bx —c|| < 1+ )||BA™YIb|l + |Icll) .
| = o (@+2)ll bl +llell)
Substituting into the estimates (2.47) and (2.48) of Proposition 2.12, we get

IAF((1+ ) IBAZH[]Ib] + [lell)
Unlill(l + Qﬁmin)
and (4.24). To finish the proof, notice that A — Apg € ImB, so that by (1.34)

IBY (A = Aws)|l < en(A)[[b]| + (4.25)

TminlIX = Aus|| < [BT(A = Avs)|l;

apply the latter estimate to the left-hand side of (4.25), and divide the result-
ing chain of inequalities by omin- O

We can also get the improved rates of convergence compared with those of
Sect. 4.2.3. Let €, > 0 denote again a sequence converging to zero, let g > 0
denote an increasing unbounded sequence, let x* satisfy

g™l = IV fo (M| < eI,

and let us denote
AP = 0p(Bx* — ).

Then by (4.23) there are constants Cy, Co, and Cs dependent on A, B such

that
1+ ¢y C

IN* = Avs|| < exCilb] + Co|[bll + el
ok Ok

and by (4.24) there is a constant C; dependent on A and constants Cs, Cs
dependent on A, B such that

1+ e C

~ 6
Ix* — %|| < exCullb|l + Cs[bl[ + "llc]l.
Ok Ok

Thus A\* converges to Arg and x* converges to X.
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4.2.6 Preconditioning Preserving Gap in the Spectrum

We have seen that the penalty method reduces the solution of the equality
constrained minimization problem (4.1) to the unconstrained penalized prob-
lem (4.4). The resulting problem may be solved either by a suitable direct
method such as the Cholesky decomposition, or by an iterative method such
as the conjugate gradient method. If the penalty parameter o is large, then
the Hessian matrix

A, =A+ 0B"B

of the cost function f, of the penalized problem (4.4) is obviously ill-
conditioned. Thus the estimates based on the condition number do not guar-
antee fast convergence of the conjugate gradient method, and a natural idea
is to reduce the condition number of A, by a suitable preconditioning. This
is indeed possible as has been shown, e.g., by Hager [111, 113].

Here we consider an alternative approach which exploits the fast conver-
gence of the conjugate gradient method for the problems with a gap in the
spectrum. The method is based on two results: the bounds on the rate of
convergence independent of p given by (3.23) and (3.24) and Lemma 1.7 on
the distribution of the spectrum of A,. The method presented here is applica-
ble for large o provided we have an effective preconditioner M for A that can
be used by the preconditioned conjugate gradient algorithm of Sect. 3.6. To
simplify our exposition, we assume that M = LL”, where L is a sparse lower
triangular matrix.

To express briefly the effects of the preconditioning strategies presented in
this section, let k(W, €) denote the number of the conjugate gradient iterations
that are necessary to reduce the residual of any system with the symmetric
positive definite matrix W by ¢, and let

k(W, e) = int( \//-; )n(2/e) + 1) (4.26)

denote the upper bound on (W, ¢) which may be easily obtained from (3.23).
Let us first assume that the rank m of the constraint matrix B € RP*™ in
the original problem (4.1) is small. Then it is possible to use L to redistribute
the spectrum of the penalized matrix A, directly. In this case (1.51) and the
estimate (3.23) of the rate of the conjugate gradient method for the case that
the Hessian of the cost function has m isolated eigenvalues give the bound

E(L7IALT &) < k(L'AL™T ) + m. (4.27)

Such preconditioning can be implemented even without the factorization of the
preconditioner M = LL” asin Algorithm 3.3, provided we can solve efficiently
the linear systems with the matrix M.

If m dominates in the expression on the right-hand side of (4.27), then
the bound (4.27) can be improved at the cost of increased computational
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complexity. In particular, this may be useful when we have several problems
(4.4) with the same matrix B. Noticing that for any nonsingular matrix Q

2p={xecR": QBx = Qc},

choosing the matrix Q in such a way that the rows of QBL_T are orthonormal,
and denoting B = QB, we can observe that minimizer of the penalized function
with the Hessian .

A,=A+0B B
also approximates the solution of (4.1), but the spectrum o(L=1A,L=7) of the
preconditioned Hessian L™1A,L~7 satisfies by (1.50) and (1.51)

(L7 AL™T) C [amins @max] U [@min + 0, Gmax + 0,

where amin = Al(L’lAL_T) and amax = )\n(L’lAL_T). Since the spectrum is
located in two intervals of the same length, we can use (3.24) to get the bound

E(L7IALT &) < min{k(L7*AL™T &) +m, 2k(L'AL™ T )},  (4.28)

which is optimal with respect to both ¢ and m. Results of some numerical
experiments with this strategy can be found in [44].

Observe that Q7TQ represents a scalar product on R™. The method
can be efficient also in the case that the rows of QBL™7 are orthonormal
only approximately [144]. If A = LLT and QBL™T are orthonormal, then
o(L71A,L~T) = {1,0} and the CG algorithm finds the solution in just two
steps.

4.3 Exact Augmented Lagrangian Method

Because of its simplicity and intuitive appeal, the penalty method is often
used in computations. However, a good approximation of the solution may
require a very large penalty parameter, which can cause serious problems in
computer implementation. The remedy can be based on the observation that
having a solution x, of the penalized problem (4.4), we can modify the linear
term of f in such a way that the unconstrained minimum of the modified cost
function f without the penalization term is achieved again at x,. Then we
can hopefully find a better approximation by adding the penalization term
to the modified cost function f, possibly with the same value of the penalty
parameter, and look for the minimizer of f, as in Fig. 4.2. The result is the
well-known classical augmented Lagrangian algorithm, also named the method
of multipliers, which was proposed by Hestenes [116] and Powell [160].

In this section, we present as the augmented Lagrangian algorithm a little
more general algorithm; its special cases are the classical Uzawa algorithm [1]
and the original algorithm by Hestenes and Powell. We review and slightly
extend the well-known arguments presented, e.g., in the classical monographs
by Bertsekas [11] and Glowinski and Le Tallec [100].
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L(x, A" 0) = L(x* X4 g) 4 ¢

\\“\ ————————————— —’/,/ QE
L(x, A, 0) = L(x*, A", 0) + ¢

Fig. 4.2. Augmented Lagrangian iteration

4.3.1 Algorithm

The augmented Lagrangian algorithm is based, similarly as the Arrow-—
Hurwitz algorithm 4.1, on the mixed formulation (2.38) of the equality con-
strained problem (4.1). However, the augmented Lagrangian algorithm differs
from the Arrow—Hurwitz algorithm applied to the penalized problem (4.4) in
Step 1, where the former algorithm assigns x* the minimizer of L(x, \*, o5.)
with respect to x € R™. Both algorithms use the same update rule for the
Lagrange multipliers in Step 2. Here we present a variant of the augmented
Lagrangian algorithm whose special cases are the original Uzawa algorithm
[1], which corresponds to g = 0, & = 0,1,..., and the original method of
multipliers, which corresponds to r;y = gx. Our augmented Lagrangian algo-
rithm reads as follows.

Algorithm 4.2. Exact augmented Lagrangian algorithm.

Given a symmetric positive definite matriz A € R™™™, B € R™*", b € R", and
c € ImB.
Step 0. {Initialization.}
Choose A° € R™, v >0, r, >, o, >0
for k=0,1,2,. ..
Step 1. { Minimization with respect to x.}
x* = arg min{L(x,\* gx): x € R"}
Step 2. { Updating the Lagrange multipliers.}
AL = Ak 4 (BxF —¢)
end for

Since x* is the unconstrained minimizer of the Lagrangian L with respect
to its first variable, it follows that
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VL (x*, X, o) = (A + 01B"B)x* —b — 9B c + B"A" = o,
so that Step 1 of Algorithm 4.2 can be implemented by solving the system
(A + 0,BTB)x* =b + g,,BTc — BT A", (4.29)

To understand better the algorithm, we shall examine its alternative for-
mulation which we obtain after eliminating x* or A* from Algorithm 4.2. Thus
denoting for any g € R

A, =A+oB"B,

we can use (4.29) to get
x" = A ! (b+ gB"c — BTAF).

After substituting for x* into Step 2 of Algorithm 4.2 and simple manipula-
tions, we can rewrite our augmented Lagrangian algorithm as

Choose A” € R™, (4.30)
ML= XF — . (BA,'BTAY —BA,' (b + 0xB"c) +¢).  (4.31)

To understand the formula (4.31), notice that
1

folx) =

xTA,x — (b+ oBTe)"x + g||c||2

Using the formula (2.36) for the dual function © for problem (4.1), we can
check that the explicit expression for the dual function ©, for the minimum
of f,(x) subject to x € 25 reads

O,(\) = — ;ATBA;BTA + (BA,'(b+0B"c) —c) A
— b+ 0BTe) A b+ gBT) + el
It follows that
VO, (") = —BA,'B"A* + BA, (b + 0:B"c) — c. (4.32)
Comparing the latter formula with (4.31), we conclude that
AL = AR 41 VO, (AF).

Thus the augmented Lagrangian algorithm may be interpreted as the gra-
dient method for maximization of the dual function ©, for the penalized
problem (4.4) with the steplength 7.

Alternatively, we can eliminate A* from Algorithm 4.2 to get

x?=A,'(b+ 0:B"c—B"A?), (4.33)
xFHl = xk rkAngT(Bxk —c). (4.34)

k



4.3 Exact Augmented Lagrangian Method 119
4.3.2 Convergence of Lagrange Multipliers

Let us first recall that, by Proposition 2.10(iii) and the discussion at the end
of Sect. 2.4.2, any Lagrange multiplier X of the equality constrained problem
(4.1) can be expressed as

A=ALs + 6, ALs € ImB, RS KerBT,

where Apg is the Lagrange multiplier with the minimal Euclidean norm. If
we denote by P and Q = | — P the orthogonal projectors on ImB and KerB”,
respectively, then the components of A are given by

As =PA, v =Q\

To simplify the notations, we shall assume that o = 0 and rp = r.
To study the convergence of A* generated by Algorithm 4.2, let A° € R™,
let us denote
A=As+ Q/\O,

and observe that
A=A =PA"+ QX0 — ALs — QXY = P()\O — ALg) € ImB,
AL X = (A" = X) = r(BA,'BTA* —BA, ' (b + 0B ¢c) + ¢)
= (AF =) —=rBA,'BT(A" — X),

where we used PArs = Ars and (4.9). It follows that
AL X = (1-rBA,'BT)(A" — X) (4.35)

and
Al XeImB, k=0,1,....

Therefore the analysis of convergence of AF reduces to the analysis of the
spectrum of the restriction of the iteration matrix I—rBA;l B” to its invariant
subspace ImB.

Using (1.26) and Lemma 1.5, we get that the eigenvalues y; of the iteration
matrix are related to the eigenvalues (3, of BA_lBT|ImB by

rf3; - 1+ (e—1)B;

Hi = 1- - 3
1+ of; 1+ 0f;
so that )
10— rBA;'BT)ImB) = max | +1(9_r)ﬂi|,
e + 0Bi
Denoting
1 —r)5
R(p,7) = max 1+ (o= )il (4.36)

ie{g,;dm} 1+ Qﬁi
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and using that the norm is submultiplicative, we get for R(p,r) < 1 the linear
rate of convergence

INFE = Xl < R(e, m)IA* — Al (4.37)

We have thus reduced the study of convergence of Algorithm 4.2 to the
analysis of R(p,r). We shall formulate the result on the convergence of the
Lagrange multipliers in the following theorem.

Theorem 4.6. Let \¥, k =0,1,..., denote the sequence of vectors generated
by Algorithm 4.2 for problem (4.1) with a given g andry starting from a given
vector AY € R™. Let Arg denote the least square Lagrange multiplier, let P
denote the orthogonal projector on ImB, let Bnax denote the largest eigenvalue
of BAT'BT, and denote

A=ALs + (I=P)A°,

If there are € > 0 and M > 0 such that

2
e<r, < + 20, —e < M, (4.38)

max

then ¥ converge to X and the rate of convergence is at least linear, i.e., there
is R < 1 such that
AL = X[ < RN = Al

Proof. Elementary, but a bit laborious analysis of R(og, 1), where R is defined
by (4.36), reveals that if gy, satisfy (4.38), then

sup  R(ok,m:) =R < 1.
k=0,1,...

To finish the proof, it is enough to substitute this result into (4.37). O

Using different arguments, it is possible to prove convergence of Algo-
rithm 4.2 under more relaxed conditions. For example, Glowinski and Le Tal-
lec [100] give the condition

0<e<r, <20.

4.3.3 Effect of the Steplength

Let us now examine possible options of the steplength r = r(p) as a function
of p, including their effect on R(p,r). We shall denote by (., the smallest
nonzero eigenvalues of BAleT, i.e., the smallest eigenvalue of BAleT|ImB.
Our examples are from Glowinski and Le Tallec [100].
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Optimal choice of r with o = 0.
In this case, which corresponds to the original Uzawa algorithm,

R(o,r) = R(0,r) = max |1 —rf], (4.39)

ie{1,...,m}

= minmax{1 — 76 i, "Omax — 1}-
T
A simple analysis reveals that 7,y satisfies

1 —1rBin = "Pmax — 1.
Solving the last equation with respect to r, we get

2
5min + ﬂmax

Topt =

and
max — Mmin max/ Pmin — 1
R(O’ropt) =1- Toptﬁmin = 6 ﬁ = ﬁ /6 .
Bmax + ﬁmin ﬁmax/ﬁmin +1

This is of course the optimal rate of convergence of the gradient method
of Sect. 3.4 applied to the dual function. Inspection of (4.39) reveals that
R(0,r) < 1 requires that 1 — rfmax > —1, i.e.,

r< 2/ﬂmaxy
so that 7qp¢ is typically near the bound which guarantees the convergence.
Choice r = p.

In this case, which is natural from the point of view of our analysis of the
penalty method,

1 1
R, o) = _ , 4.40
(Q Q) ie{r;i?n} ]_ —+ Qﬂl ]. + Qﬂmin ( )

An interesting feature of this choice is that
lim R(o,0) =0,
0—00

so that by increasing p, it is possible to achieve arbitrary preconditioning
effect.
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Choice r = (14 6)o.

Let us now consider the choice r = (1 + ) with § > —1. In this case

so that r > 0 and R(o, (1 + 6)o) < 1if and only if =1 < 6 < 1 4 2/(0fmax)-
Moreover
Tim (o, (1+3)0) = ||,

It follows that the preconditioning effect which can be achieved by increasing
the penalty parameter is limited when § # 0.

Optimal steplength for a given o.

If ¢ is given, then the optimal steplength ropt (0) is given by

T = a,rgmin max |1 + (Q - T)ﬂ1|
opt r>0 ie%f;dm} 1+ Qﬁi :

To find it, let us denote

1+ (o—7)B (14 06:) — 10
pilr) = 1408 1408

and observe that if 3; > 0, then ¢;(r) is decreasing. Since ¢;(0) = 1, it follows
that for r > 0

1+(Q_7’)ﬂ¢ _ 1+(g_7ﬂ)6min.

max ;(r) = max =
ie{l,....m ie{l,....m . .
€Uy o 1+ 0B 1+ 0Bmin

Similarly —¢;(0) = —1, and if §; > 0, then —¢;(r) is increasing. Therefore

1 — . 1 _
~ Imax —Q; (’[") = max — + (Q r)ﬁl — _ + (Q T)ﬂmax
16{5 ,,,,, m} 'ze{gz;dm} 1 + Qﬂl 1 + Qﬁmax

for nonnegative r. Since the both maxima are nonnegative on the positive
interval [0 + 1/Bmax; 0 + 1/Bmin], it follows that the optimal choice rop(0) is
a nonnegative solution of

1+ (Q_T)ﬁmin _ _1+ (Q_r)ﬂmax.

1+ 0Bmin 1 4 0fmax

Carrying out the computations, we get that

2 + 0(Bmin * Bmax)

ro t(g) = Q + .
g 20BminBmax + Bunin + Bmax
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We conclude that the optimal steplength ropi(0) based on the estimate
(4.37) is longer than the penalization parameter g, but 7opt(0) approaches
for large values of p as

lim rope(0)/0 = 1.

00— 00

This is in agreement with the above discussion and our analysis of the penalty
method in Sect. 4.2.1, which suggests that a suitable steplength for large o is
given by r = p.

Given x* which minimizes L(x, A, o) with respect to x € R", then x
satisfies

k

Ax" + BT (AF + o(Bx" —c)) —b=o.
Thus the choice r = g results in
VLo(x", \¥1) = o,
so that it is optimal also in the sense that

0= argm;g |Ax* + BT (A* +r(Bx" —c)) — b].

Mazximizing the Gradient Ascent.

In Sect. 4.3.1, we have shown that Algorithm 4.2 may be interpreted as a
gradient algorithm applied to the maximization of the dual function ©,. Thus
it seems natural to define r; by maximizing the quadratic function

o(r) = O (A +1g"),
where gF = VO,, (A¥), with respect to r. Denoting A,, = A + 0,BTB,
F,, =BA,'BY, and d=d, =BA,'(b+0B"c)—c,
we can write
1
o(r) = =, (A" +7g")TFo (A" +rgh) + (A" +rgh)7d,

so that the maximizer satisfies

d
3 00) = 18" Fo 8" = (8")7 (Fo A" —d) = —r(g")"Forg" + (") 78" = 0.
Thus we can use the steepest ascent formula
Ig*|1?
T (@) TR, gt A

which may be applied to obtain the largest increase of @,, in step k. For
large ok, we get by (1.47) and (1.48) that 7 is close to g in agreement with
the optimal choice of the steplength based on the estimate (4.37). Notice that
the steplength based on (4.41) depends on the current iteration.
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4.3.4 Convergence of the Feasibility Error

To estimate the feasibility error ||Bx* — c||, let us multiply equation (4.34) by
B and then subtract ¢ from both sides of the result to get

Bx"™' — ¢ = Bx" — ¢ — 7xBA,'B" (Bx" — ¢),
where A,, = A + 0,BTB. It follows that
B! —c| < [|(1 - rBA,'BT)[ImB|||Bx* — c]|, (4.42)

so that, under the assumptions of Theorem 4.6, we can use the same arguments
to prove the linear convergence of the feasibility error. We can thus state the
following theorem.

Theorem 4.7. Let x*, k=0,1,..., be generated by Algorithm 4.2 for prob-
lem (4.1) with given o, ri, and A0 € R™. Let Buax denote the largest eigen-
value of BAT'BT.

If there are € > 0 and M > 0 such that

2
eESTE < + 20, —e < M, (4.43)
max
then the feasibility error ||Bx® — c|| converges to zero and the rate of conver-
gence is at least linear, i.e., there is R < 1 such that

|Bx*! —¢|| < R||Bx* — c]|. (4.44)

We have thus obtained exactly the same rate of convergence of the feasibility
error as that for the Lagrange multipliers.

4.3.5 Convergence of Primal Variables

Having the proofs of convergence of the Lagrange multipliers and of the fea-
sibility error, we may use Proposition 2.12 to prove the convergence of the
primal variables.

Theorem 4.8. Let x*, k=0,1,..., be generated by Algorithm 4.2 for prob-
lem (4.1) with given ok, Tk, and X° € R™, let X denote the unique solution
of (4.1), let omin denote the least nonzero singular value of B, and let Bmax
denote the largest eigenvalue of BAT'BT.

If there are € > 0 and M > 0 such that

2
egrkgﬂ + 20— < M, (4.45)

then ||x*—X|| converges to zero and the rate of convergence is at least R-linear,
i.e., there is R < 1 such that

A)||B
Itz < REROIBI 0 gy (4.46)
o

min
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Proof. First recall that by the assumptions and (4.44),
IBx* —c|| < R*||Bx® — ¢l = R*|IB(x" - %)|| < R*|1B|[|x" — %],
where R < 1. Using (2.48), we get that

<1 < F(A) r(A)[Bl o
Ix* —%| < "7 Bx" —el| < R*T T |k — x]].
O min O min
We have used the fact that V, L(x*, AF p) = o. O

4.3.6 Implementation

Since it is possible to approximate the solution of (4.1) with a single step of
the penalty method, the above discussion suggests to take rp = gr = 0 as
large as possible.
The auxiliary problems in Step 1 can be effectively solved by the Cholesky
factorization
LLT = A
which should be carried out after each update of g, and the multiplication of
a vector A by BA;lBT should be carried out as

0>

BA,'B"A=B(L™" (L"}(B"X))).

The multiplication by the inverse factors should be implemented as the solu-
tion of the related triangular systems. Since the sensitivity to round-off errors
is greater when p is large, the algorithm should be implemented in double
precision.

Application of iterative solvers can hardly be efficient for implementation
of Step 1 of Algorithm 4.2, where an exact solution is required, but it can
be very efficient for the implementation of inexact augmented Lagrangian
algorithms discussed in the rest of this chapter.

On Application of the Conjugate Gradient Method

Since the augmented Lagrangian algorithm maximizes the dual function, we
can alternatively forget it and apply the CG algorithm of Sect. 3.3 to max-
imize the dual function ©. This strategy may be very efficient as indicated
by the success of the FETT methods introduced by Farhat and Roux [86, 87].
The large penalty parameters result in efficient preconditioning of the Hessian
of © (1.48), so that, due to the optimal properties of the conjugate gradi-
ent method, the latter is a natural choice provided we can solve exactly the
auxiliary linear problems. The picture changes when inexact solutions of the
auxiliary problems are considered, as a perturbed conjugate gradient need not
be even a decrease direction as indicated in Fig. 3.2. Thus it is mainly the ca-
pability to accept the inexact solutions and treat separately the constraints and
minimization that makes the augmented Lagrangian algorithm an attractive
alternative for the solution of equality constrained QP problems.
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4.4 Asymptotically Exact Augmented Lagrangian
Method

The augmented Lagrangian method considered in the previous section as-
sumed that the minimization in Step 1 is carried out exactly. Since such
iterations are expensive, there is a good chance to reduce the cost of the outer
iterates without a large increase of the number of iterations due to the approx-
imate minimization, especially when we recall that the gradient is a robust
ascent direction.

In this section we carry out the analysis of convergence of the augmented
Lagrangian algorithm when the precisions of the solutions of the auxiliary
problems in Step 1 are determined by the bounds on the norm of the gradient.
We assume that the bounds are prescribed by the forcing sequence {e},
where ¥ > 0 and limy_.oo € = 0. The latter condition implies that the
stopping criterion becomes more stringent with the increasing index of the
outer iterations so that the minimization is asymptotically exact. Taking into
account the discussion of Sect. 4.3.3, we consider the steplength r; = gy.

4.4.1 Algorithm

The augmented Lagrangian algorithm with asymptotically exact solution of
auxiliary unconstrained problems differs from the exact algorithm only in
Step 1. We restrict our attention to the inexact version of the original aug-
mented Lagrangian method which reads as follows.

Algorithm 4.3. Asymptotically Exact Augmented Lagrangians.

Given a symmetric positive definite matriz A € R"*™, B € R™*" b € R", and
c € ImB.
Step 0. {Initialization.}
Choose €; > 0 so that lim; .o &; =0, A e R™ 0, >0>0
for k=0,1,2,...
Step 1. { Minimization with respect to x.}
Choose x* € R™ so that |VxL(x", A, 01)|| < e
Step 2. {Updating the Lagrange multipliers.}
A= A% 4 g, (Bx" —¢)
end for

We assume that the inexact solution of the auxiliary problems in Step 1
of Algorithm 4.3 is implemented by a suitable iterative method such as the
conjugate gradient method introduced in Chap. 3. Thus the algorithm solves
approximately the auxiliary unconstrained problems in the inner loop while it
generates the approximations of the Lagrange multipliers in the outer loop. Let
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us recall that effective application of the conjugate gradient method assumes
that the iterations are carried out with the matrix which has a favorable
distribution of the spectrum. This can be achieved by a problem-dependent
preconditioning discussed in Sect. 3.6 in combination with the gap-preserving
strategy of Sect. 4.7.

4.4.2 Auxiliary Estimates

Our analysis of the augmented Lagrangian algorithm is based on the following
lemma.

Lemma 4.9. Let A,B,b, and c be those of the definition of problem (4.1)
with B # O not necessarily a full rank matriz. For any vectors x € R™ and
A e R™, let us denote

A=A+ o(Bx—c),
g = VyL(x,\,0) =Ax —b+B'A—pBc.
Let Ars denote the vector of the least square Lagrange multipliers for prob-

lem (4.1), and let B, denote the least nonzero eigenvalue of BA™'B.
Then for any A € ImB

N IBA™Y| o !
A—Asl| < gl + A — sl 4.47
| Ls|| 5min+9*1H | 5min+9*1H Ls|| (4.47)
Proof. The definitions of X and g imply that
TY _
Ax + B'A =b+g, (4.48)

Bx — o~ 1A = —07 (A= Ars) — 0 ' ALs + ¢,
and the solution X and Apg satisfy by the assumptions

A% + BTArg = b,

Bx — Qil)\LS = —QilALs +c. (4.49)

Subtracting (4.49) from (4.48) and switching to the matrix notation, we get

A BT X — § g
~ = . 4.
) [T W) B
After multiplying the first block row of (4.50) by —BA™!, adding the result
to the second block row, and simple manipulations, we get

X=ALs =S, BA T g + 0715 (A — Arg), (4.51)

where S, = BAT'BT + o7 l.
Noticing that Apg — A € ImB and taking norms, we get
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1A= Xl < (IS, B (IBAT[[[lg]l + o~ As — All) - (4.52)

To estimate the first factor on the right-hand side, notice that by (1.43)
our task reduces to finding an upper bound for

(0~ +BA*BT)~}ImBA~'BT|.

Since ImBTA~!B is an invariant subspace of any matrix function of BTA~!B,
and the eigenvectors of BA™'BT|[ImBA'BT are just the eigenvectors of
BA'B” which correspond to the nonzero eigenvalues, it follows by (1.24)
and (1.26) that

ISg TmB|| = [|(¢™ "1+ BA™'B) " ImB|| = 1/(¢™" + Bnin)-
After substituting into (4.52), we get (4.47). O

To simplify applications of Lemma 4.9 for A° ¢ ImB, let us formulate the
following easy lemma.

Lemma 4.10. Let A\’ € R™, let
AAL = AP ok wPemmB, k=0,1,...,

let Ars denote the vector of the least square Lagrange multipliers for prob-
lem (4.1), so that Ars € ImB, let P denote the orthogonal projector onto
ImB, and let

A= As+ (1= P)X, (4.53)
Then
AP X=PX — A5, k=0,1,.... (4.54)
Proof. Since for k=0,1,...
(I=PA* T = (1 —P)A +ub) = (1 =P)A =... = (1= P)A°,

we have

A A=PX 4+ (1 =P)A* = Aps — (I = P)A" = PAF — As.

4.4.3 Convergence Analysis

Now we are ready to use Lemma 4.9 in the proof of convergence of Algo-
rithm 4.3.
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Theorem 4.11. Let x*, \¥, k = 0,1,..., be generated by Algorithm 4.3 for
the solution of (4.1) with given A° € R™, 0 >0, o, > 0, and ), > 0 such that
limg oo e = 0. Let (X, Arg) denote the least square KK T pair for (4.1). Let
P denote the orthogonal projector on ImB, let B, denote the least nonzero
eigenvalue of BAT'BT, let Amin denote the least eigenvalue of A, and denote

A=PALs + (1= P)A? = Aps + (1 — P)AC.

Then
lim x* =%, lim A% = X\,
71— 00 71— 00

and for any positive integers k,s, k+ s =1,

1 1
[AFFs — X[ < Cen,  +v'Ceo 4 PRSI — A, (4.55)
e’ = %l < AZLIBI (1A = Al +¢4) (4.56)
where e, = max{€x, Ex11, .-},
BA™! -1
= | | , and v= ¢ <1 (4.57)
ﬁmin+g_1 ﬁmin+Q_1

Proof. First notice that by the assumptions
(A + 0kBTB)x* =b + 04BTc — BTAF +g* ||gF| < e, (4.58)

where gF = V,L(x", \¥, 1), and observe that the update rule in Step 2 of
Algorithm 4.3 and Lemma 4.10 with u* = g, (Bx* — ¢) imply that

Ao A=PA — Mg, £=0,1,....

Since
PARTT = PA* + g4 (Bx* —c)

and PA*F € ImB, we can apply Lemma 4.9 with
A=PX" and X=PAF+ g(Bx" - c) = PAM!
and use the assumptions to get

BA71 Q71
I A = PR g < BATT gy ey

- ﬂmin—’_gk ﬁmin—’—gk
< Cep +V[IA" = Al

PAF — Aps||

where C' and v are defined by (4.57).
It follows that for any positive integer s and k£ =0,1,..., we have
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IAF = X[l < Cepps—1 + VA7 = A
< Clepys1 + Vepys—o + -+ 157 Ley) + 5 AF — A
< Cer(l+v+v2 4 v ) v AF = )

1
< Cep + 5| AR = A,
1—v

To prove (4.55), it is enough to use the above inequalities to bound the last
term by

1
INF = X = A =X < Ceg © + AN = AL

Observing that any large integer may be expressed as a sum of two large
integers, and that £, converges to zero, we conclude that A¥ converges to .
To prove the convergence of the primal variables, denote A,, = A+ 0,BTB
and observe that
A,X=b+ 0B c— BT

After subtracting the last equation from (4.58) and simple manipulations, we
get

x" —x=ABT (A - A" 4 g¥).
Taking norms, using the properties of norms, the assumptions, and

-1 —1
[Age [ <A

min’

we get (4.56). It follows by assumptions that x* converges to X. O

The analysis of the asymptotically exact augmented Lagrangian algorithm
for more general equality constrained problems may be found in Chap. 2 of
Bertsekas [11].

4.5 Adaptive Augmented Lagrangian Method

The analysis of the previous section reveals that it is possible to use an inexact
solution of the auxiliary problems in Step 1 of the augmented Lagrangian
algorithm. However, the terms related to the precision in the inequalities (4.55)
and (4.56) indicate that the convergence can be considerably slowed down if
the precision control is relaxed. The price paid for the inexact minimization
is an additional term in the estimate of the rate of convergence.

Here we present a different approach which arises from the intuitive argu-
ment that the precision of the solution x* of the auxiliary problems should
be related to the feasibility of x*, i.e., ||[Bx* — c||, since it does not seem rea-
sonable to solve the auxiliary problems to high precision at the early stage of
computations with A¥ far from the Lagrange multiplier of the solution. Our
approach is based on the observation of Sect. 4.3 that the rate of convergence
of the augmented Lagrangian algorithm with the steplength rp = g, can be
controlled by the penalty parameter (4.40).
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4.5.1 Algorithm

The new features of the algorithm that we present here are the precision
control in Step 1 and the update rule for the penalty parameter.

Algorithm 4.4. Augmented Lagrangians with Adaptive Precision Control.

Given a symmetric positive definite matriz A € R**"™, B € R™*", b € R", and
c € ImB.

Step 0. {Initialization.}
Choose o >0, 0 <a <1, 3>1, M >0, go >0, A\’ ¢ R™

for k=0,1,2,. ..
Step 1. { Approzimate minimization with respect to x.}
Choose x* € R™ so that

[V L(x", A%, or)|| < M|Bx" — ¢ (4.59)

Step 2. {Updating the Lagrange multipliers.}
A= A% 4 g (Bx" —¢)

Step 3. { Updating ok, M.}
if [Bx* — of) <

Ok+1 = Qk; Mk+1 = QM (4.60)
else
Ok+1 = Bok; Mk+1 = Nk (4.61)
end if
end for

The next lemma shows that Algorithm 4.4 is well defined, that is, any
convergent algorithm for the solution of the auxiliary problems required in
Step 1 generates either x* that satisfies (4.59) in a finite number of steps, or a
sequence of approximations that converge to the solution of (4.1). Thus there
is no hidden enforcement of exact solution in (4.59) and consequently typi-
cally inexact solutions of the auxiliary unconstrained problems are obtained
in Step 1.

Lemma 4.12. Let M > 0, A € R™, and ¢ > 0 be given and let {y*} denote
any sequence that converges to the unique solution y of the problem

in L : 4,62
nin L(y, A, 0) (4.62)

Then {y*} either converges to the solution X of problem (4.1), or there is
an index k such that

IVL(y", X, o)l < M|[By* — . (4.63)
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Proof. First observe that VL(y*, X, o) converges to zero by the assumptions.
Thus if (4.63) does not hold for any k, then we must have By = c. In this
case, since y is the solution of (4.62), it follows that

Ay — b+ B"X + 0BT (By — ¢) = o. (4.64)
After substituting By = ¢ into (4.64), we get
By —b+B'A=o. (4.65)

However, since (4.65) and By = c¢ are sufficient conditions for § to be the
unique solution of (4.1), we have y = X. O

4.5.2 Convergence of Lagrange Multipliers for Large o
The convergence analysis of Algorithm 4.4 is based on the following lemma.

Lemma 4.13. Let A,B,b, and ¢ be those of the definition of problem (4.1)
with B # O not necessarily a full rank matriz, let M > 0, and let

0= ||BA71HM/ﬁmina (466)

where (3,,;, denotes the least nonzero eigenvalue of BATIBT. Let Arg denote
the vector of the least square Lagrange multipliers for problem (4.1), let P
denote the orthogonal projector onto ImB, and let for any A € R™

A=As+ (I—=P)A and A=A+ o(Bx —c). (4.67)
If 0 >2p, x € R", A € R™, and
IVxL(x, A, 0)|| < M||Bx —c|, (4.68)
then B 5 B
HA—AHSQ@+@mMM—AW (4.69)
Proof. Let us first denote p = PX and p = P, so that p € ImB and p € ITmB,

and observe that by the definition of A
A= A=2A—(As+ (I =P)A) = p— Arg, (4.70)
A-A=A+0Bx—c)— As+ (1 -PA) = —As.  (4.71)
Since PB = B, we have

BTX = (PB)"A =BTPA =BTy,
ViL(x,X,0) = Ayx —b+B'A — oBTc=A,x —b+ B p— pBc,
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where A, = A + ¢BTB. Thus the assumption (4.68) is equivalent to
[V L(x, , 0)|| = [V L(x, A, 0)|| < M|[Bx —c. (4.72)

Finally, notice that by the definition of X in (4.67), we have

Bx—c=0'(A—-A). (4.73)
Let us now denote
g = VXL(X7 l’l’v Q)

and assume that x, A, and g satisfy the assumptions including (4.68), so that
by (4.72)
gl < M|Bx —c||. (4.74)

Using (4.71), Lemma 4.9, (4.70), (4.74), (4.73), and notation (4.66), we get

A=Al = [ = Acs||

IBA™H| ot
< g + [l,—)\s
ﬁmin—’—g_lH || 6min+ -1 || - H
BA™! -1
< | HlMHBx—cH—i— A=Al
ﬁmin + Q_ 6min + Q_
BATY| M~ -t
= IBATE Mys N+ 0 A
5min + 97 o 5min + 97
0 /1% 1
< C(IR=AI+IA=A1) + A=Al
0 6ming

Thus, since ¢ > 2p, it follows that

£Y 0 1 > ( Q> 2 -1
A=A <5+ A=A/ (1=7) < + Bnin) IA = Al
| | <Q B | I/ 0 9(9 i |
O

Lemma 4.13 suggests that the Lagrange multipliers generated by Algo-
rithm 4.4 converge to the solution A linearly when the penalty parameter is
sufficiently large. We shall formulate this result explicitly.

Corollary 4.14. Let {\¥},{x*}, and {ox} be generated by Algorithm 4.4 for
problem (4.1) with the initialization defined in Step 0. Using the notation of
Lemma 4.13, let for any index k >0

_ —1
Ok Z 2040 1(9 + ﬂmin)’ (475)

where ag < 1 is a positive constant.
Then
[AFFE — XJ| < ag||AF = A. (4.76)
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Proof. Let k satisfy (4.75). Comparing (4.59) with (4.68), we can check that
all the assumptions of Lemma 4.13 are satisfied for x = xF, X = AF, and
0 = og. Substituting into (4.69) and using A**1 = X, we get

_ -1
A = Al < 2087 (0 + Brain) [X® = All < agl|A* = All.
O

Notice that in (4.76), there is no term which accounts for inexact solutions
of auxiliary problems. This compares favorably with (4.55).

4.5.3 R-Linear Convergence for Any Initialization of o

The following lemma gives us a simple key to the proof of R-Linear conver-
gence of Algorithm 4.4 for any initial regularization parameter og > 0.

Lemma 4.15. Let {\F}, {x*}, and {0} be generated by Algorithm 4.4 for
problem (4.1) with the assumptions of Lemma 4.13 and the initialization de-
fined in Step 0.

Then oy is bounded and there is a constant C' such that

|Bx* —c|| < CaF, (4.77)
where o < 1 is a positive constant defined in Step 0 of Algorithm 4.4.

Proof. Using the notation of Lemma 4.13, let us first assume that for any

index k, o < 2(0+ ﬂ;iln)/a, so that there is kg such that for £ > k¢ the
values of g and 7, are updated by the rule (4.60) in Step 3 of Algorithm 4.4.
It follows that for any k > ko,

|Bx* —c| < mp = aFFopy, = Ca,

where o < 1 is defined in Step 0 of Algorithm 4.4.
If there is ko such that gr, > 2(0 + ﬁ;iln)/oz, then, since {oy} is nonde-

creasing, we can use Corollary 4.14 to get that for k > kg
IXF — Al < ak=Fo xR — Al (4.78)
Using the update rule of Step 2 of Algorithm 4.4, we get
IBx* — cfl = o A — AF]| < o H(IAFF — AL+ AR — Al
Combining the last inequality with (4.78), we get
[Bx" —c|| < opt(aF kot 4 ah=Roy Ak — || < 204’“*’“0@,;01“)\’“0 — || = Cat.

This proves (4.77).
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To prove that {gx} is bounded, notice that we can express each k > 0 as a
sum k = kj + ko, where n, = aklno and o = ﬂkg 00- Hence given k, k1 and ko
denote the numbers of preceding steps that invoked the updates (4.60) and
(4.61), respectively. Moreover, or+1 = Bor > ok if and only if ||Bx* —c|| > 7,
and for such k

oFingg = < ||BxF —¢|| < Car = CaFrthe,
Since a < 1, it follows that ko is finite and o is bounded. 0

Using that gy is uniformly bounded, it is now easy to show that {A¥} and
{x*} converge R-linearly.

Corollary 4.16. Let {\*},{x*}, and {ox} be generated by Algorithm 4.4 for
problem (4.1) with the initialization defined in Step 0. Then there are constants
C1 and Cy such that

[x* —%|| < Cia® and ||AF = A|| < CaaF, (4.79)

where X is defined by (4.67), X is a unique solution of (4.1), and a < 1 is a
parameter of Algorithm 4.4.

Proof. Observe that Lemma 4.15 and the condition (4.59) in the definition of
Step 1 imply that there is a constant C' such that

[Bx* —c|| < Ca¥ and |gF| < Ca*.

To finish the proof, it is enough to use Proposition 2.12 and simple manipu-
lations. ad

4.6 Semimonotonic Augmented Lagrangians (SMALE)

In the previous section, we have shown that Algorithm 4.4 always achieves
the R-linear rate of convergence given by the constant « which controls the
decrease of the feasibility error. This looks like not a bad result, its only draw-
back being that such a rate of convergence is achieved only with the penalty
parameter o which exceeds a threshold which depends on the constraint ma-
triz B. Is it possible to propose an inexact algorithm with any reasonable kind
of convergence independent of the constraint matriz B? A key to getting a pos-
itive answer is to return to the augmented Lagrangian algorithm viewed as an
alternative implementation of the penalty method with the adaptive precision
control used by Algorithm 4.4. We shall also see that the convergence can be
achieved with a rather small threshold on the penalty parameter independent
of the singular values of the constraint matrix B.
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4.6.1 SMALE Algorithm

The algorithm presented here is based on the observation that, having for a
sufficiently large o an approzimate minimizer x, of the augmented Lagrangian
L(x, A, 0) with respect to x, we can modify A in such a way that x, is also
an approximate unconstrained minimizer of L(x, X, 0). Thus we can hopefully
find a better approximation by minimizing L(x, A, 0). Since the better penalty
approximation results in an increased value of the Lagrangian, it is natural to
increase the penalty parameter until increasing values of the Lagrangian are
generated. We shall show that the threshold value for the penalty parameter
is rather small and independent of the constraint matrix B. The algorithm
that we consider here reads as follows.

Algorithm 4.5. Semimonotonic augmented Lagrangians (SMALE).

Given a symmetric positive definite matriz A € R"*™, B € R™*" b € R", and
c € ImB.

Step 0. {Initialization.}
Choose n >0, 3>1, M >0, go >0, A\° ¢ R™

for k=0,1,2,...
Step 1. {Inner iteration with adaptive precision control.}
Find x* such that

Ig(x", A", ok)|| < min{M||Bx" — ||, n}. (4.80)

Step 2. { Updating the Lagrange multipliers.}

A= AP 4 0p(Bx" —¢) (4.81)
Step 3. {Update o provided the increase of the Lagrangian is not sufficient.}
if £k >0 and
L(x® NF o) < L(x""2 A% opy) + 92’“ IBx* — ¢|)? (4.82)
Ok+1 = Bok
else
Ok+1 = Qk-
end if
end for

In Step 1 we can use any convergent algorithm for the minimization of
the strictly convex quadratic function such as the preconditioned conjugate
gradient method of Sect. 3.3. Let us point out that Algorithm 4.5 differs
from Algorithm 4.4 by the condition (4.82) on the update of the penalization
parameter in Step 3.
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To see that Algorithm 4.5 is well defined, let {y"*} be a sequence generated
by any convergent algorithm for the solution of the auxiliary problem

minimize {L(y, A, 0) : y € R"}.
Then there is an integer kg such that for & > kg

le(y", A, 0)| <n

and we can use Lemma 4.12 to show that either {y*} converges to the solu-
tion X of (4.1) or there is k such that (4.80) holds. Thus there is no hidden
enforcement of the exact solution in (4.80) and consequently typically inexact
solutions of the auxiliary unconstrained problems are obtained in Step 1.

4.6.2 Relations for Augmented Lagrangians

In this section we establish the basic inequalities that relate the bound on the
norm of the gradient g of the augmented Lagrangian L to the values of the
augmented Lagrangian L. These inequalities are the key ingredients in the
proof of convergence of Algorithm 4.5.

Lemma 4.17. Let A, B, b, and ¢ be those of problem (4.1), x € R", A € R™,
0>0,1n1>0, and M > 0. Let Anin denote the least eigenvalue of A and
A=A+ o(Bx—c).
(i) If

lg(x, A, 0)|| < M|[Bx —cl, (4.83)

then for anyy € R"

~ 1 M?2 2 o 2
L(y. A 0) 2 L(x, A 0) + , | 0~ IBx —c|”+ J|By —cll”.  (4.84)

Amin
(it) If
g, A, 0)ll <, (4.85)
then for anyy € R"
~ 2
L(y. X 0) > L(x X o) + 5 [Bx —e* + JBy —cl’ =, . (456)

(i) If (4.85) holds and zqy is any vector such that Bzg = ¢, then

02
Proof. Let us denote § = y —x, A, = A+ oBTB, g = g(x,,0), and
g = 8(x, A, 0). Using

L(x, X, 0) = L(x, X\, 0)+0||Bx—c|®> and g(x, X, 0) = g(x, A, 0)+0BT (Bx—c),
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we get
~ ~ 1
L(ya >‘7 Q) = L(Xa )‘7 Q) + (STg + 26TA.96
1
= L(x,\,0) +6Tg + 26TA96 + 06"BT (Bx — ¢) + 0||Bx — c||?
)\min
> Lix X o) +87g + 5" 8] + 00" BT (Bx — c) + { |BS|
+0||Bx — c|?.
Noticing that
2By —c|? = 2|IB6 + (Bx—c)||* = 06"B” (Bx —c) + 2[|B&|*> + 2||Bx — |
o IBy —¢ll” = |[Bo+ (Bx—¢)|I” = ¢ (Bx—c)+ [IBd|"+  [Bx —c]",

we get

Amin 0 Y
L(y, A 0) > L(x, A, 0) + 6" g+ 5 101"+, [Bx—cl*+ J[By —c|*. (4.88)

Assuming (4.83) and using simple manipulations, we get

)\min
Ly, A 0) = L(x A, 0) = M 3] [Bx e[ + "™ |}
+lBx—cl” + ] |By — |

A M2 B
= zxag)+ 161 - MlalBx - ol +

2)\min

_M2||Bx—c|\2
2)\min

1 M

min

+ 5 IBx —cf? + |By — ¢|?

g 0
) 1Bx— I + Sy oI,

which proves (i).
If we assume that (4.85) holds, then by (4.88) and similar manipulations
as above

. )\min 1Y% ¢
L(y, A ) = L(x, A, 0) = (|8l + 5™ [8]1* +  [IBx — ¢f|* + _ By — ef|*
2
0 2, 0 2 7
N B el
2 L(x A0+, [Bx =l +, By —cl® —

which proves (ii).
Finally, let y denote the solution of the auxiliary problem

minimize L(y, A, o) s.t. y € R", (4.89)

Bzo = c, and 6 = y — x. If (4.85) holds, then
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~ 1 - ~ 1 ~ 2
02 L(F. X 0)~Lx, A 0) = 88+, 67Au8 = —[8]n-+ , A 3]* = —,

Since L(y, A, 0) < L(zo, A, 0) = f(20), we conclude that
2

L(XaAa 9) S L(Xa)‘a «Q) - L(y7A’ Q) + f(ZO) é f(ZO) + 2;7 in

4.6.3 Convergence and Monotonicity

The analysis of SMALE is based on the following lemma.

Lemma 4.18. Let {x*}, {A\F}, and {0k} be generated by Algorithm 4.5 for
the solution of problem (4.1) withn >0, 3> 1, M >0, go > 0, and A° € R™,
Let Apin denote the least eigenvalue of the Hessian A of f.
(i) If k > 0 and

Ok Z MQ/)\min; (490)

then
LGN ) > LA, ) + 5P B 2 (491)
(i1) For any k >0

LGN o) = LAY, 01) + Bt —

4 Okt IBxMHL — ¢ — n? (4.92)
2 2)\min
(i4i) For any k > 0 and zo such that Bzy = ¢
2
L(x*, N*, o) < f(20) + D”min. (4.93)

Proof. In Lemma 4.17, let us substitute x = x*, A = AF, o = ok, and
y = x**1 so that inequality (4.83) holds by (4.80), and by (4.81) A = AF+1,
If (4.90) holds, we get by (4.84)

LA 0) > L, A8 o) + T B — el (4.04)
To prove (4.91), it is enough to add
OQk+1 — Ok
) [Bx*+L —c||? (4.95)
to both sides of (4.94) and to notice that
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LM N gpgq) = LM A gp) + Qk+12— Bxt —cf2. (4.96)

If we notice that by the definition of Step 1 of Algorithm 4.5

g (x", A*, o) < n,
we can apply the same substitution as above to Lemma 4.17(ii) to get
L(Xk+1) Ak+1a Qk) > L(ka Aka Qk)

2

Ok E_ .2 9k k+1 o2 7
+ 9 IBx" —c||” + 5 IBx c|| D (4.97)
After adding the nonnegative expression (4.95) to both sides of (4.97) and
using (4.96), we get (4.92). Similarly, inequality (4.93) results from application
of the substitution to Lemma 4.17(iii). O

Theorem 4.19. Let {x*}, {\*}, and {0} be generated by Algorithm 4.5
for the solution of problem (4.1) withn > 0, 3 > 1, M > 0, go > 0, and
A0 € R™. Let A\in denote the least eigenvalue of the Hessian A of f and let
s > 0 denote the smallest integer such that

6SQO 2 M2/>\min~
(i) The sequence { o} is bounded and

or < 3%00. (4.98)
(i) If zo denotes any vector such that Bzg = ¢, then

2

3 92’“ IBx* — ¢||2 < f(zo) — L(x°, A%, 00) + (1 + 5)2;’ B (4.99)
k)zl min

(iii) The sequence {x*} converges to the solution X of (4.1).
(iv) The sequence {\¥} converges to the vector

A=Ars + (1= P)X°,

where P is the orthogonal projector onto ImB, and Ars is the least square
Lagrange multiplier of (4.1).

Proof. Let s > 0 denote the smallest integer such that 3%0p > M?/A\pin and
let Z denote the set of all indices k; such that {og, > ok, ,}. Using Lemma
4.18(i), or, = Bok,_, = Bloo for k; € T, and B°09 > M?/Amin, we conclude
that there is no k such that gr > 3°09. Thus Z has at most s elements and
(4.98) holds.

By the definition of Step 3, for & > 0 either kK + 1 ¢ 7 and
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Ok _ —
2 ||Bxk - CH2 < L(ka Akv Qk) - L(Xk 1) Ak 17 Qk—l)a
or k+1 €7 and by (4.92)

SlBxE < OBt — 2 + OBt —

2

< LA ) = LA )
2)\min
Summing up the appropriate cases of the last two inequalities for k =1,...,n
and taking into account that Z has at most s elements, we get
n 2
3 % Bxt — ¢ < L(x", A", 0,) — L(x", X% 00) + 5, . (4.100)
2 2)\min

k=1

To get (4.99), it is enough to replace L(x™, A", 0,,) by the upper bound (4.93).
To prove (iii) and (iv), let us denote

gk = g(xkvAka Qk) = A.Qk-xk + BTAk —b- QkBch Agk =A + QkBTB7

and let us assume that B is a full row rank matrix. Since the unique KKT
pair (X, A) is fully determined by

A% +BTX = b,
Bx =c,
we can rewrite gF as
g" = A, (x* — %)+ BT(AF - X). (4.101)

The last equation together with
B(x* —%)=Bx" —¢ (4.102)

may be written in the matrix form as

A, BT xF— % k
(e %) (v 3) - (e c)- (4109

Since ||Bx* —c|| converges to zero due to (4.99), ||g¥|| < M||Bx* —c||, and the
matrix of the system (4.103) is regular, we conclude, using Proposition 2.12,
that x* converges to X and A* converges to X. Since B is a full rank matrix,
it follows that A = Ap,g = A.

If B is not a full rank matrix, then the augmented matrix on the left-hand
side of (4.103) is singular, but the solution X is still uniquely determined, as
KerA NKerB C KerA = {o} by the assumptions. Since any KKT pair (X, \)
satisfies
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A, BT xF —x k
< ék 0 > <)\k—)\> - (Bx%—c)’ (4.104)

we can use the same arguments as above and Proposition 2.12 to find out
again that x* converges to X, but now we shall get only that BT A\¥ converges
to BT X. However, using Lemma 4.10, we get

A= X =PAY = Apg,
so that in particular A¥ — X € ImB. It follows by (1.34) that
1B = NI = ommin [ A" = Al

Since the right-hand side converges to zero, we conclude that A* converges to
A, which completes the proof of (iii) and (iv). O

4.6.4 Linear Convergence for Large oo

Using the estimates of the previous section, we can prove that Algorithm 4.5
converges to the solution A linearly provided gg is sufficiently large. We shall
formulate this result explicitly.

Proposition 4.20. Let {\¥},{x*}, and {ox} be generated by Algorithm 4.5
for problem (4.1) with the initialization defined in Step 0 and

00> 20" o+ Bon), (4.105)

where we use the notation of Lemma 4.13 and « is an arbitrary constant such
that 0 < o < 1.

(i) For any index k > 0
[AFFE — X|| < af| Ak = Al (4.106)
(i) There is a constant Cy such that for any index k >0
IBx" —c|| < Cra”. (4.107)
(#ii) There is a constant Cy such that for any index k >0
[x" — x| < Caa®. (4.108)
Proof. (i) Let go satisty (4.105). Comparing (4.80) with (4.68) and taking into
account that or > 09, we can check that all the assumptions of Lemma 4.13

are satisfied for x = x*, A = A*, and ¢ = g;. Substituting into (4.69) and
using At = X, we get
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_ -1
INFE = X < 2057 (0 + Bunin) IA® = All < @A = Al

This proves (4.106).
(ii) Using the update rule of Step 2 of Algorithm 4.5, we get

IBx* —cf| = o HIAMFE = N[ < o (A = AL+ (IR = X)),
and by (4.106), we get
IBx* — ¢l < 05 (@™ + F)[IA” = Al < 20705 XY = Al = Cra®.

This proves (4.107).
(iii) Observe that (4.107) and the condition (4.80) in the definition of Step 1
of Algorithm 4.5 imply that there is a constant C such that

|Bx" — || < C1a* and ||gF| < C1aF.

To finish the proof, it is enough to use Proposition 2.12 and simple manipu-
lations. ad

4.6.5 Optimality of the Outer Loop

Theorem 4.19 suggests that for homogeneous constraints, it is possible to
give a rate of convergence of the feasibility error that does not depend on
the constraint matrix B. To present explicitly this qualitatively new feature
of Algorithm 4.5, at least as compared to the related Algorithm 4.4, let 7
denote any set of indices and assume that for any ¢ € 7 there is defined a
problem

minimize fi(x) s.t. x € (% (4.109)

with 2y = {x € R" : Byx = o}, fi(x) = éxTAtx —bl'x, Ay € R"*" gym-
metric positive definite, B, € R™**™ and by, x € R™. Our optimality result
then reads as follows.

Theorem 4.21. Let {xF},{\F}, and {011} be generated by Algorithm 4.5
for (4.109) with ||by]| > n: >0, 3>1, M >0, gt0 = 00 > 0, A} = o. Let
0 < amin be a given constant. Finally, let the class of problems (4.109) satisfy

Amin S )\min(At)v
where Amin(At) denotes the smallest eigenvalue of Ay, and denote

a= (24 $)/(amin0o),

where s > 0 is the smallest integer such that %0y > M?/amin. Then for each
€ > 0 there are the indices k¢, t € T, such that
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ki <a/ e2+1
and xft is an approzimate solution of (4.109) satisfying
lge (x5, A 0w, )Il < Mel[be]| - and  [[Byxy* || < e[y (4.110)
Proof. First notice that for any index j

j 00
Yy min ||tht||2<zg“|th||2<ZQ“|th||2 (4.111)
=1 =1

Denoting by L;(x, A, o) the Lagrangian for problem (4.109), we get for any
x € R" and 0 >0

1 b, |2
(At + QB Bf)x - bTX > Clrnln”X”2 ||bf||||XH > — ” t”

1
L = .
t(xa o, Q) 2 2 L = 2amin

If we substitute this inequality and z = z! = o into (4.99) and use ||by|| > n:,
we get for any t € 7

0ti by L+ _ 2+ ago
> teot? < g O < S e =

min 2amin 2 Amin
Combining the latter inequality with (4.111), we get
min{||Bx{[|%:i=1,...,k} < albe|?/j. (4.113)
Taking for j the smallest integer that satisfies a/j < €2, so that
a/e? <j<ale®+1,

and denoting for any t € 7 by k; € {1,...,j} the index which minimizes
{IIBixt]| :i=1,...,j}, we can use (4.113) to obtain

1Bexy*||* = min{[[Bixi|® : i = 1,.... 5} < al[bil*/j < &%|[bi||*.

Thus
IBexit 1> < €2|[by %,

and, using the definition of Step 1 of Algorithm 4.5, we get also the inequality
lge (5", AF s 00,k )| < MBexs™ | < Me|[by .

Let us recall that
e (ki AF L 0)| = g (x4, A o),

so that (x¥, A1) is an approximate KKT pair of problem (4.109). The
assumption on homogeneity of the constraints was used to find z{ such that
f(z}) is uniformly bounded, in this case by zero.
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4.6.6 Optimality of SMALE with Conjugate Gradients

We shall need the following simple lemma to prove optimality of the inner
loop.

Lemma 4.22. Let {x*}, {\F}, and {0} be generated by Algorithm 4.5 for
problem (4.1) withn >0, 8> 1, M > 0, go > 0, and A\° € R™. Let A\yin
denote the least eigenvalue of A.

Then for any k > 0

2
L0 000) — L i o) < ) P2 B el (4.114)
Proof. Notice that by definition of the Lagrangian function and by the update
rule (4.81)

k — Pk
L A o) = L', A, 00) + o1 [Bxt — e 4+ @7 Bt — ¢
Ok+1 + Ok ||BXk o CH2~

= L(x", A¥, op) + 9

After subtracting L(x**1, A**1 o, ) from both sides and observing that by
(4.92)

k
LGN o) = LS N gy < T - OByt o,
we get
k oy k+1 k1 ykt1 n? BOk | n ok 2
L(X 7A 7Qk+1)_L(X 7A 7Qk+1) < I\ + 92 ||BX _C” :

Now we are ready to prove our main result concerning the inner loop.

Theorem 4.23. Let {x}},{AF}, and {01} be generated by Algorithm 4.5

for (4.109) with ||be|| > m > 0, 3> 1, M > 0, 010 = 00 > 0, AY =o.
Let 0 < amin < amax and 0 < Bpax be given constants. Let Step 1 be
implemented by the conjugate gradient method which generates the iterates
k0 k1 kL _ _k , kO _ k-1 -1 _

Xy Xy, X, = Xy starting from x; = x; with x; = = o, where
1 =1(k,t) is the first index satisfying either

kil yk k.l
lg(x" A5 o)l < M|Bex ™|

(4.115)

or
g™, AF, oi) | < eM ][y (4.116)

Finally, let the class of problems (4.109) satisfy
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Amin < )\min(At) S )\max(At) - ||At|| S Amax and HBtH S Bmax~ (4117)

Then Algorithm 4.5 generates an approximate solution xft of any problem
(4.109) which satisfies (4.110) at O(1) matriz—vector multiplications by the
Hessian of the augmented Lagrangian Ly for (4.109).

Proof. Let t € T be fixed and let us denote by L;(x, A, o) the augmented
Lagrangian for problem (4.109), so that for any x € R? and ¢ > 0

1 1 b, 2
Li(x,0,0) = Lx" (Ac + 0BT BOjx — bi'x > L awn ) — el = 1

2 _2 2m1n

Applying the latter inequality to (4.99) with zg = o and AY = o, we get, using
the assumption [by| > n, that for any k& > 0

e 2
Otk Ot,i i
Bk < 3 Bl < flao) — LG AL v + (1),

i=1
< (24 8)||be)*/ (2ammin),

where s > 0 denotes the smallest integer such that 3°09 > M?/amn. Thus by
(4.114)

A

2
un Bot k-1 k=12
+ ’ B
Vtin 9 [1Bexy ||

(3+5)BlIbell*/(2amin),  (4.118)

Lt(xf_lv Afa Qt,k) - Lt(xll‘,cv Afa Qt,k)

IN

and, since the minimizer x§ of L;( ., A}, o;.1) satisfies (4.115) and is a possible
choice for x¥, also

Lo(xf~ N 0n ) — Le(xf, AF, 00) < (34 8)B]bel|?/(2amin).  (4.119)

Denoting
ay = (3 + S)ﬁ/amina

we can estimate the energy norm of the gradient by
llge (x4, AF, Qt,k)”QA;i =2(Ly(xf A, 00k) — Lio(xp, AY, 00k)) < axllbel)?,

where

A=A+ 7 BB
Since
amin < Amin(Ark) < 1Akl < 1A+ 00k lIBell? < amax + 500 Bhax:
we can also bound the spectral condition number k(A ) of Ay i by

K= (amax + ﬂSQOBrznax) /amin~
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Combining this bound with the estimate (3.21) which reads in our case

\/H(At’k) -1

21
k,l k,0
Hgt(xt ’)\?’Qt7k)||i;,1 S 4 < ) Hgt(xt ’)\?’Qtvk)”i;i’

\/K(At’k)—f—l
we get
kil z\k 2 1 kil y\k 2 402! k0 3k 2
ey AL o) I” < 7 llge(x s A 0i)lla-r <7 llge(xe, A, 061151
min t,k Qmin .k
4a
< oMby,
min
where
VK —1
o= < 1.
VK +1

It simply follows by the inner stop rule (4.116) that the number of the inner
iterations is uniformly bounded by any index [ = ;4 Which satisfies

4a
"o [by |2 < by M2

Gmin

To finish the proof, it is enough to combine this result with Theorem 4.21. O

We can observe optimality in the solution of more general classes of prob-
lems than those considered in Theorem 4.23 provided we can bound the num-
ber of iterations in the inner loop. For an example of optimality when ||B;]|| is
not bounded see Sect. 4.8.2.

4.6.7 Solution of More General Problems

If A is positive definite only on the kernel of B, then we can use a suitable
penalization to reduce such problem to the convex one. Using Lemma 1.3, it
follows that there is o > 0 such that A + oBTB is positive definite, so that we
can apply our SMALE algorithm to the equivalent penalized problem

min f,(x), (4.120)

x€ENE

where
fo(x) =x"(A+ 0B"B)x — bx.

Alternatively, we can modify the inner loop of SMALE so that it leaves
the inner loop and increases the penalty parameter whenever the negative
curvature is recognized. Let us point out that such modification does not
guarantee optimality of the modified algorithm.
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4.7 Implementation of Inexact Augmented Lagrangians

We shall complete the discussion of inexact augmented Lagrangian algorithms
by a few hints concerning their implementation.

4.7.1 Stopping, Modification of Constraints,
and Preconditioning

While implementing the inexact augmented Lagrangian algorithms of Sects. 4.4
and 4.6, a stopping criterion should be added not only after Step 1, but also
into the procedure which generates x* in Step 1. We use in our experiments
the stopping criterion

IVL(x", X", 0r)|| < egl[bll and [|Bx" — || < e/|[b].

The relative precisions €y and ¢, should be judiciously determined. Our stop-
ping criterion in the inner conjugate gradient loop of SMALE reads

lg(y", A%, 0i)ll < min{M|[By’ —c|[,n} or [g(y", X", 0i)l| < min{ey, Mes}|b],

so that the inner loop is interrupted when either the solution or a new iterate
x* =y is found.

Before applying the algorithms presented to problems with a well-conditioned
Hessian A, we strongly recommend to rescale the equality constraints so that
|[A]l = |IB]|. Taking into account the estimate of the rate of convergence like
(4.69), it is also useful to orthonormalize or at least normalize the constraints.
This approach has been successfully applied, e.g., in the FETI-DP-based solver
for analysis of layered composites [137].

If the Hessian A is ill-conditioned and there is an approximation M of A
that can be used as preconditioner, then we can use the preconditioning strate-
gies introduced in the discussion on implementation of the penalty method in
Sect. 4.2.6. The construction of the matrix M is typically problem dependent.
We refer interested readers to the books by Axelsson [4], Saad [163], van der
Vorst [178], or Chen [21].

Sometimes it is possible to exploit the structure of the problem for very
efficient implementation of preconditioning. For example, it has been shown
that it is possible to find multigrid preconditioners to the discretized Stokes
problem so that the latter can be solved by SMALE with asymptotically linear
complexity [144].

4.7.2 Initialization of Constants

Though all the inexact algorithms converge with 0 < a <1, 8 > 1,1n >0,
no >0, 00 >0, M > 0, and A° € R™, their choice affects the performance of
the algorithms and should exploit available information. Here we give a few
hints and heuristics that can be useful for their efficient implementation.
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The parameter « is used only in the adaptive augmented Lagrangian algo-
rithm 4.4. This parameter determines the final rate of convergence of approxi-
mations of the Lagrange multipliers in the outer loop; however, its small value
can slow down the convergence in the inner loop via increasing the penalty
parameter. We use a = 0.1.

The parameter [ is used by SMALE algorithm 4.5 and the adaptive aug-
mented Lagrangian algorithm 4.4 to increase the penalty parameter. Our ex-
perience indicates that G = 10 is a reasonable choice.

The parameter 7 is used only by SMALE algorithm 4.5. It helps to avoid
outer iterations that do not invoke the inner CG iterations; we use n = 0.1||b||.

The parameter 79 is used by Algorithm 4.4 to define the initial bound
on the feasibility error which is used to control the update of the penalty
parameter. The algorithm does not seem to be sensitive with respect to 7;
we use 1p = 0.1]|b]|.

The estimate (4.99) shows that a large value of the initial penalty pa-
rameter gy guarantees fast convergence of the outer loop. By analysis of the
penalty method in Sect. 4.2, it is even possible to find the solution in one
outer iteration. At the same time, the large value of the penalty parameter
slows down the rate of convergence of the conjugate gradient method in the
inner loop, but the analysis of the conjugate gradient method in Sect. 4.2.6
based on the effective condition number of A, = A + oBTB indicates that
the slowdown need not be severe when the number of constraints is small, or
when the constraints are close to orthogonal. If neither is the case and at least
crude estimates of ||A|| and ||B|| are available, a simple strategy can be based
on the observation that

Amin(A) < Amin(Ag) and  [Ao|l < Al + el[B]1%,

so that
olBII* < C||All = k(A + 0BT B) < (C + 1)x(A).

For example, choosing gy = 8 x||A||/||B]|? seems to be a reasonable guess which
results in k(A,) < 9x(A). Let us stress that the update of the penalty param-
eter should be considered as a safeguard that guarantees the convergence; we
should always try to avoid invoking increase of the penalty parameter as the
iterates with too small penalty parameters are inefficient.

The parameter M balances the weight of the cost function and the con-
straints. In our implementations we use

M =¢gg4/ey.

Notice that by Lemma 4.18 small M can prevent the penalty parameter from
increasing. We can even replace the update of the penalty parameter in Step 3
by the reduction of the parameter M using My11 = Mj /[ and obvious mod-
ifications of the rest of Algorithm 4.5. See also Sect. 6.11.

If there is no better guess of the initial approximation of A°, we use A° = o.
Recall that using A° € ImB results in A* converging to the least square
Lagrange multiplier Arg.
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4.8 Numerical Experiments

Here we illustrate the performance of the exact Uzawa algorithm, the exact
augmented Lagrangian algorithm, and SMALE Algorithm 4.5 on minimiza-
tion of the cost functions fi,, and fryw,, introduced in Sect. 3.10 subject
to ill-conditioned multipoint constraints. Let us recall that we refer to Al-
gorithm 4.2 as the Uzawa algorithm when o = 0, and as the augmented
Lagrangian algorithm when p > 0.

4.8.1 Uzawa, Exact Augmented Lagrangians, and SMALE

Let us start with minimization of the quadratic function f, ;, defined by the
discretization parameter h (see page 98) subject to the multipoint constraints
which join the displacements of the node with the coordinates (0,1/3) with
all the other nodes in the square [h,1/3] x [1/3,2/3]. Let us recall that the
Hessian Ar,; of frp is ill-conditioned with the spectral condition number
k(AL,p) ~ h=2.

10™
—— exact AL
--- SMALE
104 |
S, 40
z
S, 4
710
QL
10
107 ) . ) . .
2 4 6 8 10 12 14

iterations

Fig. 4.3. Outer iterations of exact AL and SMALE algorithms

The graph of the relative feasibility error (vertical axis) against the num-
bers of outer iterations (horizontal axis) for exact augmented Lagrangians
(exact AL) with r, = g = 10 and SMALE algorithm with g9 = 10 is in
Fig. 4.3. The results were obtained with & = 1/33, which corresponds to
n = 1156 unknowns and 131 multipliers. The inexact solution of auxiliary
problems by SMALE has a small effect on the number of outer iterations.
The SMALE algorithm required 964 CG iterations to reach the final preci-
sion. The same result was achieved by the original Uzawa algorithm with the
optimal steplength after 3840 (!!) iterations, each of them comprising direct
solves of auxiliary linear problems. We conclude that even moderate regular-
ization improves the convergence of the outer loop and the rate of convergence
need not be slowed down by the inexact solution of auxiliary problems.
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4.8.2 Numerical Demonstration of Optimality

To illustrate the optimality of SMALE for the solution of (4.1), let us consider
the class of problems to minimize the quadratic function frw, (see page 99)
subject to the multipoint constraints defined above. The class of problems can
be given a mechanical interpretation associated to the expanding and partly
stiff spring systems on Winkler’s foundation. The spectrum of the Hessian
Arw.n of fruw,n is located in the interval [2,10]. Thus the assumptions of
Theorem 4.21 are satisfied and the number of outer iterations is bounded.
Moreover, the rows of B € R™*™ have a simple pattern given by

Biv =10,...,0,1,0,...,0,-1,0,...,0], i=1,...,m.

It can be checked that BTB can be expressed as the sum of a matrix with
the norm not exceeding four and a matrix of rank two. Using the reasoning
of Sect. 4.2.6, we get that also the number of inner iterations is bounded.
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Fig. 4.4. Optimality of SMALE

In Fig. 4.4, on the vertical axis, we can see the numbers of the CG iterations
ky, required to reduce the norm of the gradient and of the feasibility error to
107%||V fuw 1 (0)| for the problems with the dimension n ranging from n = 49
to n = 2362369. The dimension n on the horizontal axis is in the logarithmic
scale. We can see that k, varies mildly with varying n, in agreement with
Theorem 4.23 and the optimal property of CG. Moreover, since the cost of the
matrix—vector multiplications is in our case proportional to the dimension n
of the matrix Aryy p, it follows that the cost of the solution is also proportional
to n. The number of outer iterations ranged from seven to ten.

The purpose of the above numerical experiment was just to illustrate the
concept of optimality. For practical applications, it is necessary to combine
SMALE with a suitable preconditioning. Application of SMALE with the
multigrid preconditioning to development of in a sense optimal algorithm for
the solution of the discretized Stokes problem is in Luk&s and Dostél [144].
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4.9 Comments and References

The penalty method was exploited by a number of researchers to the solu-
tion of contact problems of elasticity [9, 108, 123, 125]. Theoretical results
concerning the penalty method (e.g., Dostdl [40], or Sect. 3.5 of Kikuchi and
Oden [127]) yield that the norm of the approximation error depends on the
condition number of the Hessian of the cost function. The analysis presented
here generalizes the results of Dostdl and Hordk [65, 66]. The optimal fea-
sibility estimate for the penalty methods (4.14) was used in development of
a scalable algorithm for variational inequalities [65, 66]. The preconditioning
preserving the gap in the spectrum was proposed in Dostdl [44]. Reducing the
spectrum of the penalized term to the one point, this preconditioning seems
to be related to the constraint preconditioning for the saddle point systems
introduced in nonlinear programming by Luksan and Vlcek [145]; see also
Keller, Gould, and Wathen [126].

Augmented Lagrangian method was proposed independently by Powell
[160] and Hestenes [116] for problems with a general cost function subject
to general equality constraints. Comprehensive analysis of the augmented
Lagrangian method (called the Lagrange multiplier method) including the
asymptotically exact minimization of auxiliary problems was presented in the
monograph by Bertsekas [11]. Applications to the solution of boundary value
problems are discussed in Glowinski and Fortin [91] and Glowinski and Le
Tallec [100]. Hager in [111, 113] obtained global convergence results for an al-
gorithm of this type using inexact minimization in the solution of the auxiliary
problems. In both papers the size of the optimality error was compared with
the size of the feasibility error of the solution of the auxiliary problems trying
to balance these quantities throughout the whole process. In [111] this com-
parison was used to decide whether the penalty parameter will be increased
or not. In [113] it was used as a stopping criterion for the minimization of
the auxiliary problems. The rate of convergence was free of any term due to
inexact minimization when the least squares estimate of the Lagrange multi-
pliers is used. Similar results for the linear update combined with the update
of the penalty parameter that enforces a priori prescribed reduction of feasi-
bility error were obtained by Dostél, Friedlander, and Santos [56] and Dostél,
Friedlander, Santos, and Alesawi [58]. The same strategy was used by Conn,
Gould, and Toint [26] for the solution of more general bound and equality
constrained problems.

The SMALE algorithm was proposed by Dostél [46, 50]. The most attrac-
tive feature of this algorithm is a bound on the number of iterations which is
independent of the constraint data. The bound has been obtained by a kind of
global analysis; the result can hardly be obtained by analysis of one step of the
algorithm. The algorithm has been combined with a multigrid precondition-
ing to develop in a sense optimal solver for the solution of a class of equality
constrained problems arising from discretization of the Stokes problem; see
Luk4s and Dostal [144].
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Let us point out that our optimality results for the SMALE algorithm refer
to the type of convergence which is known from the classical analysis of infinite
series, but which is seldom exploited in numerical analysis. We shall call it
the sum bounding convergence of the second order as it exploits the bound
on the sum of the squares of errors. Though our sum bounding convergence
does not guarantee even the linear rate of convergence, it is in our opinion
rather a different characteristic of convergence than only a weaker one. For
example, it does guarantee that the error bound for the following iterations is
essentially reduced after any “bad” (here far from feasible) iteration, which is
the property not guaranteed by more standard types of convergence. In our
case, since we can control the upper bound by the penalty parameter, the
sum bounding convergence offers an explanation to the fast convergence of

the outer loop of SMALE which was observed in our numerical experiments
[144].
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Bound Constrained Minimization

We shall now be concerned with the bound constrained problem to find

min f(x) (5.1)
with 25 = {x € R" : x > £}, f(x) = ;xTAx —x'b, £ and b given column
n-vectors, and A an n x n symmetric positive definite matrix. To include
the possibility that not all the components of x are constrained, we admit
{; = —o0. Here we are again interested in large, sparse problems with a well-
conditioned A, and in algorithms that can be used also for the solution of
equality and inequality constrained problems. Such algorithms should be able
to return an approximate solution at a cost proportional to the precision and
to recognize an acceptable solution when it is found.

Our choice is the active set strategy with auxiliary problems solved ap-
proximately by the conjugate gradient method introduced in Sect. 3.5. It turns
out that this type of algorithm can exploit effectively the specific structure
of 25, including the possibility to evaluate the projections in the Euclidean
norm. We shall show that the resulting algorithm has an R-linear rate of con-
vergence. If its parameters are chosen properly, the algorithm enjoys the finite
termination property, even in the dual degenerate case with some active con-
straints corresponding to zero multipliers. We consider the finite termination
property important, as it indicates that the algorithm does not suffer from
undesirable oscillations and can exploit the superconvergence properties of
the conjugate gradient method for linear problems.

As in the previous chapter, we first briefly review alternative algorithms for
the solution of bound constrained problems. Then we introduce a basic active
set algorithm and its modifications that are motivated by our effort to get the
results on the rate of convergence in terms of bounds on the spectrum of the
Hessian matrix A and on the finite termination. We restricted our attention
to bound constrained problems because of their special structure which we
exploit in the development of our algorithms. Let us recall that the problems
with more general inequality constraints can be reduced to (5.1) by duality.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 5,
(© Springer Science+Business Media, LLC 2009
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Overview of algorithms

The exact working (active) set method of Sect. 5.3 reduces the solution of
(5.1) to a sequence of unconstrained problems that are defined by the bounds
which are assumed to be active at the solution. See also Algorithm 5.1. The
performance of the algorithm is explained by the combinatorial arguments.

The Polyak algorithm is a variant of the working set method which solves
the auxiliary linear problems by the conjugate gradient method. The active
set is expanded whenever the unfeasible iterate is generated, typically by
one index, but it is reduced only after the exact solution of an auxiliary
unconstrained problem is found. The algorithm is described in Sect. 5.4. See
Algorithm 5.2 for the formal description.

The looking ahead Polyak algorithm is based on observation that it is pos-
sible to recognize the incorrect active set before reaching the solution of the
auxiliary unconstrained problem. The algorithm accepts inexact solutions of
auxiliary unconstrained problems and preserves the finite termination prop-
erty of the original Polyak algorithm. The algorithm is described in Sect. 5.5.2.
See also Algorithm 5.3.

Even more relaxed solutions of the auxiliary unconstrained problems are
accepted by the easy re-release Polyak algorithm of Sect 5.5.3. The algorithm
preserves the finite termination property of the Polyak-type algorithms.

Unlike the Polyak-type algorithms, the gradient projection with a fized
steplength can typically add several indices to the active set in each step and
it has established linear convergence in the bounds on the spectrum of the
Hessian matrix. The algorithm is described in Sect. 5.6.3.

The MPGP (modified proportioning with gradient projections) algorithm
of Sect. 5.7 uses the conjugate gradients to solve the auxiliary unconstrained
problems with the precision controlled by the norm of violation of the Karush—
Kuhn—Tucker conditions. The fixed steplength gradient projections are used
to expand the active set. The basic scheme of MPGP is presented as Algo-
rithm 5.6. The algorithm is proved to have an R-linear rate of convergence
bounded in terms of the extreme eigenvalues of the Hessian matrix.

The MPRGP (modified proportioning with reduced gradient projections)
algorithm of Sect. 5.8 is closely related to the MPGP algorithm, only the
gradient projection step is replaced by the projection of the free gradient.
The basic MPRGP scheme is presented as Algorithm 5.7. The R-linear rate
of convergence is proved not only for the decrease of the cost function, but
also for the norm of the projected gradient. The finite termination property
is proved even for the problems with a dual degenerate solution.

The performance of MPGP and MPRGP can be improved by the precon-
ditioning described in Sect. 5.10. The preconditioning in face improves the
solution of the auxiliary unconstrained problems, while the preconditioning
by the conjugate projector improves the convergence of the whole staff, includ-
ing the nonlinear steps. The monotonic MPRGP and semimonotonic MPRGP
algorithms which accept unfeasible iterations are described in Sect. 5.9.3.
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5.1 Review of Alternative Methods

Before describing in detail the active set-based methods, let us briefly review
alternative methods for the solution of the bound constrained problem (5.1).

Closely related to the active set strategy, various finite algorithms try
to find x € R™ which solves the symmetric positive definite LCP (Linear
Complementarity Problems)

g=Ax—b, x>0, g>o0, x g=0.

The LCP is equivalent to the minimization problem (5.1) with £ = o. The
algorithms are called finite as they find the solution in a finite number of steps;
their analysis is based on the arguments of combinatorial nature. The most
popular LCP solvers are probably Lemke’s algorithm and principal pivoting
algorithm, which reduce the LCP to the solution of a sequence of systems of
linear equations in a way which is similar to the simplex method in linear
programming. The solution of the auxiliary systems is typically implemented
by LU-decompositions that are usually implemented by a rank one update.
The result of the trial solve is used to improve a current approximation in
order to reduce some characteristics of violation of the LCP conditions. These
algorithms typically do not refer to the background minimization problems.
The algorithms can be useful especially for more general LCP problems not
considered here; see Cottle, Pang, and Stone [29].

Apart from the feasible active set methods presented in this chapter, it
is possible to consider their unfeasible variants. For example, Kunisch and
Rendl [139] proposed an iterative primal-dual algorithm which maintains the
first-order optimality and complementarity conditions associated with (5.1)
only; the feasibility is enforced by the update of the active set. The unfeasible
methods are closely related to the semismooth Newton method applied to

®(x) =0, ®(x)=0o'(x—Po,(x—aVf(x))), a>0.

Hintermiiller, Ito, and Kunisch [118] and Hintermiiller, Kovtumenko, and Ku-
nisch [119] describe the primal-dual semismooth Newton methods.

The bound constraints can be treated efficiently by the interior point
method, which approximately minimizes the cost function modified by the
parameterized barrier functions using Newton’s method. The strong feature
of the interior point methods is their capability to take into account all con-
straints, not only the active ones, at the cost of dealing with ill-conditioned
problems. The performance of the interior point methods can exploit the spar-
sity pattern of the Hessian matrix A in the solution of auxiliary problems.
There is a vast literature on this subject, see, e.g., the book by Wright [182]
or the review paper by Forsgren, Gill, and Wright [90].

It is also possible to use the trust region-type methods that were developed
to stabilize convergence of the Newton-type methods. We refer to Coleman
and Lin [24, 25] for more details.
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5.2 KKT Conditions and Related Inequalities

Since (2 is closed and convex and f is assumed to be strictly convex, the solu-
tion X of problem (5.1) exists and is necessarily unique by Proposition 2.5(i).
Here we introduce some definitions and notations that enable us to exploit
the special form of the KKT conditions in development of our algorithms. The
KKT conditions fully determine the unique solution of (5.1).

By Proposition 2.18, the KKT conditions read

AX-b>0 and (AXx-b)T(x—#£)=0,
or componentwise
§1:€1:>§120 and ./23\1‘>€i:>§i:0, 1=1,...,n, (52)

where g; = [AX — b];. It may be observed that g; are the components of the
vector of Lagrange multipliers for the bound constraints.

The KKT conditions (5.2) determine three important subsets of the set
N = {1,2,...,n} of all indices. The set of all indices for which z; = ¢; is
called an active set of x. We denote it by A(x), so

A(X) = {Z eN: x; :&}.

Its complement

f(x):{ief\/l 33175&}

and subsets
Bx)={ieN: x;={; and g; >0}, Bo(x)={ieN: z; =¢; and g; > 0}

are called a free set, a binding set, and a weakly binding set, respectively. Thus
we can rewrite the KKT conditions in the form

ga(X) > o4 and gr(x) = os.

Using the subsets of A, we can decompose the part of the gradient
g(x) = Ax — b which violates the KKT conditions into the free gradient ¢
and the chopped gradient (3 that are defined by

vi(x) = gi(x) for i € F(x), ¢i(x) =0 foriec A(x),

Bi(x) =0 for i € F(x), Bi(x) = g; (x) for i € A(x),
where we have used the notation g; = min{g;,0}. Introducing the projected
gradient

g"(x) = o(x) + B(x),

we can write the Karush-Kuhn—Tucker conditions (5.2) conveniently as

P(X) =o. (5.3)
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2B

Fig. 5.1. Gradient splitting

Obviously B(x) and ¢(x) are orthogonal and —3(x) and —¢(x) are feasible
decrease directions of f at x. See also Fig. 5.1.

If the dimension n of the bound constrained minimization problem (5.1) is
large, it can be too ambitious to look for a solution which satisfies the gradient
condition (5.3) exactly. A natural idea is to consider the weaker condition

lg” ()]l <, (5:4)

but to require that the feasibility condition x € (2 is satisfied exactly. Notice
that we are not able to check directly that we are near the solution as we
do not know it, but we can easily evaluate (5.4). Thus the typical “solution”
returned by iterative solvers is just x that satisfies the condition (5.4) with
a small . The following lemma guarantees that any feasible vector x which
satisfies (5.4) is near the solution.

Lemma 5.1. Let X be the solution of (5.1) with a positive definite A and let
g’ = gP(x) denote the projected gradient at x € 2. Then

Ix = x[X <2(f(%) = f®) < lg"la+ < Anillg” (5.5)
where Amin denotes the smallest eigenvalue of A.

Proof. Let X, F , and g denote the active set, free set, and the gradient in
the solution, respectively. Since [x —X] ; > 03, 82 = 0z, and g > o, we get

fx) = f(®) =8"(x—%) + ;(X—i)TA(X—ﬁ)
EN <012

R 1 1 ~
— g5k~ R+, k- RIE > Ik - RI3

This proves the left inequality of (5.5).
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To prove the middle inequality, let A = A(x) and F = F(x) denote the
active set and the free set of x € 25, respectively. Since

gr=gr, X—xJu>o04, g=(g-g")+g", and g—g" >o,
we get
0>2(f(%) — f(x) = % — x| + 287 (% )
=x-xZ+2(g-8") ®-x+2(g") ®-x)
= |z —xli+2[g ")} K -xa+2(g") &-x)
>k -x|3+2(g") ®-x)

1 T
> 9 : TA P _ _ P TA—l P.
> (felﬁél WY AY + (") Y> () A'g

We used (2.11) in the last step. The middle inequality and the right inequality
of (5.5) now follow by simple manipulations and (1.24), respectively. O

5.3 The Working Set Method with Exact Solutions

The basic idea of the working set method, or, as it is often called less correctly,
the active set method, is to reduce the solution of an inequality constrained
problem to the solution of a sequence of auxiliary equality constrained prob-
lems which are defined by a subset of the set N' = {1,...,n} of all indices of
the constraints. This task would be very simple if we knew in advance which
inequality constraints are active in the solution, as we could just replace the
relevant inequalities by equalities, ignore the other inequalities, and solve the
resulting equality constrained problem. As this is usually not the case, the
working set method starts by making a guess which inequality constraints
will be active in the solution, and if this guess turns out to be incorrect, it
exploits the gradient and Lagrange multiplier information obtained by the
trial minimization to define the next prediction.

5.3.1 Auxiliary Problems

If the working set method is applied to (5.1), it exploits the auxiliary equality
constrained problems

Join f ¥, (5.6)

where Z C N denotes the set of indices of bounds /; that are predicted to be
active in the solution, and

sz{y: yi:&, iGI}.
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The predicted set Z of active bounds and Wz are known as the working set
and the working face, respectively. Since f is assumed to be strictly convex
and Wr is closed and convex, it follows by Proposition 2.5 that the auxiliary
problem (5.6) has a unique solution y.

Now observe that the equality constrained problem (5.6) can be reduced
to an unconstrained problem in y;, j ¢ Z. To see its explicit form in the
nontrivial cases Wz # {€} and Wz # R", assume that § C J C N, and
denote J = N\ Z, so that, after possibly rearranging the indices, we can

write
Yz bz Arr AIJ
= s b = y d A = . 5.7
Y [YJ} [bﬂ] " [AJI Agz (5.7)

Thus for any y € R"”

f(y)=1

1
9 viArzyr — yybs — yibr.

Y5AsgY T +YSAsTyT + 5

Since y € Wy if and only if y7 = €7, we have for any y € Wz

1 1
) =Ffs(ys) = y5Asay7 —y5 (bg — Agzls) + 2E§Azﬂz — bl er.

2

Thus the solution ¥ of (5.6) has the components y7 = €7 and

y7 =arg min fr(y7). (5.8)
yg€ER™

Since
Vigys) =Asgys — (bg — Agzlz)
and Vf7(y7) = o, we get that y 7 satisfies

As7¥7 =bg —Agzls. (5.9)

We can check easily that (5.9) has a unique solution. Indeed, since A7z
is a submatrix of a positive definite matrix A, we get by Cauchy’s interlacing
inequalities (1.21) that Az is also positive definite. Alternatively, we can
verify directly that Ay is positive definite by observing that if y has the
components y7 = o and y 7 # o, then y # o and

YoAz7y7 =y Ay > 0.

5.3.2 Algorithm
The working set method with exact solutions of auxiliary problems starts from

an arbitrary x° € 25 and Z° = By(x"). Assuming that x* is known, we first
check if x* is the solution of (5.1) by evaluating the KKT conditions

g (x) = Bx¥) + p(x") = o,
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If this is not the case, we find the solution ¥y of the auxiliary problem (5.6) by
solving (5.9). There are two possibilities.
If y € 25, then we define the next iteration by the feasible step

Xk+1 _ ?
and set ZFt1 = By(xF1). Notice that f(x**1) < f(x*) as —gf(x*) is a
feasible decrease direction of f at x* with respect to Wi.
In the other case, we define x**1 by an ezpansion step so that

fxFY < f(xF) and  A(xFY) D TF, (5.10)

and then set ZFt! = A(x**1). The basic working set algorithm in the form
that is convenient for analysis reads as follows.

Algorithm 5.1. The working set method with exact solutions.

Given a symmetric positive definite matriz A € R™*™ and n-vectors b, £.
Step 0. {Initialization.}
Choose x° € 25, set I° = Bo(xo), k=0
while [|g”(x*)|| > 0
Step 1. { Minimization in face Wak. }
y = arg minyew_, f(¥y)
if ye 05
Step 2. {Feastble step.}
chJrl — ?
Ik+1 _ BO (ch+1)
else
Step 3. { Ezpansion step.}
Set x**1 so that f(x*t1) < f(x*) and A(x"T1) D TF
Ichrl :A(Xk+1)
end if
E=k+1
end while
Step 4. {Return solution.}
X =x"

To implement the algorithm, we should specify the expansion step in more
detail. For example, if x* € 25 and

d:xk—y,

we can observe that —d is a feasible decrease direction and that f(x* — ad)
is a decreasing function of « for a € [0,1]. Thus we can look for x**! in the
form x*1 = x¥ —ad, a € (0,1]. A possible choice of a is given by

af = arg m(ionl]{f(xk —ad): x* —ad e 25}, (5.11)
aec(0,
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which can be evaluated by using
ap = min{ay,, 1}, a,, = min{(z¥ — 0;)/d; : di >0, i € N} (5.12)

See also Fig. 5.2. Notice that if ¥ ¢ (25, then the steplength o necessarily
results in the expansion of the working set, typically by one index.

2B

Fig. 5.2. Feasible steplength

This limitation may be overcome if we set y = x* — o rd and define
XM= Po,(y —apg). oy =argmin f (P, (y —og)), g=VI(y),

where Pp, is the Euclidean projection of Sect. 2.3.4. We prefer to use the
gradient path, as the gradient defines a better local model of f than d, though
—d is the best global direction for minimization in the current working set.
Figure 5.3 shows that ay may be the best steplength for d!

Fig. 5.3. Projected best unconstrained decrease path



164 5 Bound Constrained Minimization

To approximate «, effectively, it is useful to notice that f (Pn,(y — ag))
is a piecewise quadratic function because Pp,(y — ag) is a linear mapping
on any interval on which the active set of Pn,(y — ag) is unchanged. We
refer interested readers to Moré and Toraldo [153], Nocedal and Wright [155,
Sect. 16.4], or to the discussion of the projected-gradient path in Conn, Gould,
and Toint [28, Sect. 12.1.3]. We can also apply the fixed steplength reduced
gradient projection which is described in Sect. 5.6.

The algorithm assumes by default that Step 1 is carried out by a direct
method such as a matrix factorization, in which economies are possible by
updating rather than recomputing the factorizations to account for gradual
changes in the working set.

5.3.3 Finite Termination

The analysis of the working set method can be based on the following finite
termination property.

Theorem 5.2. Let Algorithm 5.1 be applied to find the solution X of (5.1)
starting from x° € 2p. Then there is k such that x* = X.

Proof. Since each expansion step adds at least one index into the working set,
and the number of indices in the working set cannot exceed n, it follows that
there are at most n consecutive expansion steps. Thus after each consecutive
series of expansion steps, the algorithm either finds the solution of (5.1) and we
are finished, or generates the next iterate, a feasible minimizer on the current
face, by a feasible step. However, since f(x*) is a nonincreasing sequence such
that
£ < F(xh)

whenever xFt1 is generated by a feasible step, it follows that no working set
corresponding to an iterate generated by the feasible step can reappear. The
number of different working sets being finite, we conclude that the working set
method exploiting the exact solutions of auxiliary problems finds the solution
of (5.1) in a finite number of steps. O

Since the number of different working sets is 2" and there can be at most

n expanding steps for each feasible step, the proof of Theorem 5.2 gives that

the number N of iterations of the working set method with exact solution is
bounded by

N = n2". (5.13)

This bound is very pessimistic and gives a poor theoretical support for prac-
tical computations, especially if we take into account the high cost of the
iterations. The bound can be essentially improved for special problems. For
example, if x* = £ = o and the Hessian A of f is an M-matrix, then it is
possible to show that Algorithm 5.1 generates only feasible steps and finds
the solution in a number of iterations that does not exceed n — p, where p is
the number of positive entries in b. For more details see Diamond [32].
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5.4 Polyak’s Algorithm

If the auxiliary problems (5.6) are solved by the conjugate gradient method,
it seems reasonable not to wait with the test of feasibility until their solution
is found, but to modify the working set whenever unfeasible CG iteration is
generated. This observation was enhanced in the Polyak algorithm [159], the
starting point of our development of in a sense optimal algorithms.

5.4.1 Basic Algorithm

The new ingredient of the Polyak algorithm is that the minimization in face
is replaced by a sequence of the conjugate gradient steps defined by

xF =x*1 —qa. p”, (5.14)

where p* denotes the recurrently constructed conjugate direction introduced
in Sect. 3.2, and a4 is the minimizer of f(xF~1 —¢pF). The recurrence starts
(or restarts) from p*T = (x*) whenever x* is generated by the expansion
step or s = 0. If p* is known, then p**! is given by the formulae

pFt! = p(x") — pp" and B = p(x*)ApF/(p")" A", (5.15)

obtained by specialization of those introduced in Sect. 3.2. Let us recall that
the conjugate directions p*t!,...,p* that are generated by the recurrence
(5.15) from the restart x° are A-orthogonal, i.e., (p*)TAp/ = 0 for any
i,j€{s+1,...,k}, i # j. Using the arguments of Sect. 3.1, it follows that

f(xk) = min {f(xs +y): y € Span{p*tt, ... ,pk}} . (5.16)

The Polyak algorithm starts from an arbitrary feasible x° by assigning
7% = By(x") and initializing of the conjugate gradient loop (for details see
Algorithm 5.2 or Sect. 3.2) for the minimization in Wzo. Assuming that x* is
known, we first check if x* solves either (5.1) or the auxiliary problem (5.6)
by testing g”(x*) = 0 and (x*) = o, respectively. If g’ (x*) = o, we are
finished; if p(x*) = o, we reduce the working set to Z¥ = By(x*) and initialize
the conjugate gradient loop.

If the tests fail, we use the conjugate gradient step to define the trial
iteration y = x* — a.,p**!. There are two possibilities. If y is feasible, then
we set x**1 = y. Otherwise we evaluate the feasible steplength by

oy =arg min {f(x" —ap"): xF —ap*t! € 25}, (5.17)
a€(0,acg)
set x*+1 = x* — a;p**t! expand the working set by ZF+! = A(x**+1), and
finally initialize the new conjugate gradient loop.

The basic Polyak algorithm for the solution of strictly convex bound con-
strained quadratic programming problems takes the form shown by the fol-
lowing algorithm, where we omitted the indices of the vectors that are not
referred to in what follows.
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Algorithm 5.2. Polyak’s algorithm.

Given a symmetric positive definite matriz A € R™*"™ and n-vectors b, £.
Step 0. {Initialization.}
Choose x° € 25, setg=Ax"—b, p=g’(x"), k=0
while |lg” (x")|| > 0
if [l ()] > 0
Step 1. { Trial conjugate gradient step.}
acg =g p/P AP, ¥y = x* — acp
ar =max{a: x* —ap € 2} = min{(zF — ;) /p; : pi >0}
if oeg <y
Step 2. { Conjugate gradient step.}
x"l =y, g =g ac,Ap,
8=¢()"Ap/p"Ap, P = ¢(y) - Ap
else
Step 3. { Exzpansion step.}

XM =x* —asp, g =g — asAp, p=p(x"")
end if
else
Step 4. {Leaving the face after finding the minimizer.}
d = B(x"), ac, =g'd/d"Ad,
M =xF —agd, g =g—agAd, p=p(x")
end if
k=k+1

end while
Step 5. {Return solution.}
X=x

Our description of Algorithm 5.2 does not use explicitly the working sets;
the information about the current working set is enhanced in the iterates
x* and the conjugate directions p¥. Let us recall that the properties of the
unconstrained conjugate gradient method are summarized in Theorem 3.1.

5.4.2 Finite Termination

Theorem 5.3. Let Polyak’s Algorithm 5.2 be applied to find the solution X of
(5.1) starting from x° € Qp. Then there is k such that x* = X.

Proof. First notice that by Theorem 3.1, there can be at most n consecutive
conjugate gradient iterations before the minimizer in a face is found. If we
remove all the iterates that are generated by Step 2 except the minimizers in
the faces examined by the algorithm, which are used in Step 4 to generate the
next iteration in the expanded face, we are left with the iterates that can be
generated also by an implementation of Algorithm 5.1. The statement then
follows by Theorem 5.2. a
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The arguments of Sect. 5.3.3 can be used to show that the number of
iterations of Polyak’s algorithm is bounded by

N = n?2", (5.18)

Let us emphasize here that this bound is very pessimistic and can be improved,
at least for special problems.

5.4.3 Characteristics of Polyak’s Algorithm

The Polyak algorithm suffers from several drawbacks. The first one is related
to an unpleasant consequence of application of the reduced conjugate gradi-
ent step with the steplength a; defined by (5.17). Since the working set is
typically expanded by one index only, there is a little chance that the number
of iterations will be small when many indices of the binding set of the solu-
tion do not belong to B(x"). Another drawback concerns the basic approach
combining the conjugate gradient method, which is now understood as an effi-
cient iterative method for approximate solution of linear systems [4, 106, 163],
and the finite termination strategy, which is based on combinatorial reason-
ing that requires exact solution of the auxiliary problems. Finally, as we have
seen above, the combinatorial arguments give extremely poor bound on the
number of iterations that are necessary to find the solution of (5.1). Though
the bound (5.18) does not depend on the conditioning of A, it is rather poor
and does not indicate why the algorithm should be efficient for the solution
of well-conditioned problems.

5.5 Inexact Polyak’s Algorithm

In this section we consider the variants of Polyak’s algorithm which accept
inexact solutions of auxiliary problems, but preserve the finite termination

property.

5.5.1 Looking Ahead and Estimate

Let us first show that it is not necessary to solve the auxiliary problems (5.6)
exactly in order to preserve the finite termination property of the Polyak
algorithm. The key observation is that if x**! € 2p satisfies

FEMY <min{f(x): x € Wz}, (5.19)

then the working set Z cannot appear again as long as { f(x*)} is nonincreas-
ing. We shall use this simple observation to define both the precision control
test and reduction of the active set.
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2B

=

Fig. 5.4. Release directions at x"

Given x* € Wz, we can try to find x**1 which satisfies (5.19) in the form
xF*t1 = x* — ad with a given d; if we are successful, we call d the release di-
rection of Wr at x*. The following lemma gives the conditions for d, typically
obtained from V f(x*) by reducing its components, to be a release direction.
Such situation is depicted in Fig. 5.4 with d = g(x*) and d = B(x*).

2B

Fig. 5.5. The gradient and d = 3(x) that satisfy the release condition (5.20)

Lemma 5.4. Let T = A(x) and I' > k(A)Y2, where k(A)Y/? denotes the spec-
tral condition number of A. Denote g = V f(x) and suppose that d salisfies

g'd>|d|* and |d||> Illex)]. (5.20)
Then the vector y = x — ||A||~1d satisfies

fly) <min{f(x): x € Wz}. (5.21)
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Proof. Let x, I', and d satisfy the assumptions of Lemma 5.4 and notice that
gTd > ||d||? implies

1 B _ 1 -
Fly) = 1) = SIAI7*a"Ad — A ~TdTg < = AT d]®. (5.22)
Denoting J = F(x), we have that ||g7| = ||¢(x)| and by the assumptions

IdI* > K(A)llgs |- (5.23)
Substituting (5.23) into (5.22) then yields

F¥) ~ £6) < — 1A~ g (5.24)

Now denote by X and g the minimizer of f(x) on Wz and the corresponding
gradient vector, respectively. Direct computations yield

)~ fE) =y A %)+ xR (529)

If we now rearrange the indices and take into account that
g7 =0 and X7 =Xg,

we can further simplify the right-hand side of (5.25) to get
1

F&x) - fx) =, (x7 - x7) Azg(xg = X7)- (5.26)
To express x7 — X7 in terms of g7, we can use the rearrangement (5.7)
to get
gz — 8z Azz Azg } { o ]
= _ . 5.27
[ g7 ] [AJIAJJ X7 —Xg (5:27)

In particular, since Ay 7 is also positive definite, it follows that
xg —X7 =A;87
and by (5.26)
- 1 _
F0)— 13) = y&hAT 8 (5.29)

Taking into account the interlacing properties of the spectra of principal sub-
matrices of symmetric matrices (1.21), we get

JETATLEs < L IAT,lesl? < 1A les?  (5.20)
so that by (5.24) and (5.29)
Fy) = f®) = (f) — F) + (f(x) - f(®)
<~ A gl + S IA " lgsl? =0, (5.30)

O
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5.5.2 Looking Ahead Polyak’s Algorithm

Using Lemma 5.4, we can now modify Polyak’s algorithm so that it accepts
approximate solution of the auxiliary problems and preserves its finite ter-
mination property. We only need to change the precision control of auxiliary
problems. The looking ahead Polyak algorithm reads as follows.

Algorithm 5.3. Looking ahead Polyak’s algorithm.

Given a symmetric positive definite matriz A € R™*", n-vectors b, £.
Step 0. {Initialization.}
Choose x° € Qp, I' > H(A)l/Q, setg=Ax"—b, p=g’(x%), k=0
while ||g” (x")| > 0
if Flle(h)]| > [8(<")]
Step 1. { Trial conjugate gradient step.}
g =8 P/PTAP, y = x" — aegp
ay =max{a: x* —ap € 2} = min{(zF — £,)/p; : p; > 0}
if acg < ay
Step 2. { Conjugate gradient step.}
x" =y, g =g~ acAp,
B=e) Ap/p"Ap, P=(y) - Ap

else
Step 3. { Ezpansion step.}
X" =x* —asp, g =g — asAp, p = p(x"1")
end if
else

Step 4. {Leaving the face in the release direction.}
d =B(x"), ac; =g’d/d"Ad,
xFH = xF —ad, g =g— a,Ad, p=p(x
end if
k=k+1
end while
Step 5. {Return solution.}
X=x

k+1)

To see that Algorithm 5.3 deserves its name, denote d = B3(x*) and assume
that

st e Q. BN > Dlle(t)], and I > r(A)/2, (5.31)

so that d and I" satisfy the assumptions of Lemma 5.4. Observing that acg
minimizes f(x* — ad) with respect to «, we get for x**! = x* — a,,d that

FOM) < FOe — A7) < min{f(0) 2 x € Wagen -

Moreover, since x*¥ — ad € 25 for any « > 0, we have xk*t1 e Q5. Thus

the algorithm is able to recognize the face without the global solution before
having a solution of the auxiliary problem, i.e., it “looks ahead”.
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The same reasoning as above can be carried out with d = g~ (x*) or with
some other nonzero vector d which satisfies the assumptions of Lemma 5.4.
However, we found no significant evidence that there is a better choice than

d = 3(x").

5.5.3 Easy Re-release Polyak’s Algorithm

We can consider the relations like

L")l = [18(x")l|

for any I" > 0. A reasonable choice is I' = 1, as it seems natural to leave
the current face when the norm of the chopped gradient starts to dominate
the violation of the KKT conditions. The following easy re-release Polyak’s
algorithm enhances this observation by means of Lemma 5.4.

Algorithm 5.4. Easy re-release Polyak’s algorithm.

Given a symmetric positive definite matriz A € R™*", n-vectors b, £.
Step 0. {Initialization.}
Choose x° € Qp, 'y > H(A)l/2, 0<Im<Im,setl’=In, k=0
g=Ax"-b, p=g”(x")
while [|g” (x")[| >0
if Ille(x")] > 18"l
Step 1. { Trial conjugate gradient step.}
acg =g p/P AP, ¥y = x* —acp
ay =max{a: x* —ap € 2p} = min{(z¥ — &) /p; : p; >0}
if oeg <y
Step 2. { Conjugate gradient step.}
XM =y, g =g — acAp,
B=(y)"Ap/p"Ap, p = ¢(y) — p
else
Step 3. { Exzpansion step.}
X" =xF —asp, g=g—asAp, p=p(x""), I'=Ty
end if
else
Step 4. {Leaving the face in the release direction.}
d = B(x"), ac, = g'd/d"Ad,
xFH =x* —a,d, g =g—aAd, p=@(x"TY), I'=1,
end if
k=k+1
end while
Step 5. {Return solution.}
X=x
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Algorithm 5.4 uses the observations that we need not release the indices
from the index set in one step and that the release coefficient I' can change
from iteration to iteration. The easy re-release Polyak algorithm starts with
I' = I'yy, switches to I' = I, when any index is released from the active set,
and restores I' = ')y when the working set is expanded. Our experience [41]
shows that Algorithm 5.4 is not very sensitive to the choice of I, and works
well with I3, = 1.

In what follows, we often use Step 4 of Algorithm 5.4 to release indices
from the current active set. For any given I'" > 0, the iterates which satisfy
1B(x")|| < I|lp(x*)|| are called proportional. The proportioning step sets
xFHl = xk — acgﬁ(xk) in hope that the new iterate x**! is proportional.

5.5.4 Properties of Modified Polyak’s Algorithms

Theorem 5.5. Let the looking ahead Polyak Algorithm 5.3 or the easy re-
release Polyak Algorithm 5.4 be applied to find the solution X of (5.1) starting
from x° € 2p. Then there is k such that x* = X.

Proof. First notice that the looking ahead Polyak Algorithm 5.3 generates the
same iterates as the easy re-release Polyak Algorithm 5.4 provided I',, = 'y,
so that it is enough to prove the statement for the latter algorithm. Since by
Theorem 3.1 there can be at most n consecutive conjugate gradient iterations
before the unconstrained minimizer is found, it follows that there can be
at most n consecutive proportional conjugate gradient iterations. Moreover,
since each proportioning step releases at least one index from the working set,
which has at most n elements, we have that there can be at most n? iterations
without an expansion step.

Now observe that the iterations start with I" = Iy, that this value is reset
by any expansion step, and that {f(x*)} is nonincreasing. Since the chain of
iterations with I" = I'j; can be interrupted only after finding the iteration
x* which either solves (5.1), i.e., B(x*) = ¢(x*) = o, or is not proportional,
i.e., satisfies || B(x")|| > I'|l@(x*)|| with I" > x(A)'/2, it follows by Lemma 5.4
that the associated active set A(x*) cannot be generated again in the following
iterations. Since the number of all subsets of N'= {1,...,n} is bounded, and
by Lemma 5.4 every iteration in the face with the solution is proportional
when I > k(A)'/2, we conclude that the algorithm must generate x* = X in
a finite number of steps. ]

Our experience [41] indicates that our modifications of the Polyak algo-
rithm outperform the original Polyak algorithm, but a little analysis shows
that they suffer from many drawbacks described in Sect. 5.4.3. Moreover,
their implementation requires an estimate of the condition number of A. The
easy re-release Polyak algorithm with I, = 1 usually outperforms the looking
ahead Polyak algorithm as it can better avoid an “oversolve” of the auxiliary
problems defined by the faces which do not contain the solution.
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5.6 Gradient Projection Method

We shall now turn our attention to the iterative algorithms whose performance
is substantiated by the convergence arguments. Instead of trying to find the
exact solution of (5.1), these algorithms generate the iterates that steadily
approach the solution until the KKT conditions are approximately satisfied.
We start with a modification of the gradient method of Sect. 3.4 that uses the
Euclidean projection Pp,,, onto {25 to generate feasible iterates. The action
of Pp,, is easy to calculate. As illustrated by Fig. 5.6, the components of the
projection Pp,(x) of x onto {25 are given by

[Po, (x)]; = max{l;,z;}, i=1,...,n.
2B
L Pap (x)

- — —

Tq

Fig. 5.6. Euclidean projection onto {2p

A typical step of the gradient projection method is in Fig. 5.7.

Fig. 5.7. Gradient projection step
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5.6.1 Conjugate Gradient Versus Gradient Projections

Since the conjugate gradient is by Theorem 3.1 the best decrease direction
which can be used to find the minimizer in the current Krylov space, probably
the first idea how to plug the projection into the Polyak-type algorithms is to
replace the reduced conjugate gradient step with the steplength oy of (5.11)
by the projected conjugate gradient step

xFH = Pq, (xk — acgpk).

However, if we examine Fig. 5.8, which depicts the 2D situation after the first
conjugate gradient step, we can see that though the second conjugate gradient
step finds the unconstrained minimizer x* — acgpk, it can easily happen that

F(x*) < f(Poy (x" — acgp™)).
Figure 5.8 even suggests that it can happen for any a > a that

f(P-QB (Xk - apk)) > f(PQB (Xk - O‘fpk))'

Though Fig. 5.8 need not capture the typical situation when a small num-
ber of components of x* — afpk is affected by Pp,, we conclude that the
nice properties of the conjugate directions are guaranteed only in the feasible
region. These observations comply with our discussion at the end of Sect. 3.5.

Fig. 5.8. Poor performance of the projected conjugate gradient step

On the other hand, since the gradient defines the direction of the steepest
descent, it is natural to assume that for a small steplength the gradient per-
turbed by the projection Py, defines a decrease direction as in Fig. 5.9. We
shall give a quantitative proof to this conjecture. In what follows, we restrict
our attention to the analysis of the fixed steplength gradient iteration

XM = Po (x* — agh), (5.32)
where gF = V f(x*).
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Fig. 5.9. Fixed steplength gradient step

5.6.2 Contraction in the Euclidean Norm

Which values of o guarantee that the iterates defined by the fixed gradient
projection step (5.32) approach the solution X in the Euclidean norm?

Proposition 5.6. Let x € 25 and g = V f(x). Then for any o > 0
| Pay(x — ag) — %I < nsllx — K, (5.33)
where Amin, Amax are the extreme eigenvalues of A and
ne = max{|l — aAminl, |1 — @Amax]| }- (5.34)

Proof. Since X € 25 and the projected gradient at the solution satisfies
g? = o, it follows that
Po. (X —ag) =X.

Using that the projection P, is nonexpansive by Corollary 2.7, the formula
g(x) = Ax — b, the relations between the norm of a symmetric matrix and its
spectrum (1.23), and the observation that if \; are the eigenvalues of A, then
1 — a\; are the eigenvalues of | — oA (see also (1.26)), we get

[1Pay (x — ag) = X|| = [|Pay (x — ag) — Po, (X — ag)||
<l(x—ag) — (x—ag)|
=[[(x=%X)—alg-g)ll = (x=%X) —aAx =X
= [[(1 = eA)(x = %)

< max{|1 — aAmin], |1 — x| H/x — X||-

O

We call ng the coefficient of Euclidean contraction. If o € (0,2|A]~1),
then np < 1.
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Using elementary arguments of Sect. 3.5.3, we get that the coefficient ng
of Euclidean contraction (5.34) is minimized by

2
opt

= 5.35
‘e )\min + )\max ( )

and N ) .

opt max — /\min K —
_ - , 5.36
e Amax + Amin K41 ( )
where

R = Amax/)\min

denotes the spectral condition number of A.

If we compare our new estimate (5.36) of the contraction of the projected
gradient step with the optimal steplength « in the A-norm with the estimate
(3.26) of the unconstrained gradient step with the optimal steplength a4 in
the A-norm norm, we find, a bit surprisingly, that they are the same. This
might suggest to use the A-norm optimal steplength a4 also in the projected
gradient step.

Unfortunately, this strategy does not work. The counterexample of Fig. 5.10
shows that if g = g(x) is the eigenvector corresponding to the smallest eigen-
value Apin, then the gradient projection step with the optimal conjugate gra-
dient steplength

Qg = ||g||2/gTAg = ]-/)‘min

generates the iterate which is worse than x.

Fig. 5.10. Optimal unconstrained steplength may not be useful

Notice that the estimate (5.33) does not guarantee any bound on the
decrease of the cost function. We study this topic in Sect. 5.6.5.
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5.6.3 The Fixed Steplength Gradient Projection Method

Proposition 5.6 suggests that we can use the gradient projection with the
fixed steplength to define an iterative algorithm with the rate of convergence
in terms of bounds on the spectrum. To guarantee the convergence, the algo-
rithm requires a computable upper bound on ||Al|. Since A is assumed to be
symmetric, it follows that ||A||1 = ||A]|e and, using (1.14), that [|A|| < ||A]|cc-
Thus we can use ||Al|s as the upper bound. The latter inequality can be ob-
tained also from (1.24). More hints concerning effective evaluation of an upper
bound on ||A|| can be found in Sect. 5.9.4. The gradient projection algorithm
with the fixed steplength takes the following form.

Algorithm 5.5. Gradient projection method with the fixed steplength.

Given a symmetric positive definite matriz A € R™*™ and n-vectors b, £.
Step 0. {Initialization.}
Choose x° € 25, a € (0,2|A|™"), set k=0
while ||g” (x")|| is not small
Step 1. { The gradient projection step.}
x" = Po, (x8 — ag(x"))
k=k+1
end while
Step 2. {Return (possibly inezact) solution.}
X =x

We can use recurrently the estimate (5.33) of Proposition 5.6 to get for
k > 1 that

1" = %|| < nplx" =% < - <l - ), (5.37)

where g < 1 is the coefficient of Euclidean contraction defined by (5.34).
It follows that Algorithm 5.5 generates the iterates x* that converge to the
solution X of (5.1) in the Euclidean norm linearly with the coefficient of
contraction ng. The iterates x* converge in the A-norm only R-linearly with

1" =%l < niAlllx® -] (5.38)

Though the cost of a step of Algorithm 5.5 is comparable to that of the
Polyak-type algorithms, the performance of these algorithms essentially dif-
fers. A nice feature of the gradient projection algorithm is the rate of con-
vergence in terms of bounds on the spectrum. This can hardly be proved for
the Polyak algorithm; when a component of the current iterate is near the
bound and the corresponding component of the conjugate direction is large,
then the feasible steplength oy and the relative decrease of the cost function
can be arbitrarily small. On the other hand, unlike the Polyak algorithm, Al-
gorithm 5.5 is not able to exploit information from the previous steps in one
face.
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5.6.4 Quadratic Functions with Identity Hessian

Which values of a guarantee that the cost function f decreases in each iterate
defined by the fixed gradient projection step (5.32)7? How much does f decrease
when the answer is positive? To answer these questions, it is useful to carry
out some analysis of a special quadratic function

1
F(x) = 2xTx —c’x, xeR", (5.39)
which is defined by a fixed ¢ € R", ¢ = [¢;]. We shall also use

n

F(x) = ZE(%), Fi(x;) =

=1

xf —cixi, X =[x (5.40)

N =

Fig. 5.11. Minimizer of F' in 25

The Hessian and the gradient of F' are expressed, respectively, by
V2F(x)=1 and g=VF(x)=x—-c, g=[g] (5.41)
Thus ¢ = x — g and for any z € R"
Iz — ||* = |l2l* — 2¢"z + ||c||* = 2F (2) + [|c|*.
Since by Proposition 2.6 for any z € 25
12— cll = || Poy (c) — <.
we get that for any z € 2p

2F(z) = ||z — c|* = [lc|* > [|Pas (¢) — ¢l* — [|e]|?

=2F (Pg,(c)) =2F (Po,(x — g)). (5.42)

We have thus proved that if y € {25, then, as illustrated in Fig. 5.11,
F(Pa,(x—g)) < F(y). (5.43)
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We are especially interested in the analysis of I’ along the projected-
gradient path

p(x,a) = Po, (x — aVF(x)) = max{x — ag, £},

where the maximum is assumed to be carried out componentwise, a > 0, and
x € 2p is fixed. We shall often use that the projected-gradient path can be
described by

p(x,a) = Po, (x — ag) = x — ag(a), (5.44)

where g(«) denotes the reduced gradient whose components are defined by
9:(0) =0 and gi(o) =min{(z; — )/, g;} for a>0.

A geometric illustration of the projected-gradient path is in Fig. 5.12.

Fig. 5.12. Projected-gradient path

Due to the separability of F', the following analysis of a special case with
I defined on R is important also in the general case.

Lemma 5.7. Let z,0,c € R, x > (. Let F and g be defined by

1
F(m):2x2—cx and g=uz—c

Then for any ¢ € [0,1]
F(Poy,(x = (2= 8)g)) < F(Pay,(x — dg)). (5.45)
Proof. First assume that x > [ is fixed and denote

g=F@)=a—c, §0)=0, §la)=minf(r—0)/a,g}, a#0.

For convenience, let us define

F(P_QB (x — ag)) =F(z) +P(a), P(a)=—ag(a)g+
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Moreover, using these definitions, it can be checked directly that & is defined
explicitly by

B(a) = Pp(a) for o€ (—00,&]N[0,00) or g <0,
YT\ Pala) for ael £,00)N[0,00) and g >0,

where { =0 if g=0,=(x—0)/gif g #0,

o2
Pp(a) = (—OH— 5 >gz, and Pa(a) = —glx—0)+ ;(x —0)%

See also Fig. 5.13.

0 ¢ 1 2 0 1 € 2
Fig. 5.13. Graphs of @ for £ < 1 (left) and £ > 1 (right) when g > 0

It follows that for any «a
QSF(Q — Oz) = (—(2 — Oé) +

and if g < 0, then
() =Pp(a) =Pr(2—a) =P(2 — a).

Let us now assume that g > 0 and denote { = (z — ¢)/g. Simple analysis
shows that if £ € [0, 1], then @ is nonincreasing on [0, 2] and (5.45) is satisfied
for o € [0,1]. To finish the proof of (5.45), notice that if 1 < £, then

(o) = Pp(a), «a€l0,1], P(a)<Pp(a), ac]l,?2],
so that we can use (5.46) to get that for a € [0, 1]
P2—a) <Pp(2—a)=Pp(a) =D(a).
O

The following property of F' is essential in the analysis of the decrease of f
along the projected-gradient path in the next subsection.
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Corollary 5.8. Let x,£,c € R", x > £. Let F be defined by (5.39). Then for
any 0 € [0,1]

F(Pay(x—(2—90)g)) < F(Pa,(x—0g)). (5.47)

Proof. If n =1, then the statement reduces to Lemma 5.7.
To prove the statement for n > 1, first observe that for any y € R

[Po, (y)]i = max{y;, &}, i=1,...,n.

It follows that P, is separable and can be defined componentwise by the real
functions
Pi(y) = max{y,(;}, i=1,....n.

Using the separable representation of F' given by (5.40) and Lemma 5.7, we
get

F(Poy(x—(2-0)g)) = Z Fi([Pay (x = (2 - 0)g)l:)

5.6.5 Dominating Function and Decrease of the Cost Function

Now we are ready to give an estimate of the decrease of the cost function f
in the iterates defined by the gradient projection step (5.32). The idea of the
proof is to replace f by a suitable quadratic function F' which dominates f
and whose Hessian is the identity matrix.

Let us assume that 0 < 0[|A|| <1 and let x € 25 be arbitrary but fixed,
so that we can define a quadratic function

Fi(y) = 8£() + 5y =" (1= 0A)(y —x), ¥y € R".
It is defined so that
Fs(x) =0f(x), VFs(x)=06Vf(x)=0dg, and V?Fs(y)=1 (5.48)

Moreover, for any y € R”
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0f(y) < Fs(y)- (5.49)
It follows that
0f (Poy(x —6g)) —0f(X) < F5 (Poy(x—0g)) —0f(X) (5.50)
and
VFs(y) =0V f(y) +(-0A)(y —x) =y — (x — dg). (5.51)

Using (5.43) and (5.48), we get that for any z € {2
Fs (Poy(x —0g)) < Fs(z). (5.52)
The following lemma is due to Schéberl [165, 74].

Lemma 5.9. Let X denote the unique solution of (5.1), let Amin denote the
smallest eigenvalue of A, g = Vf(x), x € 2p, and § € (0, ||A||7]. Then

Fs (Poy(x — 6g)) = 6f(X) < 0(1 = 6Amin) (f(x) — f(X)) - (5.53)
Proof. Let us denote
[X,x] = Conv{X,x} and d=X-x.

Using (5.52),
X, x] ={x+td:te[0,1]} C 25,

0 < Amind < [|A]|0 < 1, and Amin|/d||> < dTAd, we get
Fs (Pay(x — 6g)) — 6f(X) = min{Fs(y) - 6f(X) : y € 2B}
< min{Fs(y) —0f(X) : y € [%,x]}
= min{Fs(x +td) — 6 f(x+d): t € [0,1]}

t2 5

= min{otd’'g + ) |d|* - 6dTg — 2dTAd : te0,1]}
1

< P Xuind g 4 5N ? — 57 — ) dTAd

< 6 AmindT g + ;52)\mindTAd —odTg — ngAd
= 8(6Amin — 1)(dTg + ;dTAd)
= 0(6Amin — 1) (f(x+d) — f(x))

= (1 = 0Amin) (f(x) = f(X)).-
This proves (5.53). O
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Proposition 5.10. Let X denote the unique solution of (5.1), g = Vf(x),
x € 25, and let Apin denote the smallest eigenvalue of A.
If a € (0,2|A||7Y, then

[ (Pay(x—ag)) = f(X) <y (f(x) = f(X)), (5.54)

where
77f =1- 6‘\)\min (555)

is the cost function reduction coefficient and @ = min{a, 2||A|~1 — a}.

Proof. Let us first assume that 0 < af|A|| < 1 and let x € {25 be arbitrary
but fixed, so that we can use Lemma 5.9 with § = «a to get

Fo (Poy(x — ag)) — af (X) < a(l — admin) (f(x) = f(X)). (5.56)

In combination with (5.50), this proves (5.54) for 0 < o < ||A|| 7.
To prove the statement for a € (||A]| =1, 2| A[|71], let us first assume that
|Al=1and let « =2 —4, 6 € (0,1). Then F; dominates f and

SR) <5R) + 1 lly =l = ) (5:57)

Thus we can apply (5.49), Corollary 5.8, and the latter inequality to get
5f(Po(x—ag)) < 6F(Po(x—ag)) < 6F (Po (x — 6g))
< Fs(Pq (x — 0g)).
Combining the latter inequalities with (5.56) for o = §, we get
51 (Po (x — ag)) — 8£(%) < 6(1 — i) (F(x) — F(R)).

This proves the statement for o € (||4]7*,2||A]|7") and [|A| = 1. To finish
the proof, apply the last inequality divided by 7 to the function ||A||=!f and
recall that f and Py, are continuous. ]

The estimate (5.54) gives the best value
N =1—r(A)

for a = ||A||7! with x(A) = ||A||[|A7Y. If « € (0,2]|A|7!) and the iterates
{x'} are generated by Algorithm 5.5, we can use (5.54) to get for k > 1
) = f&) <mp (FFT) = fR) < <nf (F(x) = f®),  (5.58)

where ny < 1 is given by (5.55). It follows by Lemma 5.1 that
Ix* =% <2 (f(x") = f(®) < 20f (F(x) = F(R)) < 2050587, (5.59)

where g’ = gP(x%). The latter bound on the R-linear convergence in the
energy norm is asymptotically worse than (5.38), but its right-hand side does
not enhance the solution and can be effectively evaluated.
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5.7 Modified Proportioning with Gradient Projections

In the previous sections, we learned that the solution of auxiliary problems
in the active set algorithm for solving (5.1) can be implemented by the con-
jugate gradient method and we got the estimate (5.54) for the decrease of
the cost function f in the gradient projection step with the fixed steplength
a € (0,2]|A|71). Now we are ready to combine these observations in order
to develop an effective algorithm with the R-linear rate of convergence of f
that can be expressed in terms of bounds on the spectrum of the Hessian
of f. The only difficulty which we must overcome is to ensure that the free
gradient is always sufficiently large in the conjugate gradient iterations, since
the conjugate gradient method reduces efficiently only the free gradient and is
inefficient when the norm of the chopped gradient dominates the error of the
KKT conditions. Using the methods of the next section, it is possible to prove
for our new algorithm the finite termination for regular solution and the con-
vergence, but not the R-linear convergence, of the projected gradient to zero
in the general case. Here we restrict our attention to the R-linear convergence
of the iterates in the energy norm.

5.7.1 MPGP Schema

The algorithm that we propose here exploits a user-defined constant I > 0,
a test which is used to decide when to leave the face, and three types of steps.

The conjugate gradient step, defined as in Polyak’s algorithm on page 165
by

k+1

xF T = x¥ — q.,p"tt, (5.60)

is used to carry out efficiently the minimization in the face Wy given by
T = A(x®). We shall use in our proofs that by Theorem 3.1

FEFY) =min{f(x* +y): y € Span{p(x*), ..., p(x")}}. (5.61)
The gradient projection step is defined by the gradient projection
xFt = Po, (xF - ag(xk)) = max{£,x" — ag(x")} (5.62)

with the fixed steplength. This step can both add and remove indices from
the current working set. To describe the gradient projection step in the form
suitable for our analysis, let us introduce, for any x € 2p and a > 0, the
reduced free gradient @,(x) with the entries

@i = @i(x, ) = min{(z; — €;) /o, i}, i€ N ={1,...,n}. (5.63)

Thus
Po, (x — ag(x)) =x — a(@a(x) + B(x)). (5.64)
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If the steplength is equal to o and the inequality
1B(x")I1> < I @a(x") T p(x") (5.65)

holds, then we call the iterate x* strictly proportional. The test (5.65) is used
to decide which components of the projected gradient g (x*) should be re-
duced in the next step. Notice that the right-hand side of (5.65) blends the
information about the free gradient and its part that can be used in the gra-
dient projection step.

The proportioning step is defined by

xFH = xF —a.,B8(x") (5.66)

with the steplength o, that minimizes f (xk — oz[)’(xk)). It has been shown
in Sect. 3.1 that the CG steplength e that minimizes f(x — ad) for a given
d and x can be evaluated using the gradient g = g(x) = Vf(x) at x by

_ d'g
- dTAd’
The purpose of the proportioning step is to remove the indices of the com-

ponents of the gradient g that violate the KKT conditions from the working
set. Note that if x* € 25, then

Qg = Qg (d) (567)

XM = xF —a,B(xF) € 25.

Now we are ready to define the algorithm in the form that is convenient
for analysis. For its implementation, see Sect. 5.9.

Algorithm 5.6. Modified proportioning with gradient projections
(MPGP schema).

Given a symmetric positive definite matriz A € R™*™ and n-vectors b, £.

Choose x° € 25, a € (0,2||A|™Y), and " > 0. Set k = 0. For k > 0 and
x" known, choose x**1 by the following rules:

(i) If g¥ (x*) = o, set x"*1 = x*.

(ii) If x* is strictly proportional and g¥ (x*) # o, try to generate x**' by the
conjugate gradient step. If x*T1 € Qp, then accept it, else generate x*+1 by
the gradient projection step.

k+1

(wii) If x* is not strictly proportional, define x by proportioning.

We call our algorithm modified proportioning to distinguish it from earlier
algorithms introduced independently by Friedlander and Martinez with their
collaborators [94, 95, 96, 14, 33] and Dost4l [41, 42]. These earlier algorithms
applied the proportioning step when

IBGM) < Il (*) I
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5.7.2 Rate of Convergence

Now we are ready to prove the R-linear rate of convergence of MPGP in terms
of bounds on the spectrum of the Hessian A for « € (0, 2[|A[|71).

Theorem 5.11. Let {x"} be generated by Algorithm 5.6 with x° € g,
I' >0, and o € (0,2]|Al|7Y]. Then

FEMY) = F®) <nr (f(x") - (%), (5.68)
where X denotes the unique solution of (5.1),

o 6[\)\min
0+ 902
9 = 2max{a|Al,1}, @ = min{a,2||A|"! —a}, (5.70)

nr=1 I'=max{I, '}, (5.69)

and Amin denotes the smallest eigenvalue of A.
The error in the A-norm is bounded by

" = %[I3 < 207 (F(x°) — f(%)). (5.71)
Proof. Since we have the estimate (5.54) for the gradient projection step with

Ny < nr, it is enough to estimate the decrease of the cost function for the
other two steps. Our main tools are (5.54) and the inequality

7 (Paw (5 = ag(x") ) = F(*) = o (Ba (=)o (x") + [1BH)2) . (5.72)
which is valid for any o > 0 and can be obtained from the Taylor expansion
Flctd) = F(x) +dTg(x) + HdTAd > f(x) +d7g(x) (5.73)

by substituting

x=x" d=-a(@.(x")+B(x")), and g=¢(x)+B(x).

If x¥*1 is generated by the conjugate gradient step (5.60), then by (5.61)
and (5.67)

L [l
FEE) < f (xF = acgip(xh)) = F(xF) —
(" = acgplx)) 2 (xF)T Ag(xt)
1 _
< FOE) = S IAI Ml (M) 12
Taking into account @ < [|A[|~! and @;p; < ¢?,i=1,...,n, we get

PR < £ L IAI oGP < F0e) — 5 Bale) (). (5.74)
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Now observe that the conjugate gradient step is used only when x* is

strictly proportional, i.e.,
IBGM)|1? < TP @a(x*) T p(x").
Since a < « implies
Go(x") p(x*) < Ga(x") p(x"),

it follows that

IBGM)P < Ma(x*)T p(x"). (5.75)
After substituting (5.75) into (5.72) with o = &, we get
f(Poy (x* —ag(x"))) = f(x*) —a(l + I'*)@a(x") o(x"). (5.76)

Thus for x**1 generated by the conjugate gradient step, we get by elementary
algebra and application of (5.76) that

FOMY) < F(xF) -

<
T 2+2I7?

After inserting —f(X) + f(X) into the last term and using (5.54) with simple
manipulations, we get

+ 14202 1-— Y
Fity < M N IC D E A 16y
24+ 2I 24+ 2I
g+ 14207

o o2 TN —fR)+[R). (5.77)

Let us finally assume that x**! is generated by the proportioning step
(5.66), so that

IBE)IP > I @a(x") T p(x*) (5.78)
and
< = £ (xk x*)) = f(xF) — 1 ||5(Xk)||4
f( ) - f( 09/6( )) - f( ) Qﬁ(xk)TAﬁ(Xk)

1 _
< f(x*) - o Al HBGM|12.
Taking into account the definition of a and ¥, we get

a/t < ||A|71/2
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and
FEH) < F M) = TIBGMI, (5.79)
where the right-hand side may be rewritten in the form
1
1) = BN = o (6 = alt+ 72180
d+I9r2-1,
91+ I-2) F(x"). (5.80)
We can also substitute (5.78) into (5.72) to get
 (Pop (x* = ag(x"))) > f(x") —a(l+ I)|B")|. (5.81)

After substituting (5.81) into (5.80), using (5.79), (5.54) with x = x*, and
simple manipulations, we get

1 Y+ -1
POy < o F(Paw (5 — g )+ 7 T )

:ﬁ+$p4(f“b3@k—adﬂw)—f@u

1 O+ —1
T gor—2T®F g J6D

nf = 1 . 9+9r% -1
< (e —r@) @ e

ny+9+9r2

1 . R R
= e (Fe @) + £
Comparing the last 1nequahty with (5.77) and taking into account that by
the definition I' < F I-1< F and ¥ > 2, we obtain that the estimate
2
k+1 . <77f+19+'19F —]. k B ~
fed —p@ < T T (e @)

is valid for both the CG step and the proportioning step. The proof of (5.68)
is completed by

_mypHIHIr =1 _ o l-ny . Qi
M= yqwr-2 T T 992 0 gyere
To get the error bound (5.71), notice that by Lemma 5.1
I - %I <2 (F6M) — fR) < 205 () — f®). O (582)

Theorem 5.11 gives the best bound on the rate of convergence for I' = r=1
in agreement with the heuristics that we should leave the face when the
chopped gradient dominates the violation of the Karush—Kuhn—Tucker condi-
tions. The formula for the best bound 1" which corresponds to I = 1 and
a = ||A|7! reads

NPt =1—w(A)71/4, (5.83)

where k(A) denotes the spectral condition number of A.
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5.8 Modified Proportioning with Reduced Gradient
Projections

Even though the MPGP algorithm of the previous section combines the conju-
gate gradient method with the gradient projections in a way which enables to
prove its linear rate of convergence that can be expressed in terms of bounds
on the spectrum of the Hessian of f, there is still room for improvements.
The reason is that the gradient projection at the same time adds and removes
the indices from the active set, so the algorithm releases the indices from
the active set rather randomly. The result is that MPGP may not exploit
fully the self-preconditioning effect of the conjugate gradient method [168§]
and can suffer from the oscillations often attributed to the iterative active
set methods. In this section we show that these drawbacks can be relieved if
we replace the gradient projection step by the free gradient projection with a
fixed steplength a. We show that the modified algorithm not only preserves
the linear rate of convergence of the cost function, but it has the finite ter-
mination property even for dual degenerate QP problems with zero Lagrange
multipliers corresponding to the active constraints and the R-linear rate of
convergence in the norm of projected gradient.

5.8.1 MPRGP Schema

The algorithm that we propose here exploits a constant I" > 0 defined by a
user, a test to decide when to leave the face, and three types of steps. The test
and two of the three steps, the conjugate gradient step and the proportioning
step, are exactly those introduced in Sect. 5.7.1.

The gradient projection step is replaced by the expansion step defined by
the free gradient projection

R (x]C - acp(xk)) = max{£,x" — ap(x")} (5.84)

with the fixed steplength. This step expands the current working set. To de-
scribe it in the form suitable for analysis, let us recall, for any x € (2p and
a > 0, that the reduced free gradient @, (x) is defined by the entries

@i = pi(x, ) = min{(z; — ;) /o, 0}, i€ N={1,...,n}, (5.85)
so that
Poy, (x — ap(x)) = x — a@q(x). (5.86)
Using the new notation, we can write also
Po, (x — ag(x)) =x — a(pa(x) + B(x)). (5.87)

Now we are ready to define the algorithm in the form that is convenient for
analysis, postponing the discussion about implementation to the next section.
Notice that we admit the fixed steplength o = 2[|A[|7! which guarantees
neither the contraction of the distance from the solution nor the decrease of
the cost function in the expansion steps.
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Algorithm 5.7. Modified proportioning with reduced gradient projections
(MPRGP schema).

Given a symmetric positive definite matriz A € R™*"™ and n-vectors b, £.

Choose x° € 25, a € (0,2||A]|™'], and ' > 0. Set k = 0. For k > 0 and
x" known, choose x**1 by the following rules:

(i) If g¥ (x*) = o, set x"1 = x*.

(ii) If x* is strictly proportional and g¥ (x*) # o, try to generate x**' by the
conjugate gradient step. If x*T1 € Qp, then accept it, else generate x*+1 by
the expansion step.

k+1

(wii) If x* is not strictly proportional, define x by proportioning.

Proposition 5.12. Let {x*} be generated by Algorithm 5.7 with x° € 2p,
I >0, and a € (0,2||A||7Y]. Then {x*} converges to the solution {X} and
{gP(x*)} converges to zero.

Proof. MPRGP is a variant of the proportioning algorithm studied in [42]; it
converges when each iterate x**! generated by the expansion step satisfies

FEH) = f(xb) <.

This condition is satisfied by Proposition 5.10 for a € (0, 2[|A||~]; the conver-
gence is driven by the proportioning step, which is a spacer iteration (see, e.g.,
Bertsekas [12]). The second statement is an easy corollary of the identification
lemma 5.17 and of the continuity of g(x). O

5.8.2 Rate of Convergence
The main tool of our analysis is the quadratic function
1 T T n
F(x):2x x—c' x+d, x,ceR" c=]gy], deR, (5.88)
and its properties similar to those developed in Sect. 5.6.5. In particular,

2 — iy, x= [x4]. (5.89)

FO) =Y Rl +d, File) =

If x € R™ is arbitrary but fixed, we associate with f and § € (0, ||A|| 7] the
quadratic function of the form (5.88)

Fs(y) =8/(y) + (v =) (1= 0A)y ~ %) 2 6(y).  (5.90)
It is defined so that
Fs(x) =0f(x), VFs;(x)=0Vf(x)=0g, and V?Fs(y)=1  (5.91)

We need the following lemma which is analogous to Corollary 5.8.
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Lemma 5.13. Let x,€,c € R", x > £. Let I be defined by (5.88). Then for
any 6 € [0,1]

F(Pay (x — (2 - 6)p(x))) < F(Pa, (x - 5p(x))). (5.92)

Proof. First recall that Pp, is separable and can be defined componentwise
by P;(y) = max{y,{;}, i =1,...,n, y € R. Denoting F, A, and g; the free set
of x, the active set of x, and the components of the gradient g(x), respectively,
we can use the representation of F' given by (5.89) and Lemma 5.7 to get

F(Pog(x = (2= 0)¢(x))) = Z Fi([Pag (x = (2 = 0)p(x))];) +d

=Y F(Pizi—(2-0)g)) + > Fi(Pi(x) +d

i€F i€ A
< ZE(PZ(% —69:)) + ZFZ(P%(xl)) +d
ieF icA
= F(Pq,(x — dp(x))). O

Now we are ready to prove the R-linear rate of convergence of MPRGP.

Theorem 5.14. Let {x*} be generated by Algorithm 5.7 with x° € g,
I'>0, and o € (0,2]|Al|7Y]. Then

FEEY — f®) <nr (f(x7) - F(R), (5.93)

where X denotes a unique solution of (5.1),

64\)\min - —
np=1-— P I' = max{I', "1}, 5.94
U+ 912 { J (5:94)
9 = 2max{a|Al,1}, @ = min{a,2||A|"! —a}, (5.95)

and Amin denotes the smallest eigenvalue of A. The error in the A-norm is
bounded by

Ix* =3 < 20p (f(x°) — f(%) - (5.96)

Proof. First observe that the only new type of iteration, as compared with
MPGP of Sect. 5.7, is the expansion step. Moreover, the estimate (5.68) with
nr defined by (5.69) of Theorem 5.11 is the same as our estimate (5.93) with
nr defined by (5.94). Thus we can reduce our analysis to the expansion step.
Our main tools are again (5.54) and the inequality

7 (Pow (< —ag(x") ) = F(*) = a(@a () o(x") + 1BH)?),  (5.97)

which can be obtained by the Taylor expansion and (5.87).

Let us first assume that ||A|| = 1 and let x**! be generated by the
expansion step (5.84). Using in sequence the definition of the dominat-
ing function (5.90) associated with x = x¥, Lemma 5.13, the assumption,
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[Al = 1 and @ < 1 with (5.57), the Taylor expansion with (5.86), (5.91),
lpa(x*)||? < @a(x*)Tp(x*), and simple manipulations, we get

af(x"h <ar(xF) =am (Poy (xk - och(xk)))
< aF (Po, (x* — &(p(xk))) < Fi(Poy (xk - ago(xk)))
az

= Fa (x) = a%@a(x")"o(x") + °, [|Pa (")

a2 a2
< Fs (x) =, @a(x")To(x") = af(x") = ) @alx")p(x").

Thus ~
FOHY) < F6H) = galx) Tp(xh). (5.98)

The expansion step is used only when x* is strictly proportional, i.e.,
1B < TP@a(x*) T p(x).
Since @ < « by the definition, it follows that
Pa(x")Tp(x") < @a(x")Tp(x")
and
IBG")|1? < TP @a(x*) T p(x"). (5.99)
After substituting (5.99) into (5.97), we get

f(Pay (< — ag(x)) > f(x) — a1+ I*)@a(x")Te(x").  (5.100)

Thus for x*1 generated by the expansion step, we get by elementary algebra
and application of (5.100) that

a

PO < £ = @alx) Tep(x")

=5 +12F2 (F(x") = a(1 + ) @a(x")Tp(xF) + (1 + 2I2) f(xF))

1

< 94 2?2 (f (Poy (x* —ag(xh))) + (14 2I?) f(x")).

Inserting — f(X) + f(X) into the last term and substituting (5.54) with x = x*
and o = & into the last expression, we get

ny+1+2I7? 1—n .
T = Ty Lape T+ 5 o/
1+ 20? ~ R

=" 2++ 2+F2 (fF) = f(®) + F(%). (5.101)

The proof of (5.93) for ||A]| = 1 is completed by
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77f—|—1—|—2F2_T]f—1+2+2F2_ 1—’17f (/Jé\/\min

= =1 — =1 — < .
9242072 9242072 242072 94or2 ="

To prove the general case, it is enough to apply the theorem to h = ||A|| =1 f.
To get the error bound (5.96), notice that by Lemma 5.1

" —%l2 <2 (f(x") — F(%) < 20p (Fx°) — F(%) - (5.102)
O

The formula for the best bound 7% is given by (5.83). Notice that the
coefficient of the Euclidean contraction g defined by (5.34) is smaller than np
and by (5.38) guarantees faster convergence in the energy norm. Does it follow
that the gradient projection method is faster than MPRGP? The answer is
no. We have got both estimates by the worst case analysis of just one step
of each method. Such analysis at least partly enhances the improvement due
to the long sequence of the same type of iterations of the projected gradient
method, while this is not true in the case of MPRGP; the worst case assumes
that the algorithm switches the types of iterations. The error in energy norm
need not even decrease in one step of the gradient projection method.

5.8.3 Rate of Convergence of Projected Gradient

To use the MPRGP algorithm in the inner loops of other algorithms, we must
be able to recognize when we are near the solution. There is a catch — though
by Lemma 5.1 the latter can be tested by a norm of the projected gradient,
Theorem 5.14 does not guarantee that such test is positive near the solution.
The projected gradient is not a continuous function of the iterates! A large
projected gradient near the solution is in Fig. 5.14. The R-linear convergence
of the projected gradient is treated by the following theorem.

QB § gP (xk)

Fig. 5.14. Large projected gradient near the solution
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Theorem 5.15. Let {x*} be generated by Algorithm 5.7 with x° € g,
I' >0, and a € (0,2]|A||7Y]. Let X denote the unique solution of (5.1) and let
f, nr, &, and ¢ be those of Theorem 5.14.

Then for any k > 1

lg” (M < arfe (F°) — £(R) (5.103)
with -
38 389(1+17?)

“Ta0-ar) T @A (5.104)

Proof. First notice that it is enough to estimate separately B(x*) and ¢(x*)
as
k k k
Ig” x)II1* = 1B + llex")].

H,

In particular, since @ < ||A7']|, we have for any vector d which satisfies

ag(x) > |d]?
f(x) — f(x—ad) = ad" g(x) — ;anTAd > ngHQ. (5.105)
It follows that we can combine (5.105) with
x" —ap(xk) > ¢
to estimate ||3(x")|| by
FOE) = F8) = (F0) — (x5 = G0<H0) + (f (< — a80) — (3)
> f) - F(x - aBGY) 2 0186 (5.106)
Applying (5.93), we get
2

186 < 2 (76— 1®) < 20 (560 - f®). (3107

To estimate ||¢(x*)||, notice that the algorithm “does not know” about
the components of the constraint vector £ when it generates x**! unless their
indices belong to A(x*) or A(x**1). Tt follows that x**! may be considered
also as an iterate generated by Algorithm 5.7 from x* for the problem

minimize f(x) subject to x; > ¢; for i € A(xF)UA(xF).  (5.108)
If we denote
F=min{f(x): ;> 0 for i € Ax*) U A < f(R)

and 0, = f(X) — f]C > 0, we can use (5.93) to get
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b = F®) = £ < ) <nr (£ - £Y)
= (FO<) = F(R)) + o,

k+1

nr 3 e n 0 _ f(z
5’“§1—np(f(x)_f(x))ﬁlfnp(f(X) f®). (5.109)

Now observe that the indices of the unconstrained components of the min-
imization problem (5.108) are those belonging to ZF = F(x*) N F(x**+1) as
TF = F(xF) n F(xM) = (N\.A(Xk)) N (./\/\A(ka))
=N\ (A(xk) U A(xk“)) .

It follows that if Z¥ is nonempty, then by the definition of §; and (5.105)

0k > f®) - (R - den (X)) > | len @) (5.110)
2

For convenience, let us define g7(x) = o for any x € R™ and empty set Z = .
Then (5.110) remains valid for Z¥ = (), so that we can combine it with (5.109)

to get
k+1

gz (X)|? < ;5k < aé”f o) (F(x°) - f(®)). (5.111)

Since our algorithm is defined so that either ZF = F(x*) C F(x**!) or
Tk = F(xk+1) C F(xF), it follows that either

k+1
leree) @I = len@I* < "7 (6~ )
277? 0 S
< a1 - np)(f(x )—f(x))  (5.112)
or .
e @I = ez R < o T (6 - £R)

k—1

Using the same reasoning for x and x*, we conclude that the estimate

(5.112) is valid for any x* such that
F(xF1) D F(xF) or F(xF) C F(xF*). (5.113)
Let us now recall that by Lemma 5.1 and (5.96)
lg(x*) — @) = A" —%)|I* < [|AllIx" - x[3 < 2[|All (f(x*) — f(%))

2 (60~ FR). (5114)

IA
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so that for any k satisfying the relations (5.113), we get

e = llgreer) (X5 < gz (x°) — gz B + g re) )]

g¢§¢umm—f&»+¢aafmy#0@%—f&»

1 —nr

<20y U~ 1)

Combining the last inequality with (5.107), we get for any k satisfying the
relations (5.113) that

lg” (x")I1* = IBGM)I + [l (x))1? < i (f(x°) = f(%)). (5.115)

Now notice that the estimate (5.115) is valid for any iterate x* which sat-
isfies F(x*~1) D F(x*), i.e., when x* is generated by the conjugate gradient
step or the expansion step. Thus it remains to estimate the projected gradient
of the iterate x* generated by the proportioning step. In this case

F(x"1) C F(xh),

so that we can use the estimate (5.115) to get

10

P k-1 k—1 -

x <4/~ x0) — f(X)). 5.116
I&"( M¢Mkmﬂw(ﬂ) f®). (516)
Since the proportioning step is defined by x* = xF=1 — acgﬁ(xkfl), it follows

that
g o) (D = llg” (]I

Moreover, using the basic properties of the norm, we get

(") = gz (%) < llgree) (XF) = 8rer) (XD + Igreer) (xF 1|
< [lg(x") —g®)|| + g®) — g=""") + lg” "I,

and by (5.114) and (5.116)
o)l < 2 (700) — £ + ) 20 () - 1)
10 . _
+¢armmﬁ’wkq‘ﬂ”)

< (V5 + 2)\/3(1 E nr)n}i—l (f(x0) = (%))
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Combining the last inequality with (5.107), we get by simple computation
that

38
lg” M)IZ = e M)IP + 1B <

Ay )~ ).

Since the last estimate is obviously weaker than (5.115), it follows that (5.103)
is valid for all indices k. O

The bound on the rate of convergence as given by (5.103) is rather poor.
The reason is that it has been obtained by the worst case analysis of a general
couple of consecutive iterations and does not reflect the structure of a longer
chain of the same type of iterations. Recall that Fig. 5.14 shows that no bound
can be obtained by the analysis of a single iteration!

5.8.4 Optimality

Theorems 5.14 and 5.15 give the bounds on the rates of convergence of the it-
erates and corresponding projected gradients that depend only on the bounds
on the spectrum, but do not depend on the constraint vector £. It simply fol-
lows that if we have a class of bound constrained problems with the spectrum
of the Hessian of the cost function in an a priori fixed interval, then the rate
of convergence of the MPRGP algorithm can be bounded uniformly for the
whole class. To present explicitly this feature of Algorithm 5.7, let 7 denote
any set of indices and assume that for any ¢ € 7 there is defined a problem

minimize f;(x) s.t. x € 2p, (5.117)

with 25, = {x € R™ : x > &}, fi(x) = ;xTAx — blx, A, € R
symmetric positive definite, and £, € R™. Our optimality result then reads
as follows.

Theorem 5.16. Let amax > amin > 0 denote given constants and let {xf} be
generated by Algorithm 5.7 for the solution of the bound constrained problem
(5.117) with 0 < a < 2ayt. and I' > 0 starting from x = max{o, £}. Let

the class of problems (5.117) satisfy
Amin S )\min(At) S )\max(At) S Amax,

where Amin(Ar) and Amax(Ar) denote respectively the smallest and the largest
eigenvalues of Ay.
Then there are integers k and € such that for anyt € T and e >0

k
g (<)l < ellgt” (x7)

and

fex0) = fie%e) < e (fulx]) = f(%e)) -
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Proof. First denote

n% =1— a)\fmn np = 1— aamii ’
04 0T2 ¥+ 012

at 380(1 + I'2) U r?)
A2)\fmn ’ 622amin ’

where I' = max{I, "}, so that
ntpgnp<1 and aj <ay.

Combining these estimates with Theorem 5.15 and inequality (5.5), we get for
any k> 1

I ()2 < v (o) = fi®) < ' ol llgl ().

min

Similarly, using Theorem 5.14, we get
fex§) = fo(®Re) < (fox)) = F(Re)) -
To finish the proof, it is enough to take k and ¢ so that

a
1nF1<5 and ne <e. O

a'mln

5.8.5 Identification Lemma and Finite Termination

Let us consider the conditions which guarantee that the MPRGP algorithm
finds the solution X of (5.1) in a finite number of steps. There are at least
two reasons to consider such results important. First the algorithm with the
finite termination property is less likely to suffer from the oscillations that
are often attributed to the working set-based algorithms as it is less likely
to reexamine the working sets; if any working set reappears, it can happen
“only” finitely many times. The second reason is that such algorithm is more
likely to generate longer sequences of the conjugate gradient iterations. Thus
the reduction of the cost function value is bounded by the “global” estimate
(3.21), and finally switches to the conjugate gradient method, so that it can
exploit its nice self-acceleration property [168]. It is difficult to enhance these
characteristics of the algorithm into the rate of convergence as they cannot
be obtained by the analysis of just one step of the method.

We first examine the finite termination of Algorithm 5.7 in a simpler case
when the solution X of (5.1) is regular, i.e., the vector of Lagrange multlphers
X of the solution satisfies the strict complementamty condition )\ > 0 for
i € A(X). The proof is based on simple geometrical observations. For example,
examining Fig. 5.15, it is easy to see that the free sets of the iterates x* soon
contain the free set of the solution X. The formal analysis of such observations
is a subject of the following identification lemma.
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A
25

Fig. 5.15. Identification of the free set of the solution

Lemma 5.17. Let {x*} be generated by Algorithm 5.7 with x° € Q2p, I’ > 0,
and o € (0,2]|A||7Y]. Then there is ko such that for k > ko

FX)CFExY, FE) CFEF—apxb), ad BX)CBExF), (5.118)
where @(x*) = @, (x*) is defined by (5.85).

Proof. Since (5.118) is trivially satisfied when there is k = k¢ such that
x* =X, we shall assume in what follows that x* # X for any k > 0. Let
us denote z¥ = [x*]; and 7; = [X];, i = 1,...,n.

Let us first assume that F(X) # 0 and B(X) # (), so that we can define
e=min{Z; —¢;: i € F(X)} >0 and 6 = min{g;(X): i € B(X)} > 0.

Since by Proposition 5.12 {x*} converges to X, there is kg such that for any
k> ko

3

gi(x") < | forie FX) (5.119)
ab >0+ ; for i € F(R) (5.120)
aF <0+ C? for i € B(X) (5.121)
gi(x*) > g for i € B(X). (5.122)

In particular, for k& > kg, the first inclusion of (5.118) follows from (5.120),
while the second inclusion follows from (5.119) and (5.120), as for i € F(X)

g (xF) = 2F — agi(x?) > i+ - — 9 > 0
ot = api(x) = af —agi) 2 6+ 5 = > 0

Let k > ko and observe that, by (5.121) and (5.122), for any ¢ € B(X)
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xf — agi(xk) </t;+ Oéé — 0426 < {;,

k

so that if some x*T! is generated by the expansion step (5.84), k > kg, and

i € B(X), then
2P = max{¢;, 2F — ag;(x")} = 4.

It follows that if k& > ko and x**! is generated by the expansion step, then
B(xF*1) D B(X). Moreover, using (5.122) and definition of Algorithm 5.7, we
can directly verify that if B(x*) O B(X) and k > ko, then also B(x**1) D B(X).
Thus it remains to prove that there is s > kg such that x® is generated by the
expansion step.

Let us examine what can happen for k > kq. First observe that we can
never take the full CG step in the direction p*¥ = ¢(x*). The reason is that

a (pk) _ Qo(xk)Tg(Xk) _ ”‘P(Xk)HQ > ”AH—l > «
“ e(xF)TAp(xF) — p(xF)TAp(xk) ~ -2’
so that for i € F(x*) N B(X), by (5.121) and (5.122),
:vf - 04cgpiC = xf — acggi(xk) < xf - ggi(xk) </l;+ 0;5 - Of < {;. (5.123)

It follows by definition of Algorithm 5.7 that if x*, k > ko, is generated by
the proportioning step, then the following trial conjugate gradient step is not
feasible, and x**1 is necessarily generated by the expansion step.

To complete the proof, observe that Algorithm 5.7 can generate only a
finite sequence of consecutive conjugate gradient iterates. Indeed, if there is
neither proportioning step nor the expansion step for k > kg, then it follows
by the finite termination property of the conjugate gradient method that there
is I < n such that ¢(x**!) = o. Thus either x*+! =% and B(x*) = B(X) for
k > ko+1 by rule (i), or x*o*! is not strictly proportional, x*0*!*1 is generated
by the proportioning step, and x¥0F*+2 is generated by the expansion step.
This completes the proof, as the cases F(X) = () and B(X) = §) can be proved
by a direct analysis of the above arguments. a

Proposition 5.18. Let {x*} be generated by Algorithm 5.7 with x° € g,
I'>0, and « € (0,2||A[|7Y]. Let the solution X satisfy the condition of strict
complementarity, i.e., T, = {; implies g;(X) > 0. Then there is k > 0 such
that x* = X.

Proof. Tf X satisfies the condition of strict complementarity, then A(X) = B(X),
and, by Lemma 5.17, there is ky > 0 such that for & > ko we have
F(xF) = F(X) and B(x*) = B(X). Thus, for k > ko, all x* that satisfy
X # x*~1 are generated by the conjugate gradient steps and, by the finite
termination property of the CG, there is k < kg + n such that x* = X. O
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5.8.6 Finite Termination for Dual Degenerate Solution

Our final goal is to prove the finite termination of Algorithm 5.7 when the
solution of (5.1) does not satisfy the strict complementarity condition as in
Fig. 5.16, where the iterations with different active sets are near the solution.

Fig. 5.16. Projected gradients near dual degenerate solution

Lemma 5.19. Let a € (0,2||A||7Y], x € 25, and y = x — a@(x). Then
leI? < 95T p(x) and B > 18] - G, (5124)
where the reduced free gradient @(x) = @o(x) is defined by (5.85).
Proof. First notice that F(y) C F(x). Since
g(y) = g(x) — aAp(x) and @ray)(X) = @r(y)(X) = 8F@y)(x),  (5.125)
we get

leWIl = llgre) I = lgr) (x) — a[AGX)] £ |
< erm (B +a [ ALX)] 7y | < 3lle(x)]]-

Using the latter inequalities and the definition of @(x), we get
le()II? <9Ne)II° < 92(x)" o (x).
To prove the second inequality of (5.124), denote
C={ice Ax): gi(x) <0}

and notice that

Aly) 2 A(x) D C.
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Thus
1B = lgaw) @)1 = llge(y) ™I = [[(ge(x) — a[AG(x)]c) |l
= [(Be(x) —alAdx)]c) |- (5.126)
Using in sequence

[Be) =B, llalAeE)]e Il < 2[le(x)],
inequality (5.126), properties of the norm, B(x)~ = B(x), and
|z —z"|| <z — ¢
for any t with nonpositive entries, we get

1BGIN = NIl = 1B

< 186l — ylaAGG)e |~ 1(Be(x) — o AGGx)Le) |
< [1Be(x) = A | = 11 (Be(x) - alAG(x)]) |

< [ (Be(x) — a[AG(x)]e) — (Be(x) — a[AG(x)le) || + (;II Ae()le |l

< [(Be(x) — a[A(x)]c) — Be )| + @) < 3[l@(x)]-

This proves the second inequality of (5.124). a

Corollary 5.20. Let I' > 4, o € (0,2[|A|7Y], x € 25, and

I*(x)"e(x) < B, (5.127)

where the reduced free gradient ¢(x) = @ (x) is defined by (5.85).
Then the vector' y = x — a@(x) satisfies

" el < 1861 (5128)

Proof. Inequality (5.128) holds trivially for I' = 4. For I' > 4, using in se-
quence (5.124), ||@(2)|* < @(x)Tp(x), twice (5.127), and (5.124), we get

1B = 1B = 4l = 1B(x)]] - 4\/95T(X)<P(X) > (1L=4r H[IB)]

> (0= /&0 > ' el (5.129)

O
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Theorem 5.21. Let {x*} denote the sequence generated by Algorithm 5.7
with

x" e Qp, I'>3 (W(A) +4) , and a € (0,2]A]7Y]. (5.130)

Then there is k > 0 such that x* = X.

Proof. Let x* be generated by Algorithm 5.7 and let I satisfy (5.130). Let
ko be that of Lemma 5.17 and let k > ko be such that x* is not strictly
proportional, i.e., I'2@, (x*)Tp(x*) < ||B(x*)||%. Then by Corollary 5.20 the
vector y = x* — ap(x¥) satisfies

Il < 18yl (5.131)

with
I = (I —4)/3>/k(A).

Moreover, y € {25, and by Lemma 5.17 and definition of y
A®) 2 Aly) 2 A(x*") 2 B(x") 2 B(X). (5.132)
It follows by Lemma 5.4 that the vector z =y — ||A||7*3(y) satisfies
f(z) <min{f(x): x €Wz} (5.133)
with Z = A(y). Since 7 satisfies by (5.132) A(X) 2 Z D B(X), we have also
f®) = min{f(x) : x € 25} = min{f(x) : x € Wr}. (5.134)

However, z € 25, so that (5.134) contradicts (5.133). Thus all x* are strictly
proportional for k > kg, so that

A(xM) € A(xFety C L.

Using the finite termination property of the conjugate gradient method, we
conclude that there is k > ko such that X = x*. O

Let us recall that the finite termination property of the MPRGP algorithm
with a dual degenerate solution and

a € (0,]|A[ 7]

has been proved for
r>2 (\//@(A) + 1) .

For the details see Dostél [74].
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5.9 Implementation of MPRGP with Optional
Modifications

In this section, we describe Algorithm 5.7 in the form that is convenient for
implementation. We include also some modifications that may be used to
improve its performance. Implementation of Algorithm 5.6 is similar.

5.9.1 Expansion Step with Feasible Half-Step

To improve the efficiency of the expansion step, we can use the trial conjugate
gradient direction p* which is generated before the expansion step is invoked.
We propose to generate first

M2 =xF —appf and ght: =gt — asAp”,
where the feasible steplength o for pF is defined by

ap =max{a: x" —ap® € Qp} = min {(&} —6)/p}, p; >0},

and then define ) )
D (x’”z — ago(x’”z)) .

The half-step is illustrated in Fig. 5.17. Such modification does not require
any additional matrix—vector multiplication and the estimate (5.93) remains
valid as f(xF*2) — f(x*) < 0 and

FOE) = &) < (P = £ + £ = F(R)
<nr (f(x") - f(R).

Fig. 5.17. Feasible half-step
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5.9.2 MPRGP Algorithm

Now we are ready to give the details of the implementation of the MPRGP
algorithm which was briefly described in the form suitable for analysis as
Algorithm 5.7. To preserve readability, we do not distinguish generations of
variables by indices unless it is convenient for further reference.

Algorithm 5.8. Modified proportioning with reduced gradient projections
(MPRGP).

Given a symmetric positive definite matriz A of the order n, n-vectors b, £,
2p={x: x>£},x° € 25.
Step 0. {Initialization.}
Choose I' > 0, o € (0,2||A|| 7], set k=0, g = Ax’ — b, p = ¢(x°)
while ||g” (x")|| is not small
if B(x")[12 < I2@(x) T (x")
Step 1. {Proportional x". Trial conjugate gradient step.}
ocg =8 P/P AP, ¥y =x" — acp
ar =max{a: x* —ap € N} = min{(zF — ;) /p; : pi > 0}
if acg < ay
Step 2. { Conjugate gradient step.}
X" =y, g=g— acAp,
B=¢(y)"Ap/p"Ap, P = ¢(y) — Bp
else
Step 3. { Ezpansion step.}

xk*3 = x* —asp, g =g — asAp
X = Po, (X2 — ap(x12))
g =Ax"""—b, p=px"t)
end if
else

Step 4. { Proportioning step.}
d = 3(x"), ac, =gTd/dTAd

XM =x" —agd, g =g —acAd, p=p(x"t)
end if
E=k+1
end while
Step 5. {Return (possibly inezact) solution.}
X =x*

In our description, we denote by @(x) = @,(x) the reduced free gradi-
ent defined by (5.85). Let us recall that by Proposition 5.12 the algorithm
converges for any « € (0,2]|A||71] and by Theorem 5.14 its R-linear rate of
convergence is guaranteed for a € (0, 2||A[| 7).



206 5 Bound Constrained Minimization
5.9.3 Unfeasible MPRGP

The “global” bound on the rate of convergence of the CG method guaranteed
by Theorem 3.2 indicates that MPRGP converges fast when it generates long
chains of CG iterations. Thus it may be advantageous to continue the CG
iterations when the trial CG step is unfeasible. The modification of MPRGP
proposed here is based on the observation that the convergence of MPRGP is
preserved when we insert between the last feasible iteration and the expansion
step a finite number of unfeasible iterates as long as { f (Pn, (x*))} decreases.
Thus if f(Po,(y)) < f(Poy(x*)), we can define x*! =y and continue the
CG iterations; otherwise we generate x**! by the modified expansion step.
The resulting monotonic MPRGP algorithm reads as follows.

Algorithm 5.9. Monotonic MPRGP.

Given a symmetric positive definite matriz A of the order n, n-vectors b, £,
Np={x: x>1£}, x? e 25.
Step 0. {Initialization.}
Choose I' > 0, o € (0,2||A|| 7], set k=10, g = Ax" — b, p = ¢(x°)
while [|g” (x*) || is not small
if 18 (x") |I” < ¢ ()" o (x*)
acg =g ' p/P AP, ¥ =x" — acp
while f (Poy(y)) < f(Pog (xk)) and
18 (x*)|I” < ¢ (xk)Tcp (x*) and ||g” (x*) || not small
Step 1. { Conjugate gradient step.}
X"l =y, g=g— acAp,
B=¢ly)"Ap/P"Ap, p=¢(y) - Bp, k=k+1
Step 2. {Trial CG step for the next iteration of the CG loop.}
acyg =g p/p Ap, y = x* —acp
end while for CG loop
end if
ify ¢ 25 and ||g” (x*) || not small
Step 3. { Exzpansion step.}
y = Pay (x*), x*"* = Pay (v — ap(y))
g=Ax"" —b, p=pEt), k=k+1
else
if 116 (x*) I > I°@ (x)
Step 4. {Proportioning step.}
d=p3(x"), g=Ax" —b, a,, =g"d/d"Ad

Tcp (xk) and ||g” (xk) || not small

M =x" —agd, g =g—acAd, p=p(x""")
k=k+1
end if
end if

end while
Step 5. {Return (possibly inezact) solution.}
x = Po, (xk)
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To see that the algorithm is well defined, namely, that p # o in Step 1, it
is enough to notice that this step is carried out when

lg” (x") | >0 and [|8(x")[? < %@ (x*)" o (x*),

where @(x) = @4(x) denotes the reduced free gradient defined by (5.85).
Thus

1B )+l (x*) >0 and 8 (x") ] < Il (x") .

It follows easily that ¢ (xk) # 0. Since

Ipll > lle (x*) Il

we have p # o. If x* is feasible, we can optionally implement the expansion
step with the feasible half-step of Sect. 5.9.1. Notice that x* is always feasible
at the beginning of the outer loop.

Each unfeasible CG step of our implementation of the monotonic MPRGP
algorithm requires two matrix—vector multiplications; the additional multipli-
cation is necessary for evaluation of the test associated with the inner CG loop.
To carry out the unfeasible CG step in one matrix—vector multiplication, we
can use that for any x,d € R™

1 1
flx+d)=f(x)+ghd+ 2dTAd < flx)+ghd+ H Al

and .
fx+d)=f(x)+gld+ 2dTAd > f(x) +gld.

For example, if x*, i =k, k+1,..., are generated in the inner CG loop of
the monotonic MPRGP algorithm, x* is feasible, and

di:PQB(yi)—xi, gi:g(yi), i=kk+1,...,

where y? is the trial CG iteration entering into the ith step, then we can use
(3.9) to evaluate f(y") without additional matrix—vector multiplication,

FO) + ()7 + AI* < £(F) (5.135)

implies
f(Pas(y") < f(x"),

and the unfeasible iterates x**! = y? which satisfy (5.135) can be accepted.
Thus we can use (5.135) to modify the test at the beginning of the CG loop
of Algorithm 5.9 so that the resulting semimonotonic MPRGP algorithm
generates a converging sequence of iterates that are evaluated at one matriz—
vector multiplication.

Using the lower bound on f(x%), it is possible to develop a test applicable
to unfeasible x*. The modifications presented in this section are closely related
to the semismooth Newton methods.
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5.9.4 Choice of Parameters

Our experience indicates that MPRGP is not sensitive to I" as long as I" ~ 1.
Since I' = 1 minimizes the upper bound on the rate of convergence and
guarantees that the CG steps reduce directly the larger of the two components
of the projected gradient, we can expect good efficiency with this value.

The choice of « requires an estimate of ||A||. If the entries of A are available,
we can use ||A]| < [|Al|« to define o = 2||A[|3} which guarantees convergence.
If this is not the case, or if ||A]|~ gives a poor upper bound on ||Al|, then we
can carry out a few, e.g., five, iterations of the following power method.

Algorithm 5.10. Power method for the estimate of ||A||.

Given a symmetric positive definite matriz A € R™ "™, returns A =~ ||A]|.
Choose x € R™ such that x # o, niy > 1

for i =1,2,...,ni
y=Ax, x=|y| 'y

end for

A= ||Ax||

Alternatively, we can use the Lanczos method (see, e.g., Golub and van
Loan [103]). We can conveniently enhance the Lanczos method into the con-
jugate gradient loop of the MPRGP algorithm by defining

qi = o) e(x"), i=0,....p,

where o (x*) and ¢ (x**?) are the free gradients at respectively the initial and
the ith iterate in one CG loop. Then we can estimate ||A|| by evaluation of
the /s-norm of the tridiagonal matrix

T=Q"AQ, Q=lqo,...,qp)

Though these methods typically give only a lower bound A on the norm
of ||A||, the choice like a = 1.8 A1 is often sufficient in practice. The decrease
of f can be achieved more reliably by initializing o = 2(b” Ab)~!||b||? and by
inserting the following piece of code into the expansion step:

Algorithm 5.11. Modification of the steplength of the expansion step.

A piece of code to be inserted at the end of the expansion step of Algorithm 5.8.
if £ (Pay, (X)) > f(x*)
a = «a/2 and repeat the expansion step
end if
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The modified algorithm can outperform that with oo = [|A[|~1; the longer
steps in an early stage of computations can be effective for identification of
the solution. We observed a good performance with « close to, but not greater
than 2||A||~", near a%" which minimizes the coefficient 7z of the Euclidean
contraction (5.36). Notice that Theorem 5.14 guarantees that the inserted
loop of Algorithm 5.11 reduces the steplength in a small number of steps.

5.9.5 Dynamic Release Coefficient

The estimates given by Lemma 5.4 and Theorem 5.21 indicate that the value
of I' = 1, which gives the best upper bound on the rate of convergence of
the MPRGP algorithm, may be too small to exclude repeated exploitation of
any face. On the other hand, while discussing the original Polyak algorithm
in Sect. 5.4, we have already expressed doubts that it is efficient to carry out
the minimization in face to a high precision, especially in the early stage of
computations, when we are far from the solution.

To accommodate these contradicting requirements, let us return to the
description of the MPRGP algorithm in Sect. 5.8 and replace in its kth step
the release coefficient I" by Iy, so that it can change from iteration to iteration.
For example, we shall now say that the iterate x* is strictly proportional if

1B < TEG(")T o(x"). (5.136)

Repeating the arguments of the proof of Theorem 5.14, we can prove its
following modification:

Theorem 5.22. Let I'yax > I'min denote given positive numbers, let {I;}
denote a given sequence such that I'nax > Ik > Imin, let Amin denote the
smallest eigenvalue of A, and let {x*} denote the sequence generated by Algo-
rithm 5.7 with o € (0,2[|A|| 7] and I" replaced in the kth step by I'.

Then the error in the A-norm is bounded by

Ix* = %I < 2nry . on (F(x°) = (X)) < 20p (f(x°) = (%), (5.137)
where X denotes the unique solution of (5.1),

a)\min a)\min

9+ or? "F’“Zl_ﬁ+ﬁf,§’ (5.138)

nr=1
¥ = 2max{«a/2,1}, I'= maX{FmaX,Fn_liln}, Iy = maX{Fk,Fk_l}.

This definition opens room for implementation of heuristics that can be
useful in some specific cases. Typically, the series of release coefficients {I}}
is defined by a suitable function of ||g” (x*)||. For example, specification

1 for ||gf(x¥)|| > 10e,
2(y/k(A)+1) for |gP(x*)| < 10e

guarantees both favorable bound on the rate of convergence in the early stage
of computation and the finite termination property.

a=|A|"!' and I} = {
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5.10 Preconditioning

A natural way to improve the performance of the conjugate gradient-based
methods is to apply the preconditioning described in Sect. 3.6. However, the
application of preconditioning requires some care, as the preconditioning trans-
forms the variables, turning the bound constraints into more general inequality
constraints. In this section we present two strategies which preserve the bound
constraints.

5.10.1 Preconditioning in Face

Probably the most straightforward preconditioning strategy which preserves
the bound constraints is the preconditioning applied to the diagonal block
Arr of the Hessian matrix A in the conjugate gradient loop which minimizes
the cost function f in the face defined by a free set F. Such preconditioning
requires that we are able to define for each diagonal block Ar# a regular ma-
trix M(F) which satisfies the following two conditions. First, we require that
M(F) approximates Azx so that the convergence of the conjugate gradients
method is significantly accelerated. The second condition requires that the
solution of the system
M(F)x =y

can be obtained easily. The preconditioners M(F) can be generated, e.g., by
any of the methods described in Sect. 3.6.

Though the performance of the algorithm can be considerably improved
by the preconditioning, preconditioning in face does not result in the improved
bound on rate of convergence. The reason is that such preconditioning affects
only the feasible conjugate gradient step, leaving the expansion and the pro-
portioning steps without any preconditioning.

In probably the first application of preconditioning to the solution of bound
constrained problems [157], O’Leary considered two simple methods which can
be used to obtain the preconditioner for Az# from the preconditioner M which
approximates A, namely,

M(F)=Mzr and M(F) = LrrLL,,

where L denotes the factor of the Cholesky factorization M = LL”. It can be
proved that whichever method of the preconditioning is used, the convergence
bound for the conjugate gradient algorithm applied to the subproblems is at
least as good as that of the conjugate gradient method applied to the original
matrix [157].

To describe the MPRGP algorithm with the preconditioning in face, let us
assume that we are given the preconditioner M(F) for each set of indices F,
and let us denote Fj, = F(x*) and A, = A(x*) for each vector x* € 2p.
To simplify the description of the algorithm, let M denote the preconditioner
corresponding to the face defined by Fj padded with zeros so that
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[Mk]ff = M(F%), [Mk]AA =0, [Mk]A}' = [Mk]gA =0,

and recall that ML denotes the Moore—Penrose generalized inverse of My which
is defined by

Mi]zr =M(F) ™' MHaa =0, Mf]ar=M[]%,=0.
In particular, it follows that
Mig(x") = Mfp(x").

The MPRGP algorithm with preconditioning in face reads as follows.

Algorithm 5.12. MPRGP with preconditioning in face.

Given a symmetric positive definite matriz A of the order n, n-vectors b, £,
2p={xcR": x>4¥}; choosex’ € 2p, T' >0, ac (0,2]|A|""], and the rule
which assigns to each x® € Qp the preconditioner My, which is SPD in the face
defined by F(x").
Step 0. {Initialization.}
Set k=0, g =Ax" — Db, z:l\/lgg, P=2z
while ||g” (x")|| is not small
if B(x")[12 < I2@(x) T (x")
Step 1. {Proportional x". Trial conjugate gradient step.}
acg =2"g/p Ap, y = x* — aep
ar =max{a: x* —ap € 2} = min{(zF — ;) /p; : pi >0}
if acg < ay
Step 2. { Conjugate gradient step.}
x"' =y, g=g—a,Ap, z=Mlg
B=z"Ap/p"Ap, p=1z—fp
else
Step 3. { Ezpansion step.}
x"*2 =x" —asp, g =g — asAp
xFH = pg xkt2 — acp(x’”é))

k“—b, z:MLHg, P=2z

g = Ax
end if
else
Step 4. {Proportioning step.}
d =pB(x"), ac, = g¥d/d*Ad
xFHl = xk — acgd, g =g —acyAd, z = I\/ILHg, pP=2z
end if
k=k+1
end while
Step 5. {Return (possibly inexact) solution.}
= k

X=X
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5.10.2 Preconditioning by Conjugate Projector

Let 1 < m < n and let the vector of bounds satisfy
b1 = —00, ..., L, = —00,

so that problem (5.1) is only partially constrained and the feasible set can be
described by

p={xeR": x>z}, T={1,....,m}. (5.139)

Here we show that such partially constrained problems can be preconditioned
by the conjugate projector of Sect. 3.7 and that it is possible to give an im-
proved bound on the rate of convergence of the preconditioned problem.

Let us assume that U/ is the subspace spanned by the full column rank
matrix U € R™*P of the form

_ 10 (n—m)xp
U_[V}, VeR .

As in Sect. 3.7.2, we decompose our partially constrained problem by means
of the conjugate projectors

P=UUTAU)"TUTA (5.140)

and Q =1 — P onto U and V = ImQ, respectively. Due to our special choice
of U, we get that for any x € R”

[Qx]z = x7,

and that for any y e Y and z € V, y + z € 2p if and only if z € 2. Using
(3.32), (3.33), and the observations of Sect. 3.7.3, we thus get

Join f(x) = N, fly +2) =minf(y) + min f(z)
z B

1

_ (50 - (0 : TOT T

= f(x )+z€r$%rbe(z)—f(x )+ %}‘? o2 Q" AQz —b" Qz
zz2¢7

1 T
0 3 TNT 0
= f(x") + min 2Z Q AQz+(g) Z,

zg 2L

where x° = PA™'b and go = —QTb. We have thus reduced our bound con-
strained problem (5.1) with the feasible set (5.139) to the problem

min 2 Q'AQz + (") =. (5.141)
zg >LT

The following lemma shows that the above problem can be solved by the
MPRGP algorithm.
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Lemma 5.23. Let z',z%,... be generated by the MPRGP algorithm for the
problem

1
min 2ZTQTAQZ + (gO)T z (5.142)

zz>01

starting from z° = Pq, (go). Then zF € AV, k=0,1,2,....

Proof. First observe that since AV is orthogonal to U and dim AV = dim V), it
follows that AV is the orthogonal complement of &/. Thus AV is not only an
invariant subspace of Q, but it is also an invariant subspace of Pp,,,. Moreover,
it also follows that AV contains the set Vy C R™ of all the vectors of R™ padded
with zeros,

Vo={x€eR": xy=0, J={m+1,...,n}}.

More formally,
Po, (AV) CAY and Vy C AV. (5.143)

Let us now recall that by (3.33) g° € ImQ” and by (3.35) ImQT = AV, so
that g € AV. Using the definition of z° and (5.143), we have z° € AV.
To finish the proof by induction, let us assume that z* € AV. Since

gk _ QTAQZk _ QTb —_ AQZk 4 g07

we have g¥ € AV. We shall use this simple observation to examine separately
the three possible steps of the MPRGP algorithm of Sect. 5.8.1 that can be
used to generate zF*1.

Let us first assume that z"t!

is generated by the proportioning step. Then
ZFtl = 2F — acgﬁ(zk).

Using the definition of the chopped gradient, it is rather easy to check that
B(z*) € Vy. Since Vo C AV, AV is a subspace of R", and z¥ € AV by the
assumptions, this proves that z**! € AV when it is generated by the propor-
tioning step.

Before examining the other two steps, observe that ¢(z*) — gF € Vy, so
that

p(z") = (p(z") —g") +g" e AV.
Thus
2" — ap(z") € AV

for any a € R. Using the first inclusion of (5.143), we get that
Pg, (2" — ap(2")) € AV

for any a of Algorithm 5.8. This proves that z*+t! € AV for z*+! generated by

the expansion step. To finish the proof, observe that the conjugate direction

p" is either equal to ¢(z"), or it is defined by the recurrence (see (5.15))
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pFtl = (z*) — pp” starting from the restart p**! = (z°). In any case,
pF € AV. Since we assume that z¥ € AV and the iterate z**! generated
by the conjugate gradient step is a linear combination of zF and p”, this
completes the proof. O

It follows that we can obtain the correction z which solves the auxiliary
problem by the standard MPRGP algorithm. Since the iterations are reduced
to the subspace, the projector preconditions all three types of steps and we
can give an improved bound on the rate of convergence. The solution X of
the bound constrained problem (5.1) with the feasible set (5.139) can be
expressed by X = x° + Z. For convenience of the reader, we give here the
complete algorithm for the solution of the preconditioned problem (5.142).

Algorithm 5.13. MPRGP projection preconditioning correction.

Given a symmetric positive definite matriz A of the order n and b, £ € R™; choose
a full column rank matriz U € R™ ™, g = —QTb, x° = PA™'b, 2° = Py, (g°),
I'>0, and o € (0,2||AQ|™"], where P is defined by (5.140) and Q =1 — P.
Step 0. {Initialization.}
Set k=0, g =AQz" +g°, p = (%)
while ||g” (z")|| is not small
if 18(zM)I° < T23(2) ()
Step 1. {Proportional z". Trial conjugate gradient step.}
ocg =g P/PTAQP, ¥ =2 — acgp
ay =max{a: zF —ap € 25} = min{(zF — £;)/p; : p;i > 0}
if acg < ay
Step 2. { Conjugate gradient step.}
2" =y, g=g—a,AQp
8= ¢(y)"AQp/pTAQP, p = ¢(y) - Op

else
Step 3. { Ezpansion step.}
22 = 7" —asp, g =g — asAQp

2" = P, (2" 2 — ap(ah2))
g =AQz""" +g° p=op(z""")
end if
else
Step 4. {Proportioning step.}
d =B(z"), ac, =g'd/dTAQd
2" =2 —ad, g =g — @ AQd, p = ¢(z
end if
k=k+1
end while
Step 5. {Return (possibly inezact) solution.}
Xx=z"4+x°

k+1)
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To describe the improved bound on the rate of convergence, let us denote,
as in Sect. 3.7.4, the gap
7= [[Rau — Re|

between AU and the m-dimensional subspace £ spanned by the eigenvectors
corresponding to the m smallest eigenvalues

)\n—m+1 Z et Z Amin

of A, so that the smallest nonzero eigenvalue Ami, of QT AQ satisfies by The-
orem 3.6

Amin > \/(1 —A)NE_ L+ A2 > Ain. (5.144)
Recall that by (3.36) and AQ = QTAQ
[AQ < [|A]l.

Theorem 5.24. Let {z*} denote the sequence generated by Algorithm 5.7
for problem (5.142) with o € (0,2||AQ|| Y] and I' > 0 starting from z° =
Pq, (g"). Let us denote

foale) = ya"QTAQs + ()77,

Then
fo.a(#h) = fo.a(@) < nr (foa(z") — foo(@)) (5.145)
where
nr=1- G Amin . D=max{, '}, (5.146)
U+ 91?2
9 = 2max{a|Al,1}, @ = min{a,2||A|"! —a}, (5.147)

and Amin denote the least nonzero eigenvalue of QT AQ which satisfies (5.144).

Proof. 1t is enough to combine Theorem 5.14 with the bounds given by The-
orem 3.6. O

The efficiency of preconditioning by conjugate projector depends on the
choice of the matrix U whose columns span the subspace which should approx-
imate an invariant subspace spanned by the eigenvectors which correspond to
small eigenvalues of A. For the minimization problems arising from the dis-
cretization of variational inequalities, U is typically obtained by aggregation
of variables using geometrical information or from the coarse discretization,
as in the multigrid methods. A numerical example is given in the next section.
For references on related topics see Sect. 5.12.
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5.11 Numerical Experiments

Here we illustrate the performance of some CG-based algorithms for the bound
constrained problem (5.1) on minimization of the cost functions f, 5, and frw
introduced in Sect. 3.10 subject to bound constraints. All the computations
are carried out with I' = 1 and x" = o.

5.11.1 Polyak, MPRGP, and Preconditioned MPRGP

Let us first compare the performance of the CG-based algorithms presented
in this chapter on minimization of the quadratic function fr, , defined by the
discretization parameter h (see page 98) subject to the boundary obstacle £
defined by the upper part of the circle with the radius R = 1 and the center
S =(1,0.5,—1.3). The boundary obstacle is placed under I, =1 x [0, 1]. Our
benchmark is described in more detail in Sect. 7.1; its solution is in Fig. 7.4.
Recall that the Hessian Ay, ;, of f, 5 is ill conditioned with x(Ar, ) ~ h™2.

10 : .
" ~ MPRGP
--- MPRGP-CP
102 \‘». ;;-:\:.V.n""‘l --- Polyak
W EE ~
S0
o A} ‘\
107 S TN
-8 ' -
10 ‘ ‘ ‘ ‘
0 50 100 150 200 250

CG iterations

Fig. 5.18. Convergence of Polyak, MPRGP, and MPRGP-CP algorithms

The graph of the norm of the projected gradient (vertical axis) against the
numbers of matrix—vector multiplications (horizontal axis) for Algorithm 5.2
(Polyak), Algorithm 5.8 (MPRGP), and MPRGP with preconditioning by the
conjugate projector (MPRGP-CP) is in Fig. 5.18. The results were obtained
with A = 1/32, which corresponds to n = 1056 unknowns. The conjugate
projector was defined by the aggregation of variables in the squares with 8 x 8
variables as in Sect. 3.10.1, so that the matrix U has 16 columns. We can see
not only that the MPRGP algorithm outperforms Polyak’s algorithm, but also
that the performance of MPRGP can be considerably improved by precondi-
tioning. The difference between the Polyak and basic MPRGP algorithms is
small due to the choice of £ which makes identification of the active set easy;
most iterations of both algorithms were CG steps. The picture can completely
change for different £ as documented in Dostdl and Schéberl [74].
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5.11.2 Numerical Demonstration of Optimality

To illustrate the concept of optimality, let us consider the class of problems
to minimize the quadratic function frw 5 (see page 99) subject to the bound
constraints defined by the obstacle as above. The class of problems can be
given a mechanical interpretation associated to the expanding spring systems
on Winkler’s foundation. The spectrum of the Hessian Arw n of fruw,n is lo-
cated in the interval [2,10]. Moreover, £ < o, so that the assumptions of
Theorem 5.16 are satisfied.

CG iterations

10° 10° 10 10° 10°
dimension

Fig. 5.19. Scalability of MPRGP algorithm

In Fig. 5.19, we can see the numbers of the CG iterations k, (vertical
axis) that were necessary to reduce the norm of the projected gradient by
1076 for the problems with the dimension n ranging from 100 to 1000000.
The dimension n on the horizontal axis is in the logarithmic scale. We can
see that k, varies mildly with varying n, in agreement with Theorem 5.16.
Moreover, since the cost of the matrix—vector multiplications is in our case
proportional to the dimension n of the matrix Apw p, it follows that the cost
of the solution is also proportional to n.

The purpose of the above numerical experiment was just to illustrate the
concept of optimality. Realistic classes of problems arise from application of
the discretization schemes, such as the finite element method, boundary el-
ement method, finite differences, etc., to the elliptic boundary variational
inequalities, such as those arising in contact problems of elasticity, in combi-
nation with a suitable preconditioning scheme, such as FETI-DP or BETI-
DP. An optimal algorithm for the solution of the class of problems arising
from the finite element discretization of a model variational inequality with
the FETI-DP preconditioning can be found in Chap. 7. More comprehensive
related discussion and references can be found in the next section.
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5.12 Comments and References

Since the conjugate gradient method was introduced in the celebrated pa-
per by Hestenes and Stiefel [117] as a method for the solution of systems of
linear equations, it seems that Polyak [159] was the first researcher who pro-
posed to use the conjugate gradient method to minimize the quadratic cost
function subject to bound constraints. Though Polyak assumed the auxiliary
problems to be solved exactly, O'Leary [157] observed that this assumption
can be replaced by refining the accuracy in the process of solution. In this
way she managed to reduce the number of iterations to about a half as com-
pared with the algorithm using the exact solution. The effective theoretically
supported strategies for adaptive precision control were presented indepen-
dently by Friedlander and Martinez with their collaborators [94, 95, 96, 14],
and Dostdl [41, 42]. Our exposition of inexact Polyak algorithms is based on
Dostal [41, 43]. Comprehensive experiments and tests of heuristics can be
found in Diniz-Ehrhardt, Gomes-Ruggiero, and Santos [34]. The research was
not limited to the convex problems, see also Diniz-Ehrhardt et al. [33].

Many authors fought with an unpleasant consequence of the Polyak strat-
egy which yields a lower bound on the number of iterations in terms of the
difference between the numbers of the active constraints in the initial approx-
imation and the solution. Dembo and Tulowitzski [30] proposed the conjugate
gradient projection algorithm which could add and drop many constraints in
an iteration. Later Yang and Tolle [183] further developed this algorithm with
backtracking so that they were able to prove its finite termination property.

An important step forward was development of algorithms with a rigor-
ous convergence theory. On the basis of the results of Calamai and Moré [20],
Moré and Toraldo [153] proposed an algorithm that also exploits the conjugate
gradients and projections, but its convergence is driven by the gradient pro-
jections with the steplength satisfying the sufficient decrease condition. The
steplength is found, as in earlier algorithms, by possibly expensive backtrack-
ing. In spite of iterative basis of their algorithm, the authors proved that their
algorithm preserved the finite termination property of the original algorithm
provided the solution satisfies the strict complementarity condition. Fried-
lander, Martinez, Dostéal, and their collaborators combined this result with
inexact solution of auxiliary problems [94, 95, 96, 14, 33, 41, 42]. The concept
of proportioning algorithm as presented here was introduced by Dostél in [42].
The convergence of the proportioning algorithm was driven by the proportion-
ing step, leaving more room for the heuristic implementation of projections as
compared with Moré and Toraldo [153]. The heuristics for implementation of
the proportioning algorithm of Dostél [42] can be applied also to the MPRGP
algorithm of Sect. 5.8.

The common drawbacks of all the above-mentioned strategies were pos-
sible backtracking in search of the gradient projection step and the lack of
results on the rate of convergence. A key to further progress were the results
by Schéberl [165, 166], who found the bound on the rate of convergence of the
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cost function in the energy norm for the gradient projection method with the
fixed steplength o € (0, ||A[|~!] in terms of the spectral condition number of
the Hessian matrix. It was observed later by Dostdl [45] that this nice result
can be plugged into the proportioning algorithm to get a similar result, but
with the algorithm which can carry out more efficiently the unconstrained
steps. The estimates were extended to a € (0,2||A||~!] by Dostal [51] (gra-
dient projection) and Dostdl, Domorddovd, and Sadowskd [52] (MPRGP). In
our exposition of the MPRGP algorithm, we follow Dostél and Schéberl [74],
Dostal [51], and Dostél, Domoradové, and Sadowské [52]. Let us recall that
the linear rate of convergence of the cost function for the gradient projection
method was proved earlier even for more general problems by Luo and Tseng
[146], but they did not make any attempt to specify the constants. Notice
that the bound on the coefficient of contraction of the gradient projections in
the Euclidean norm is a standard result [12]. The gradient projections were
exploited also in the algorithms for more general bound constrained problems,
see, e.g., Hager and Zhang [115]. Kucera [138] later modified the algorithm
to the minimization of quadratic function subject to separated quadratic con-
straints.

The attempts to enhance unfeasible iterations into the active set-based
methods are usually motivated by an effort to expand effectively the active
set, especially in the early stage of computation. Of course, the problem is not
how to expand the active set, but how to expand it properly. Our monotonic
MPRGP algorithm introduced in Sect. 5.9.3 implements a natural heuristics
that any decrease direction is acceptable when we want to expand the active
set provided the decrease of the cost function in the unfeasible direction is
not surpassed by the increase due to the projection to the feasible set. The
algorithm can be considered as a special class of the semismooth Newton
method with a globalization strategy. For the semismooth Newton algorithms,
see, e.g., Hintermdiller, Tto, and Kunisch [118] and Hintermdiller, Kovtumenko,
and Kunisch [119]. Recent application of Newton-type methods to the contact
problem may be found in Hiieber, Stadler, and Wohlmuth [122].

The preconditioning in face was studied by O’Leary [157]. Kornhuber
[131, 132] presented nice experimental results and convergence theory for the
solution of quadratic programming problems arising from the discretization
of boundary variational inequalities with multigrid preconditioning. See also
Kornhuber and Krause [133] and Iontcheva and Vassilevski [124]. It turned
out that the coarse grid should avoid the constrained variables as in our de-
scription of the preconditioning by a conjugate projector, see Domoradova
and Dostdl [36]. The first implementation of the latter idea can be found in
Domoradova [35]. Dostal, Hordk, and Stefanica combined the MPRGP algo-
rithm with the FETI-DP domain decomposition method to develop a scalable
algorithm for the solution of a boundary variational inequality [70]. For ap-
plication to contact problems with friction see Dostdl and Vondrak [75] and
Dostal, Haslinger, and Kucera [63]. A discussion related to application of
MPRGP in the cascade algorithm can be found in Braess [16].
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Let us finish with a few comments on the bounds on the rates of conver-
gence presented in Sect. 5.6 on the gradient projection method, in Sect. 5.7
on MPGP, and in Sect. 5.8 on MPRGP. Since the coefficient of the Euclidean
contraction ng and the coefficient 77¢ of the reduction of the cost function for
the gradient projection step with the fixed steplength are smaller than the
coefficient of reduction of the cost function np for MPGP and MPRGP, one
can doubt superiority of the latter algorithms. However, such doubts are not
substantiated. The point is that our estimates are based on the analysis of the
worst case for isolated iterations and do not take into account the “global”
performance of the conjugate gradient method, which dominates whenever
a few consecutive conjugate gradient iterations are carried out; this feature
of the CG method is captured by Theorem 3.2. Such global performance is
partly captured by our finite termination results and, in the case of MPRGP,
also by the result on the rate of convergence of the projected gradient.
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Bound and Equality Constrained Minimization

We shall now combine the results of our previous investigation to develop
efficient algorithms for the bound and equality constrained problem

i 1
i f(x), (6.1)
where
2pp={x€eR":Bx=0 and x> ¢},
flx) = %XTAX — xTb, b and £ are given column n-vectors, A is an n X

n symmetric positive definite matrix, and B € R™*"™. We consider similar
assumptions as in previous chapters. In particular, we assume Qg # () and
admit dependent rows of B and ¢; = —oo. We assume that B # O is not
a full column rank matrix, so that KerB # {o}. Observe that more general
quadratic programming problems can be reduced to (6.1) by duality, a suitable
shift of variables, or modification of f.

If we compare the bound and equality constrained problem (6.1) with the
bound constrained problem (5.1) of the previous chapter, we can see that
the feasible set of (6.1) is more complicated than that of (5.1). For example,
the evaluation of the Euclidean projection to the feasible set, one of the key
ingredients of the algorithms of the previous section, is not tractable any
more. The equality constraints complicate also the implementation of other
ingredients of the algorithms developed in previous chapters.

The main idea of the algorithm that we develop in this chapter is to treat
both sets of constraints, the equalities and the bound constraints, separately.
This approach enables us to use the ingredients of the algorithms developed in
the previous chapters, such as the precision control of the auxiliary problems
and the update rule for the penalty parameter. We restrict our attention to
the SMALBE (SemiMonotonic Augmented Lagrangian algorithm for Bound
and Equality constraints) which will be proved to have similar optimality
properties as SMALE of Sect. 4.6.1.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 6,
(© Springer Science+Business Media, LLC 2009
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6.1 Review of the Methods
for Bound and Equality Constrained Problems

Probably the most simple way to reduce the bound and equality constrained
quadratic programming problem (6.1) to the bound constrained one is to en-
hance the equality constraints into the objective function by adding a suitable
term which penalizes the violation of the equality constraints, i.e., replacing
(6.1) by

min £y, folx) = £+ B,

The resulting bound constrained problem can then be solved by any algorithm
for bound constrained problems introduced in Chap. 5. The penalty approx-
imation of the equality constraints can be very efficient for well-conditioned
problems; it was used in the development of scalable FETI-based algorithms
for the solution of elliptic boundary variational inequalities (see Dostédl and
Hordk [66, 65]). As for the equality constrained problems, we can get the
approximation of the Lagrange multipliers

A = oBx.

If only a part of variables is bound constrained, then it may be possible
to reduce the bound and equality constrained problem (6.1) to the bound
constrained problem by eliminating some variables. Then most of the methods
reviewed in Sect. 5.1 can be adapted to the solution of problem (6.1).

A special structure of (6.1) can be exploited by a modification of the orig-
inal Polyak algorithm 5.2 provided the dimension of problem (6.1) is not too
large and we are able to find a feasible initial approximation x°. The con-
jugate gradient iterates are forced to stay in the feasible region by means
of orthogonal projectors to the intersection of the current working face and
KerB. The Polyak scheme can be modified for the solution of more general
equality and inequality constrained problems; the details can be found, e.g.,
in Pshenichny and Danilin [161, Chap. III]. Since the modified Polyak algo-
rithm is not compatible with application of nonlinear projectors and effective
adaptive precision control, there are no results on its rate of convergence.

Problem (6.1) can also be reduced to the problem with quadratic equality
constraints by observing that the inequality g(x) < 0 is equivalent to g(x) +
t2 = 0 (see [11]). Though simple and straightforward from the theoretical
point of view, the latter approach does not seem to be able to exploit fully
the specific structure of quadratic programming problems as it transforms
the strictly convex problems with linear constraints to more general problems
with the quadratic constraints.
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6.2 SMALBE Algorithm for Bound and Equality
Constraints

The basic idea of the augmented Lagrangian method for the equality con-
straints as presented in Sect. 4.3 was based on general observations which
remain valid even if the inner auxiliary problems are minimized with respect
to some other constraints. This suggests to modify the augmented Lagrangian
method so that the bound constrained problems are solved in the inner loop.
The idea goes back to Conn, Gould, and Toint [26, 27], who proposed an
algorithm for the solution of more general problems that generates the La-
grange multipliers for the equality constraints in the outer loop while solving
the auxiliary bound constrained problems in the inner loop.

6.2.1 KKT Conditions and Projected Gradient

Since 2pg is closed and convex and f is assumed to be strictly convex, the
solution of problem (6.1) exists and is necessarily unique by Proposition 2.5.
The special form of the feasible set {255 enables us to use a specific form of
the KKT conditions (2.81) which fully determine the unique solution of (6.1).
Enhancing the equality constraints into the Lagrangian

1
Lix, A 0) = x"Ax—x"b+B A+ §||Bx||2,
we can easily express the KKT conditions for (6.1) by means of its gradient
g=8(xA 0 =VL(x,A0) = (A+¢B"B)x —b+B"A.

Using (2.81), we get that a feasible vector x € 2pg is the solution of (6.1) if
and only if
g>o and gl(x—4£)=0,

or equivalently
gl =o. (6.2)

6.2.2 SMALBE Algorithm

The following algorithm is a modification of the SMALE algorithm of Sect. 4.6.1.
The only difference is that the SMALBE algorithm solves the bound con-
strained problems in the inner loop with the precision controlled by the Eu-
clidean norm of the projected gradients. As compared with the original algo-
rithm proposed by Conn, Gould, and Toint [26, 27], the SMALBE algorithm
differs in the adaptive precision control introduced by Dostal, Friedlander,
and Santos [57] and in the control of the regularization parameter ¢ that was
introduced by Dostal [49]. The complete SMALBE algorithm reads as follows.
In Step 1 we can use any algorithm for minimizing the strictly convex
quadratic function subject to bound constraints as long as it guarantees the



224 6 Bound and Equality Constrained Minimization

Algorithm 6.1. Semimonotonic augmented Lagrangians (SMALBE).

Given a symmetric positive definite matriz A € R™*™, B € R™*", n-vectors b, £.
Step 0. {Initialization.}
Choosen >0, 3>1, M >0, go >0, A\° ¢ R™
for £ =0,1,2,...
Step 1. {Inner iteration with adaptive precision control.}
Find x* > £ such that

Ig” (x*, A", ox)|| < min{M||Bx"|,n} (6.3)

Step 2. { Updating the Lagrange multipliers.}

AL = AF 4 g BxF (6.4)
Step 3. {Update o provided the increase of the Lagrangian is not sufficient.}
if £ >0 and
LM A%, 00) < LKL o) + 4 (1B (6.5)
Or+1 = Bok
else
Ok+1 = Qk
end if
end for

convergence of the projected gradient to zero, such as the MPGP of Sect. 5.7
the MPRGP algorithm of Sect. 5.8. The next lemma shows that Algorithm 6.1
is well defined, that is, any algorithm for the solution of the auxiliary problem
required in Step 1 which guarantees the convergence of the projected gradient
to zero generates either x* which satisfies (6.3) in a finite number of steps or
approximations which converge to the solution of (6.1). It is also clear that
there is no hidden enforcement of exact solution in (6.3), and typically inexact
solutions of the auxiliary unconstrained problems are obtained in Step 1.
Notice that it is not enough to guarantee the convergence of the algorithm in
the inner loop. Since the projected gradient is not a continuous function, it is
necessary to guarantee that also the projected gradient converges to the zero
vector!

Lemma 6.1. Let M > 0, A € R™, 5 > 0, and o0 > 0 be given. Let {y*}
denote any sequence such that y* > £ and gP(y*, X, 0) converges to the zero
vector. Then {y*} either converges to the unique solution X of problem (6.1),
or there is an index k such that

lg” (", A, o)l < min{M]|By"|, n}. (6.6)

Proof. First notice that the sequence {y”*} converges by Lemma 5.1 to the
solution y of the problem
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: k
min L A, 0).
min L(y", A, 0)

If (6.6) does not hold for any k, then ||g”(y*, X, 0)|| > M|By*|| for any k.
Since g (y*, X, 0) converges to the zero vector by the assumption, it follows
that ||By*|| converges to zero. Thus By = o and

g”(¥. X o) = 0.

It follows that y satisfies the KKT conditions (6.2) and ¥ = X. O

Lemma 6.1 shows that it is necessary to include the stop criterion into the
procedure which implements the inner loop. See Sect. 6.10 for implementation
of the stopping criterion.

6.3 Inequalities Involving the Augmented Lagrangian

In this section we establish basic inequalities that relate the bound on the
norm of the projected gradient g of the augmented Lagrangian L to the
values of L. These inequalities are similar to those of Sect. 4.6.2 and will be
the key ingredients in the proof of convergence and other analysis concern-
ing Algorithm 6.1. We shall derive them similarly as in Sect. 4.6.2 using the
observation that for any x > £ and y > £

v —x)Tgx X o) > (y—x)"g"(x A 0).

Lemma 6.2. Let x,y,£ € R", x> £, y > £ A€R™, 0>0,n > 0, and
M > 0. Let A\pin denote the least eigenvalue of A and A = A + pBx.

(1) If

lg” (¢, X, o)l < M||Bx]|, (6.7)
then 2
Lo > LA+ (o= 30 ) IBxIP+ Sleyl (09
(ii) If
8" (. o)l <, (6.9)
then
3 0 2, 0 2 n?
L(y, A, 0) 2 L(x, A, 0) + _ [IBx[” + _ [IBy||” — : (6.10)
2 2 2Amin
(#3) If (6.9) holds and zo € 2pE, then
02
L(x A 0) < f(zo) + 5, - (6.11)
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Proof. Let us denote § =y — x and A, = A + oBTB. Using
L(x, X, 0) = L(x, A, 0) + 0| Bx[|* and g(x, X, 0) = g(x, X, 0) + 0B"Bx,

we get
~ ~ ~ 1
L(y: A 0) = L(x, X, 0) + 8" g(x, A, 0) + , 87 Agd
1
= L(x,A 0) +87g(x, X, 0) + 07 A0 + 08" BT Bx + o] Bx]*

1
> L(x, A 0) + 078" (%, A, 0) + , 07A,0 + 06" BT Bx + o] Bx|?

)\min

> L(X, A, Q) + 5TgP(Xa Aa «Q) + )

1812 + 5 B3> + 0878 Bx
+ol|Bx]*.

Noticing that
0 1% 1% 0
IByl* = _IIB(& +x)||* = 06" B Bx + _[BS|* + _ ||Bx|?,
2 2 2 2
we get

L(y, A, 0) >L(x, X, 0) + 67 g"(x, X, 0)
)\min Y o (612)
+ 16]1% + 2IIBXII2 + 2||By||2~

Using (6.7) and simple manipulations then yields

)\min 0 Y
L(y, A 0) = L(x, A, 0) = M3 [[|Bx]| + 2™ |]* + 1Bx|* + 1By

Amin M?||Bx||?
= L0 Ag)+ (82 — a1+ ML TBX
2 2Amin
M2|Bx]?
2)\min
1 M
> I A -
> L(x, A 0) + 5 (9 N

min

0 2, 0 2
B B
+ 2B + S IBy]

? 2, 0@ 2
) 18P + Sley

This proves (i).
If we assume that (6.9) holds, then by (6.12)

)\min 0 0
L(y, X 0) 2 L0c A 0) = [3lln+ 5" 18] + 211Bx|> + 2 1By

772

o 2, 0 2
> L(x, A B B — .
> Lix Ao + Bl + DBy [ —

This proves (ii).
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Finally, let z denote the solution of the auxiliary problem
minimize L(z, X, o) s.t. z > £, (6.13)

let zg € 2pE so that Bzy = o, and let d=7—x If (6.9) holds, then

0> L(z,\0) — L(x,\ 0) = (?Tg(x, A0+ ;(?TAQE

v

1ap -1 - 2
578" (x. A 0) + ,67AR = — 3]l + JAminl8]* = —
Since L(z, A, 0) < L(zo, A, 0) = f(z0), we conclude that

L(Xa)‘v Q) < L(X7A7 Q) - L(/Z\a)‘a Q) + f(ZO) < f(ZO) +

6.4 Monotonicity and Feasibility

Now we shall translate the results on the relations that are satisfied by the

augmented Lagrangian into the relations concerning the iterates generated by
Algorithm 6.1 (SMALBE).

Lemma 6.3. Let {x*}, {\*}, and {0k} be generated by Algorithm 6.1 for the
solution of (6.1) withn >0, 3> 1, M >0, go >0, and X’ € R™. Let
Amin denote the least eigenvalue of the Hessian A of the quadratic function f.
(i) If k > 0 and

ok > M?/Amin, (6.14)

then

L(Xkﬂy)\kﬂy Ok+1) > L(Xky)\k, ok) + kaﬂ HBXkHHQ- (6.15)
(i) For any k >0

L(Xk+17Ak+1a Qk-i-l) = L(Xka)‘kv Qk) + Q2k ||BXkH2

Ok+1 n? (6.16)
B k+12 _ )
oy BT

(iii) For any k > 0 and zg € 2pg

L(xk,)\k, or) < f(zo) + (6.17)

2)\min .
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Proof. In Lemma 6.2, let us substitute x = x* X = )\f, 0= or, andy = xF*1,
so that inequality (6.7) holds by (6.3), and by (6.4) XA = AF+1L.
If (6.14) holds, we get by (6.8) that

LN o) > L(x", AF, o1) + 92’“ [BxF 1|2, (6.18)
To prove (6.15), it is enough to add

9’““2_ Ok |IBx 1|2 (6.19)

to both sides of (6.18) and to notice that

LN o) = LETH AN gy) + QkHQ_ B (6.20)

Since by the definition of Step 1 of Algorithm 6.1
g (<", A", on)l| < n,
we can apply the same substitution as above to Lemma 6.2(ii) to get
L AL o) > L(xE, A%, o)

2

Ok k2 , 9k k4112 n
B B — : 21
T L EPSUNPRR CE2Y
After adding the nonnegative expression (6.19) to both sides of (6.21) and
using (6.20), we get (6.16). Similarly, inequality (6.17) results from application
of the substitution to Lemma 6.2(iii). O

Theorem 6.4. Let {x*}, {\*}, and {ox} be generated by Algorithm 6.1 for
the solution of (6.1) withn >0, 8> 1, M > 0, go > 0, and A € R™. Let
Amin denote the least eigenvalue of the Hessian A of the cost function f, and
let s > 0 denote the smallest integer such that %09 > M2/)\min, Then the
following statements hold.

(i) The sequence {o} is bounded and

ok < B%00- (6.22)
(i) If zo € Qpp, then
2

- 0
> UIBREI? < flzo) = LA 00) + (1+5),,| (6.23)
k=1 min

Proof. Let s > 0 denote the smallest integer such that 3%09 > M?/Amin
and let Z C {1,2,...} denote the possibly empty set of the indices k; such
that og, > ok;—1. Using Lemma 6.3(i), or, = Bok,—1 = [*0o for k; € Z, and
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B%00 > M?/Amin, we conclude that there is no k such that g, > (3°gg. Thus
7 has at most s elements and (6.22) holds.
By the definition of Step 3, if k£ > 0, then either k ¢ 7 and

TIBRH < Lix, A ) = LA o),
or k € 7 and by (6.16)

Ok k2 Ok—1 k—12 , 9k k2
B < B B
Bt < O B+ 4 Bt
2

< LOcH AR, o) = LM N ) +

Summing up the appropriate cases of the last two inequalities for k =1,...,n
and taking into account that Z has at most s elements, we get

2

n
. .24
2Amin (6 )

Z Q; ”BXkHQ S L(Xna)‘na Qn) - L(XO7AO7 QO) +s
k=1

To get (6.23), it is enough to replace L(x™, A", 0,,) by the upper bound (6.17).
O

6.5 Boundedness

The first step toward the proof of convergence of our SMALBE Algorithm 6.1
is to show that the iterates x* are bounded.

Lemma 6.5. Let {x*}, {\¥}, and {0k} be generated by Algorithm 6.1 for the
solution of (6.1) withn >0, 3>1, M >0, oo >0, and A° € R™. Then the
sequence {x*} is bounded.

Proof. Since there is only a finite number of different subsets F of the set of
all indices N = {1,...,n}, and {x*} is bounded if and only if {x?_.(xk)} is
bounded, we can restrict our attention to the analysis of infinite subsequences
{x% : F(x¥) = F} that are defined by the nonempty subsets F of N.

Let F C N, F # 0, let {x* : F(x*) = F} be infinite, and denote A =
N\ F. Using Lemma 6.3(i), we get that there is an integer ko such that
0k = Ok, for k > ko. Thus, for k > ko, we can denote H = A + 9, BB, so that

gk = g(xk) Aka Qk) = HXk + BT}‘k - ba
and

H]:]:Bz}— Xl_;_— _ gl_;:-f—b]:—H]:AeA (6.25)
B.r O AP B*y:Xl_;_— ' ’
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Since
B.rxjy = Bx" —B.ala, gkl = lgr(x" A% on)ll < lg” ("N, o),

and both ||g” (x*, A\*, g)|| and ||Bx*|| converge to zero by the definition of x*
in Step 1 of Algorithm 6.1 and (6.23), the right-hand side of (6.25) is bounded.
Using Lemma 2.11, we get that the matrix of the system (6.25) is regular when
B.r is a full row rank matrix. Thus both x* and A* are bounded provided
the matrix of the system (6.25) is regular.

If B,r € R™** is not a full row rank matrix, then its rank r satisfies
r < m, and by the singular value decomposition formula (1.28) there are
orthogonal matrices U = [uy,...,u,,] € R™X™ V = [vq,...,v,] € R¥*S
and the diagonal matrix S = [s;;] € R™** with the nonzero diagonal entries
s11 > 0,..., Sy > 0 such that B,» = USVZ. Thus, taking 0= [uy,...,u.],

N ~ NP
D = diag(s11,.-.,8m), and V = [vy,...,v,], we have B, = UDV , and we
can define a full row rank matrix

B.r= DV =07B.s

that satisfies éffé*f =BT.B.r and |B.rxz|| = ||B.rx£| for any vector x.
We shall assign to any A € R™ the vector

A=0Tx
so that I§£5\ = BLA. Substituting the latter identity into (6.25), we get

[Hff éff] [xﬂ _ {g’; +br —Hrala

B*}‘ O Ak B*.’FX_];:

AANT  aa N
Since B, = UDV = UB,r and U is a full column rank matrix, the latter
system is equivalent to the system

{er é’f]—':| ka} _ [gkf-ﬂzf— Hrala

B.r O || Ak B.rxk (6.26)

with a regular matrix. The right-hand side of (6.26) being bounded due to
[Birxk|| = ||Birxk||, we conclude that the set {x% : F(x*) = F} is bounded.
O

The next step is to prove that A¥ are either bounded or closely related to a
bounded sequence of auxiliary Lagrange multipliers that are not generated by
the algorithm. We split our proof into several steps to cope with the difficulties
that arise from admitting dependent rows of the constraint matrix B.

Lemma 6.6. Let {z"} denote a bounded sequence, let B € R™*™ denote a
full row rank matrixz, and let there be a sequence {Ck} such that BT¢F > 2.
Then there is a bounded sequence {C*} such that BT (F > z*.
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Proof. Let us denote e = (1,1,...,1)T and consider for a given integer k a
linear programming problem of the form

min{e”BT¢ : B¢ > 7*} (6.27)

with B and z* of the lemma. Since Ck satisfies BTCk > zF. it follows that
problem (6.27) is feasible. Moreover, observing that for any feasible &

eTBTE _ eT(BTE o Zk) + eTZk > eTZk7

we conclude that problem (6.27) is also bounded from below, so that it has
a solution &*. Using the results of the duality theory of linear programming
presented in Sect. 2.7, it follows that the dual problem

max{nTz":n >0 and Bn=e} (6.28)

is feasible and bounded from above, so that it attains its solution n* at a
vertex of the convex boundary of the feasible set of dual problem (6.28) and

(") T2* = eTBT¢".
Since the number of the vertices is finite, it follows that there is only a finite
number of different n*, so that, as {z"} is bounded, there is a constant ¢ such
that e”BT¢F = (n*)Tz* < ¢ for any integer k. Thus
IBYE |l < (IBT&" — 2"[|y + [|2" [l = " (BT€" —2") + ||2"|x
< e"BTe" +2||2"||; < ¢+ 2|2° ;.

Since {z*} is bounded and B” is a full column rank matrix, also the vectors
& are bounded and ¢* = £ satisfies the statement of the lemma. O

Lemma 6.7. Let {x*},{\*}, and {ox} be generated by Algorithm 6.1 for the
solution of (6.1) withn >0, 8> 1, M >0, go > 0, and A0 e R™. Then
there is a bounded sequence N* such that

g"(x*, A%, o) = g7 (x", AF, o). (6.29)

Proof. Let BC N, B # (), B# N be such that {x* : By(x*, A\*, o¥) = B} is

infinite, where
BO(Xk,/\k, Qk) ={ie .A(xk) : gi(xk,)\k, Qk) >0}

denotes the weakly binding set of x*, and denote C = A"\ B. Using a variant of
the Gramm—Schmidt orthogonalization process, we can find a regular matrix

R such that
B*TC R_ POO
B*TB TIQTO|”
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where P and T are full column rank matrices. Thus decomposing properly
R™IN* into the blocks R™IA* = (¢k ¢k v*)T | we get

k k
BTC] . {BTC} il [POO] £ [POO] 3
¢ | Ak = | B=¢ | RRTIAF = ¢k = ¢k | . (6.30)
{B*TB BT, QTOJ |, QToOj | %

Using Theorem 6.4(i), we get that there is an integer kg such that o = o,
for k > ko. Let us denote H = A+ 03, BTB and g* = g(x*, A\¥, o), so that for
k> ko

BTA* = b 4 gt — Hx". (6.31)

Substituting into (6.30) and using (6.31), we get that for k > ko
BIcA" = P&¢" = be + g¢ — He.x".

Since P is a full column rank matrix, ||gk| = |lg”(x*, Ak, 04|, and both x*
and g (x*, Ak, o) are bounded, it follows that &* is bounded, too. Moreover,
for k > ko and B = Bo(x*, A\¥, o), we get

BIzA" = Q€F + T¢" = bp + gl — Hp.x* > bp — Hp.x",

that is,
T¢" > bg — Hp.x" — Qg*.

Since we have just shown that £&* are bounded, and x* are bounded due to
Lemma 6.5, we can apply Lemma 6.6 to get bounded sequence ¢* such that

T¢* > bp — Hp,x® — Qe*. (6.32)

Let us now define for k > ky a bounded sequence

Ek
Ne=R | ¢k,
o
so that by (6.30)
Ek
BicA® =BIcR | {F | =Pg" =Bl A"
o
and
Ek
BIgA" =BIgR | {F | =Qg" + 7"
o

If we use (6.32) and the latter equation, we get

g5(x", A%, o) = Hp.x" — b + BIzAP = Hp.x® — b + Q¢F + T¢F > 0.
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Recalling that we assume that Bo(x*, A\*, o¥) = B, the last equation together
with
gé = gc(xka )‘ka Qk) = gg(xkv Akv Qk)
yields
gP(Xk,)\k,Qk) — gP(Xk’Xk, Qk)-

If B=( or B=N are such that {x* : By(x*, A*, o¥) = B} is infinite, we
can find the multipliers A* that satisfy the statement of our lemma by spe-
cializing the above arguments. Since there is only a finite number of different
subsets B of N, we have shown that there are the multipliers A that satisfy
the statement of our lemma for all k except possibly a finite number of indices
for which we shall define A¥ = A¥. This completes the proof. a

6.6 Convergence

Now we are ready to prove the main convergence result of this chapter. It
turns out that the convergence of the Lagrange multipliers requires additional
assumptions. To describe them effectively, let F = F(X) denote the free set
of the unique solution X. The solution X is a regular solution of (6.1) if
B.# is a full row rank matrix, and X is a range regular solution of (6.1) if
ImB = ImB, £.

Theorem 6.8. Let {x*}, {\*}, and {ox} be generated by Algorithm 6.1 for
the solution of (6.1) withn >0, 3> 1, M >0, g9 > 0, and X\° € R™. Then
the following statements hold.
(i) The sequence {x*} converges to the solution X of (6.1).
(i3) If the solution X of (6.1) is regular, then {\F} converges to the uniquely
determined vector A of Lagrange multipliers of (6.1). Moreover, if oo is suf-
ficiently large, then the convergence of both the Lagrange multipliers and the
feasibility error is linear.
(iii) If the solution X of (6.1) is range regular, then {A\*} converges to the
vector

A=As+ (I = P))\O,

where P is the orthogonal projector onto ImB = ImB,x, and Ars is the least
square Lagrange multiplier of (6.1).
Proof. Let A¥ denote the sequence of Lemma 6.7 so that it satisfies

g” (x", NF, or) = g7 (x", A%, op).

Since both x* and AF are bounded, it follows that there is a cluster point
(%,A) of the sequence (x*, \¥). Using Theorem 6.4(i), we get that there is ko
such that g = o, for k > k. Moreover, by Theorem 6.4(ii) and the definition
of Step 1 of Algorithm 6.1, BXx = o and
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g" (%A or) =" (%A, 0) =

Since X > £, X is the solution of (6.1). The solution X of (6.1) being unique,
it follows that x* converges to X = X.

Let ko be as above, and let us denote F = F(X) and H = A + 04,BTB.
Since we have just proved that {x*} converges to X, there is k; > kg such that
F C F{xF} for k > k; and

gr(x*, A", 0r) = Hrx® — by + B A
converges to zero. It follows that the sequence
BIFA" =br — Hrx" + gr(x", A", 0r)
is bounded. Moreover, if A is any vector of Lagrange multipliers, then
b =Hx+B"X
and
BIA(AF —A) = —Hr (x* — %) + g#(x", AF, op) (6.33)

converges to zero.

If the solution X of (6.1) is regular, then B is a full column rank matrix
and there is the unique Lagrange multiplier X for problem (6.1). Moreover,
since AF — A € R™ = ImB, #, it follows by (1.34) that

IBXFA" = )| = o7 X" = Al

where o7, denotes the least nonzero singular value of B, . The convergence
of the right-hand side of (6.33) to zero thus implies that A* converges to X
The proof of linear convergence of the Lagrange multipliers and the feasibility
error for large gg is technical and can be found in Dostéal, Friedlander, and
Santos [57, Theorems 5.2 and 5.5].

Let us now assume that the solution X of (6.1) is only range regular, so
that ImB,» = ImB, and let Q = | — P denote the orthogonal projector onto
KerB” = KerBT .. Using P+ Q = I, B’Q = O, and (1.34), we get

IBIr(A* = N)|| = [IBZ£(P + QA" = A)|| = [[BI-(PA* — PA)]|
PAR — Pl

mlnH

Thus PA* converges to PA, where X is a vector of Lagrange multipliers for
(6.1). Since
AP =20 4 9Bx” + -+ - + 0, Bx*

with Bx* € ImB, we get

A= (P+ QA = QA" + PAF,
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Observing that A = Aps + QA is a Lagrange multiplier for (6.1), and that
P = ALg, we get

A" = Al = [[QA” + PA* — (Ars + QA%)[| = [[PA* — PA|.

Since the right-hand side converges to zero, we conclude that A* converges to
A, which completes the proof of (iii). O

6.7 Optimality of the Outer Loop

Theorem 6.4 suggests that it is possible to give an independent of B upper
bound on the number of outer iterations of Algorithm 6.1 that are necessary
to achieve a prescribed feasibility error for a class of problems like (6.1). To
present explicitly this qualitatively new feature of Algorithm 6.1, at least as
compared to the related algorithms [57], let 7 denote any set of indices and
let for any ¢t € 7 be defined a problem

minimize fi(x) s.t. x € % (6.34)

with 2, = {x € R™ : Byx = 0o and x > 4}, fi(x) = ;x'Axx — b{x,
A; € R™*™ gymmetric positive definite, B; € R™t*™ and by, £; € R™. To
simplify our exposition, we assume that the bound constraints £; are not pos-
itive so that o € (2;. Our optimality result reads as follows.

Theorem 6.9. Let {x}},{\F}, and {011} be generated by Algorithm 6.1 for
(6.34) with |[be]| > >0, 3>1, M >0, ot0 = 00 > 0, and A} = o. Let
there be an amin > 0 such that the least eigenvalue A\min(A¢) of the Hessian A
of the quadratic function f; satisfies

Amin(At) Z Amin,
let s > 0 denote the smallest integer such that 3°py > MQ/amin, and denote

2+s

a = .
Gmin Q0

Then for each € > 0 there are indices k¢, t € T, such that
ke <a/e*+1 (6.35)
and xf‘ is an approzimate solution of (4.109) satisfying

lg” (xi* AT e )|l < Melbe]| and  ||Bixy*|| < by (6.36)
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Proof. First notice that for any index j

00J

0 min{|[B;x{|?:i=1,...,5}

0Ot, 0Ot,
<Z lH fH2<Z 1B,

Denoting by L;(x, A, ¢) the augmented Lagrangian for problem (6.34), we get
for any x € R™ and p >0

(6.37)

1 b |I?
Li(x.0.0) = s (A + 0BT B — b > L — ) =~

2 min
If we substitute this inequality and zg = o into (6.23) and use the assumption

Ibe]| > ne, we get

ZQ“H < P g 7 IR g

2amin o 2afmin
Using (6.37) and (6.38), we get

(2+)
201

00J

o mind B2 i =1} < &2|[b .

Taking for j the least integer that satisfies a/j < &2, so that
a/e? <j<ale?+1,

and denoting for any t € 7 by k; € {1,...,j} the index which minimizes
{IIBex}]| : i =1,...,5}, we can use the last inequality with simple manipula-
tions to obtain

3

. ; _ . a
IBext" [|* = min{|[Byxl|* :i = 1,....5} < ].EQEQH'WH2 < &2|[by||?.
The inequality
Mg (et AT o )| < [Bixt? || < elby|
results easily from the definition of Step 1 of Algorithm 6.1. ad

Having proved that there is a bound on the number of outer iterations
of SMALBE that is necessary to get an approximate solution, it remains
to bound the number of inner iterations. In the next section, we consider
implementation of the inner loop by the CG algorithm and give sufficient
conditions which guarantee that the number of inner iterations is bounded.
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6.8 Optimality of the Inner Loop

We need the following simple lemma to prove optimality of the inner loop
implemented by the CG algorithm.

Lemma 6.10. Let {x*}, {\F}, and {0k} be generated by Algorithm 6.1 for
the solution of (6.1) with n > 0, 3 > 1, M > 0, g9 > 0, and A\° € R™,
Let 0 < amin < Amin(A), where Apin(A) denotes the least eigenvalue of the
Hessian A of the quadratic function f. Then for any k > 0

2
L(ka\kH, Ok+1) — L(XkH,)\kH, Ok+1) < 277 + ﬂgk ||Bxk||2- (6.39)
Amin
Proof. Notice that by the definition of the Lagrangian function
Ok+1 — Ok
L(x" X 1) = L(xM, A%, o) + ok BxF(* + 777 o IBxM?

Ok+1 + QkHBkaQ

:L(kaAkvgk)+ 2

so that by (6.16)
L(Xka )‘k+1a Qk+1) - L(Xk+1’ )‘k+1a Qk+1) = L(Xk7 Ak7 Qk) - L(Xk+17 Ak—"_17 Qk+1)
Ok+1 + Ok

+ O T

2
n Bok o k2
< B .
2amin * 2 || * ||

O

Now we are ready to prove the main result of this chapter, the optimality
of Algorithm 6.1 (SMALBE) in terms of matrix—vector multiplications, pro-
vided Step 1 is implemented by Algorithm 5.8 (MPRGP).

Theorem 6.11. Let
0 < Gmin < Gmax and 0 < cmax
be given constants and let the class of problems (6.34) satisfy
Amin S )\min(At) é )\max(At) S Amax and ||Bt|| S Cmax- (640)

Let {xF}, {XF}, and {011} be generated by Algorithm 6.1 (SMALBE) for
(6.34) with

Hbt|‘277t>07 ﬁ>1, M>O’ Qt,O:QO>O, and A?:O

Let s > 0 denote the smallest integer such that
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ﬁSQO 2 M2/amin7

and let Step 1 of Algorithm 6.1 be implemented by Algorithm 5.8 (MPRGP)
with the parameters I' > 0 and a € (0,2(amax + B°00¢%) '] to generate

the iterates xf 0 Xf 1,. xfl = xF for the solution of (6.34) starting from
x,’f 0= X,’f L with x; ' = o, where | = ly i is the first index satisfying

lg” (et AL, o) | < MBixy (6.41)
or

lg" (' A, o)l < Me|be]|. (6.42)

Then Algorithm 6.1 generates an approximate solution xt of any problem
(6.34) which satisfies

ke <, 8"t AL oew) | < Mellbell, and [[Bixyt|| < eflbe]l  (6.43)

at O(1) matriz—vector multiplications by the Hessian of the augmented La-
grangian Ly for (6.34).

Proof. Let t € T be fixed and let us denote by L;(x, A, 0) the augmented
Lagrangian for problem (6.34), so that for any x € R™ and o > 0

bl

min

1 1
Li(x,0,0) = ,x" (A + 0By Bi)x = bix >, amin[x[|* — [[be ] [x]| > —

Applying the latter inequality to (6.23) with zy = o and using the assumption
e < ||be]|, we get

o0
Otk k Ot,i
2 ||tht ||2§Z 27I|
i=1

2

< f(z0) = L0 X 000) + (1 +9),,
I
=(2
( +8)2amin

for any k > 0. Thus by (6.39)

;P8
_ k— _
Lol A 0nn) = Lo M oa) < 1 4 P B2

2amin
BlIbel|*

2amin

<(3+59)

and, since the minimizer xF of L;(x, A¥, o, 1) subject to x > £; satisfies (6.3)
and is a possible choice for xf, also that

Bl

2amin

Lt(xf_la )‘fa Qt,k) - Lt(Xfa )‘fa Qt,k) S (3 + S) (644)
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Using Theorem 5.15, we get that the MPRGP algorithm 5.8 used to implement
Step 1 of Algorithm 6.1 (SMALBE) starting from x,’f’o = x"~1 generates X,’f’l
satisfying

k,l _
||gf(xt 7A1]5€7 Qt7k)||2 S a‘lné—’ (Lt(xll‘,c 17 Af7 Qt,k) - Lt(xf&67 Af7 Qt,k))

Blbe®
<
<w@+9) "
where
38 aamin
ap = _ , =1- ~, ¥ = 2max{a||All,1},
LT a1 —nr) " 9+ 012 tellAllL 13

I'=max{I, "'}, &=min{o,2|A|"! —al}.

It simply follows by the inner stop rule (6.42) that the number [ of the inner
iterations in Step 1 is uniformly bounded by an index Iy, which satisfies

Blbel? ..
g

ar(3+3) ) " e < M by

To finish the proof, it is enough to combine this result with Theorem 6.9. O

The assumption that ||B|| is bounded is essential; it guarantees that it is
possible to choose the steplength a bounded away from zero.

6.9 Solution of More General Problems

If A is positive definite only on the kernel of B, then we can use a suitable
penalization to reduce such problem to the convex one. Using Lemma 1.3, it
follows that there is o > 0 such that A + oBTB is positive definite, so that we
can apply our SMALBE algorithm to the equivalent penalized problem

min  f,(x), (6.45)

XENBE

where

fo(x) = ;XT(A + 0BTB)x — b'x.

If A is a positive semidefinite matrix which is positive definite on the kernel
of B, then we can use by Lemma 1.2 any ¢ > 0.

Alternatively, we can modify the inner loop of SMALBE so that it leaves
the inner loop and increases the penalty parameter whenever the negative
curvature is recognized. Let us point out that such modification does not
guarantee optimality of the modified algorithm.
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6.10 Implementation

Let us give here a few hints that can be helpful for effective implementation
of SMALBE with the inner loop implemented by MPRGP. See also Sect. 4.7.
The purpose and choice of the parameter n are the same as described in
Sect. 4.7.
The basic strategy for initialization of the parameters M, 3, and gq is more
complicated than that described in Sect. 4.7. The reason is that Theorem 5.14
guarantees the R-linear convergence of the inner loop only for the steplength

a € (0,2/|A+ oxBTBJ],

but fast convergence of the outer loop requires large values of the penalty
parameter gr. Thus it is necessary to find a reasonable compromise between
the two contradicting requirements. See also Sect. 4.7.2.

Since the choice of pg should not be too large but should satisfy

00 Z M2/>\mina (646)

we recommend to use the values of § that do not cause a big “overshoot”,
such as § ~ 2.

The formula (6.46) shows that the values of g are related to M. Given
00, we can achieve that (6.46) is satisfied by choosing

M < \/Amin0o-
Implementation of the inner loop
On entering the inner loop, we recommend to choose
ae (|A+oxB"B| ™, 2(|A + 0xBTB| ™)

to guarantee the R-linear convergence of the inner loop and fast expansion of
the active set. Our experience shows the best performance with « slightly less
than 2/||A + 0,BTB|; see Sect. 5.9.4 for more discussion on the choice of a.
The parameter I can be determined by the heuristics described in Sect. 5.9.4.
Recall that I' =~ 1 is a good choice.

Lemma 6.1 shows that it is necessary to include the stop criterion not
only after Step 1, but also in the procedure which generates x* in Step 1. For
example, we use in our experiments the stopping criterion

g (", A*, 0)[| < egllbl| and |[Bx"|| <ef|bll, ey =e4/M,
and our stopping criterion of the inner loop of MPRGP reads

lg”(y", A", 05)| < min{M|By’||,n} or [|g” (y*, A", 0:)|| < min{ey, Mey}||b]|.
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6.11 SMALBE-M

To get a better control of the penalty parameter, we can observe that by
Lemma 6.3 small M can prevent the penalty parameter from increasing. It
follows that we can modify the SMALBE algorithm so that it updates M
and keeps the penalty parameter constant as indicated in Sect. 4.7.2. For
convenience of the reader, we present here the complete modified algorithm
which we call SMALBE-M.

Algorithm 6.2. SMALBE with modification of M (SMALBE-M).

Given a symmetric positive definite matriz A € R™*™, B € R™*", n-vectors b, £.
Step 0. {Initialization.}
Choosen >0, 3> 1, Mo >0, 0 >0, \> ¢ R™
for k=0,1,2,...
Step 1. {Inner iteration with adaptive precision control.}
Find x* > £ such that

Ig” (x*, A", 0)|| < min{M;[Bx"||,n} (6.47)

Step 2. { Updating the Lagrange multipliers.}

AR = AR 4 pBx” (6.48)
Step 3. {Update M provided the increase of the Lagrangian is not sufficient.}
if £k >0 and
Lx" A" 0) < LTL AT o) + B (6.49)
My = M/
else
My+1 = My,
end if
end for

The SMALBE-M algorithm has similar properies as the original SMALBE
algorithm. In particular, if we choose g9 and M for the algorithm SMALBE
and g and M, for the algorithm SMALBE-M such that g9 = ¢, M = My, and

00 Z MQ/)\min;

then SMALBE and SMALBE-M will generate g, = ¢ and M} = M, respec-
tively. Thus if the other parameters of both algorithms are initiated by the
same values, the algorithms will generate exactly the same iterates.
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6.12 Numerical Experiments

Here we illustrate the performance of Algorithm 6.1 on minimization of the
functions fi,, and frw,, introduced in Sect. 3.10 subject to the multipoint
constraints and the bound constraints used in our previous numerical tests.
Numerical experiments were carried out with the values of basic parameters

equal to
M=1, I'=1, and p=10.

The norm of feasibility error is the norm of violation of the equality con-
straints. The bound constraints are satisfied in each iteration exactly.

6.12.1 Balanced Reduction of Feasibility and Gradient Errors

Let us first show how SMALBE balances the norm of the feasibility error
with the norm of the projected gradient on minimization of the quadratic
function fi, 5, defined by the discretization parameter h (see page 98) subject
to the multipoint equality constraints introduced in Sect. 4.8.1 and the bound
constraints defined in Sect. 5.11.1. The solution given in Fig. 6.1 illustrates
also the solution of the benchmarks in Sects. 4.8.1 and 5.11.1.

AN
~oh AR
R
0159 R R
NN ‘\Q@}@&S@w&\
R’’’ It
o2 KRRt
R ;T
—-0.25- \\\\\\\\‘\s&\ R
' R
-0.34

—0.35]
0

Fig. 6.1. Development of the norms of the projected gradient and feasibility error

The graph of the norms of the projected gradient and the feasibility error
(vertical axis) in inner iterations for SMALBE is given in Fig. 6.2. The results
were obtained with h = 1/33, which corresponds to n = 1156 unknowns and
131 equality constraints. We can see that the decrease of the norm of the
projected gradient is linear and is balanced with the norm of the feasibility
error. Let us recall that the Hessian Ay, j, of fi, 5 is ill-conditioned with the
spectral condition number x(Ar, ) &~ h=2.
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Fig. 6.2. Development of the norms of the projected gradient and feasibility error

6.12.2 Numerical Demonstration of Optimality

To illustrate optimality of SMALBE, we consider the class of well-conditioned
problems to minimize the quadratic function frw,n (see page 99) defined by
the discretization parameter h subject to the orthonormal multipoint and
bound constraints which describe the same feasible set as in Sect. 6.12.1.

The orthogonalization was used to comply with the assumptions of The-
orem 6.11. The matrices B of the equality constraints were obtained by the
Gramm-—Schmidt process applied to the matrices of the multipoint constraints
of Sect. 4.8.1. The class of problems can be given a mechanical interpretation
associated to the expanding and partly stiff spring systems on Winkler’s foun-
dation and an obstacle. The spectrum of the Hessian Apw , of frw,p is located
in the interval [2,10]. Moreover ||B|| < 1 and € < o (see Sect. 5.11.2), so that
the assumptions of Theorem 6.11 are satisfied.

In Fig. 6.3, we can see the numbers of the CG iterations k,, (vertical axis)
that were necessary to reduce the norm of the projected gradient and of the
feasibility error to 1075||V fLw n(0)|| for the problems with the dimension n
ranging from 49 to 9409. The dimension n is on the horizontal axis. We can
see that k, varies mildly with varying n, in agreement with Theorem 6.11.
The number of outer iterations was decreasing from 11 for n = 49 to 7 for
n = 94009.

The purpose of the above numerical experiment was just to illustrate the
concept of optimality. Similar experiments can be found in Dostdl [47, 50]. For
practical applications, it is necessary to combine SMALBE with a suitable pre-
conditioning. Application of SMALBE with the FETI domain decomposition
method to development of in a sense optimal algorithm for the solution of a
semicoercive variational inequality is in Chap. 8.
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Fig. 6.3. Optimality of SMALBE for a class of well-conditioned problems

6.13 Comments and References

This chapter is based on our research whose starting point was the algorithm
introduced by Conn, Gould, and Toint [26]; they adapted the augmented La-
grangian method of Powell [160] and Hestenes [116] to the solution of problems
with a nonlinear cost function subject to nonlinear equality constraints and
bound constraints. Conn, Gould, and Toint proved that the potentially trou-
blesome penalty parameter o is bounded and the algorithm converges to a
solution also with asymptotically exact solutions of auxiliary problems [26].
Moreover, they used this algorithm to develop the package LANCELOT [27]
for the solution of more general nonlinear optimization problems. More refer-
ences can be found in their comprehensive book on trust region methods [28].
The inexact augmented Lagrangian method for more general QP problems
with the precision control of the auxiliary subproblems by filter were pro-
posed by Friedlander and Leyfer [97].

Our SMALBE algorithm differs from the original algorithm in two points.
The first one is the adaptive precision control introduced for the bound and
equality constrained problems by Dostdl, Friedlander, and Santos [57]. These
authors also proved the basic convergence results for the problems with a
regular solution, including linear convergence of both the Lagrange multipliers
and the feasibility error for a large initial penalty parameter og.

The second modification, the update rule of SMALBE for the penalty pa-
rameter o, which is increased until there is a sufficient monotonic increase
of L(x*u¥, o1), was first published by Dostal [49]. The convergence analysis
included the optimality of the outer loop and the bound on the penalty pa-
rameter; however, the first optimality results for the bound and equality con-
strained problems were proved by Dostdl and Horak for the penalty method
[66, 67].



6.13 Comments and References 245

The optimality of SMALBE with the auxiliary problems solved by MPRGP
was proved in Dostdl [48]; the generalization of the results achieved earlier for
the penalty method was based on a well-known observation that the basic aug-
mented Lagrangian algorithm can be considered as a variant of the penalty
method (see, e.g., Bertsekas [12, Sect. 4.4)] or Sect. 4.3). Both the optimal
penalty method and SMALBE were used in the development of scalable FETI
or BETI-based algorithms for the solution of boundary variational inequalities
such as those describing the equilibrium of a system of elastic bodies in mutual
contact, see, e.g., Dostdl and Hordk [66, 65, 64], Dostdl [48], Bouchala, Dostél,
and Sadowskd [18, 17, 19], Dostél, Hordk, and Stefanica [73], and Dostél et
al. [76]. Applications to the contact problems with friction in 2D or 3D can
be found in Dostdl, Haslinger, and Kucera [63] and Dostdl et al. [69)].
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Solution of a Coercive Variational Inequality
by FETI-DP Method

Numerical experiments in Chap. 5 demonstrated the capability of algorithms
with the rate of convergence in bounds on the spectrum to solve special classes
of bound constrained problems with optimal, i.e., asymptotically linear, com-
plexity. There is a natural question whether there are effective methods which
can reduce the solution of some real-world problems to these special classes.

To give an example of such method, we present here the one which can be
used to reduce the coercive variational inequality which describes the equilib-
rium of a system of 2D elastic bodies in mutual contact to the class of bound
constrained QP problems with uniformly bounded spectrum of the Hessian
matrix. Let us recall that a contact problem is called coercive if all the bodies
are fixed along the part of the boundary in a way which excludes their rigid
body motion. To simplify our exposition, we restricted our attention to the
solution of a scalar variational inequality governed by the Laplace operator.

Our main tool is a variant of the finite element tearing and interconnecting
(FETI) method, which was originally proposed by Farhat and Roux [86, 87]
as a parallel solver for the problems described by elliptic partial differential
equations. The basic idea of FETI is to decompose the domain into non-
overlapping subdomains that are “glued” by equality constraints. The variant
that we consider here is the FETT-DP method proposed for linear problems
by Farhat et al. [83]; it assumes that the subdomains are not completely
separated, but remain joined at some nodes that are called corners as in
Fig. 7.2. After eliminating the primal variables from the KKT conditions
for the minimum of the discretized energy function subject to the bound
and equality constraints by solving nonsingular local problems, the original
problem is reduced to a small, relatively well conditioned bound constrained
quadratic programming problem in the Lagrange multipliers.

Though not discovered in this way, the FETI-based methods for linear
elliptic problems can be considered as a successful application of the duality
theory to the convex QP problems. Here we use the standard duality the-
ory for coercive equality and inequality constrained problems as described in
Sect. 2.6.4.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 7,
(© Springer Science+Business Media, LLC 2009
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7.1 Model Coercive Variational Inequality

Let £2 = (0,1) x (0,1) denote an open domain with the boundary I" and
its three parts I, = {0} x [0,1], Iy = [0,1] x {0,1}, and I'. = {1} x [0,1].
The parts I, I'y, and I, are called respectively the Dirichlet boundary, the
Neumann boundary, and the contact boundary. On the contact boundary I,
let us define the obstacle £ by the upper part of the circle with the radius
R =1 and the center S = (1,0.5, —1.3).

f

\1*1*1*//

Fig. 7.1. Coercive model problem

Let H!(£2) denote the Sobolev space of the first order in the space L?(2)
of functions on {2 whose squares are integrable in the Lebesgue sense, let

lCz{uEHl(.Q): u=0 on I, and ¢<wu on I.},

and let us define for any u € H'({2)

1
fw =, [ Ivu@Pag + [ wag
2 /o o
Thus we can define the continuous problem to find

min f(u). (7.1)

Since the Dirichlet conditions are prescribed on the part I, of the bound-
ary with the positive measure, the cost function f is coercive, which guarantees
the existence and uniqueness of the solution by Proposition 2.5.

The solution can be interpreted as the displacement of the membrane
under the traction defined by the unit density. The membrane is fixed on I,
not allowed to penetrate the obstacle on I'., and pulled horizontally in the
direction of the outer normal by the forces with the unit density along I.
See also Fig. 7.1. We used the discretized problem (7.1) as a benchmark in
Sect. 5.11.1.
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7.2 FETI-DP Domain Decomposition and Discretization

The first step in our domain decomposition method is to partition the domain
2 into p square subdomains with the sides H = 1/q, ¢ > 1, p = ¢*. We call
H the decomposition parameter. The continuity of the global solution in {2 is
enforced by the “gluing” conditions u’(X) = u’(X) that should be satisfied
for any point X on the interface I'/ of £2 and 27 except crosspoints. We call
a common crosspoint either a corner that belongs to four subdomains, or a
corner that belongs to two subdomains and is located on I'. An important
feature for developing FETI-DP type algorithms is that a single degree of
freedom is considered at each crosspoint, while two degrees of freedom are
introduced at all the other matching nodes across subdomain edges. Thus the
body is decomposed into the subdomains that are joined in the corners as in
Fig. 7.2.

LEEEL! 2 Y

Fig. 7.2. FETI-DP domain decomposition and crosspoints

After modifying appropriately the definition of problem (7.1), introducing
regular grids in the subdomains §2° with the discretization parameter h that
match across the interfaces I'/ of £2° and (27, keeping in mind that the cross-
points are global, and using the Lagrangian finite element discretization, we
get the discretized version of problem (7.1) with auxiliary domain decompo-
sition in the form

1
min 2XTAX —b"x st. Brnx<ecr and Bg.x=o. (7.2)

We assume that the nodes that are not the crosspoints are indexed con-
tiguously in the subdomains, so that Hessian matrix A € R™*" in (7.2) has

the form
A O ... O A,

0 Ag... O Ay
N
0 0 ...A,A,
AL AL AL A
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with the band matrices A;;. Since the diagonal blocks can be interpreted as the
stiffness matrices of the subdomains that are fixed at least in corners, A,; are
positive definite. We refer to the points that are not crosspoints as reminders;
the subscripts ¢ and r refer to the crosspoints and reminders, respectively.
We assume that the Dirichlet conditions are enhanced in A by deleting the
corresponding rows and columns. The vector b € R” represents the discrete
analog of the linear term b(u).

The full rank submatrices Bz, and Bg, of a matrix B € R™*" describe
the discretized nonpenetration and gluing conditions, respectively. The rows
of Be, are filled with zeros except 1 and —1 in positions that correspond to the
nodes with the same coordinates on the subdomain interfaces. If b; denotes
a row of Be, then b; has just two nonzero entries, 1 and —1. The continuity
of the solution across the interface in the nodes with indices i, j (see Fig. 7.3)
is enforced by the equalities

T = Tj-
Denoting
by = (s — ;)"

where s; denotes the ith column of the identity matrix |,,, we can write the
“gluing” equalities conveniently in the form

ka = O,

so that bix denotes the jump across the boundary. The nonpenetration con-
dition x; > ¢; that should be satisfied for the variables corresponding to the
nodes on I, is implemented by b;x < —/¢; with b; = —S;jp. The coordinates
—/; are assembled into the vector cz.

i 9 ]

Fig. 7.3. “Gluing” along subdomain interface

Our next step is to reduce the problem to the subdomain interfaces and
I'. by the duality theory. To this end, let us denote the Lagrange multipliers
associated with the inequality and equality constraints of problem (7.2) by
Ae and Az, respectively, and assume that the rows of B are ordered in such a

way that
| Az ez | Bz
)\—[)‘E], C—[OE], and B—[BE].
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Since we formed B in such a way that it is a full rank matrix with orthog-
onal rows, we can use Proposition 2.21 to get that the Lagrange multipliers
A for problem (7.1) solve the dual problem

max O(A) s.t. Az >o,

where ©(A) is the dual function. Changing the signs of © and discarding
the constant term, we get that the Lagrange multipliers A solve the bound
constrained problem

min O(A) st. Az >o, (7.3)

where 6 and the standard FETI notation are defined by
1
O(A) = 2ATFA ~ATd, F=BA'BT, d=ATBA"'b-c.

Notice that using the block and band structure of A, we can effectively
evaluate A~ly for any y € R" in two steps. Indeed, using the Cholesky de-
composition described in Sect. 1.5, we can eliminate the reminders, reducing
the unknowns to the corners. In the next step, we decompose the small Schur
complement matrix which is associated with the crosspoint variables. How-
ever, the implementation of this procedure is a bit tricky and not directly
related to the quadratic programming, the main topic of this book. We refer
interested readers to Dostal, Hordk, and Stefanica [70] or to the Ph.D. the-
sis of Horak [121]. If the dimension of the blocks A,; is uniformly bounded,
then the computational cost increases nearly proportionally with p. Moreover,
the time that is necessary for the decomposition A = LLT and evaluation of
(L=H)TL~1y can be reduced nearly proportionally by parallel implementation.

The preconditioning effect of the FETI-DP duality transformation is for-
mulated in the following proposition.

Proposition 7.1. Let Fg;, denote the Hessian of the reduced dual function 0
of (7.3) defined by the decomposition parameter H and the discretization pa-
rameter h.

Then there are constants C; > 0 and Cy > 0 independent of h and H such
that

H 2
Cl S Amin(FH,h) and )\max(FH,h):HFH,h” S 02 <h) . (74)

Proof. See [70]. O

Proposition 7.1 shows that the FETI-DP procedure reduces the condition-
ing of the Hessian of discretized energy from O(h~2) to O(H?/h?).
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7.3 Optimality

To show that Algorithm 5.8 is optimal for the solution of problem (or a class
of problems) (7.3), let us introduce new notation that complies with that used
to define the class of problems (5.117) introduced in Sect. 5.8.4.

We use

T={(H,h)eR?*: H<1,0<2h<H, and H/hc N}

as the set of indices, where N denotes the set of all positive integers. Given a
constant C' > 2, we define a subset 7¢ of 7 by

To={(H,h) €T : H/h<C}.
For any t € T, we define
Ar=F, by=d, £ 7=o07, and € g =—00

by the vectors and matrices generated with the discretization and decom-
position parameters H and h, respectively, so problem (7.3) with the fixed
discretization and decomposition parameters h and H is equivalent to the
problem

minimize fy(A;) s.t. Ag > £ (7.5)

with ¢ = (H, h), fi(A) = ;AT A — b] A. Using these definitions, we obtain

111 = o, (7.6)

where for any vector v = [v;], v denotes the vector with the entries

v = max{v;,0}. Moreover, it follows by Proposition 7.1 that for any C' > 2,
there are the constants a5, > a$,, > 0 such that for any ¢t € 7¢

aglin S )\min(At) S )\max(At) S ancqaxa (77)

where Apin(Ar) and Apax(A¢) denote the extreme eigenvalues of A;.
Our optimality result for a model coercive boundary variational inequality
then reads as follows.

Theorem 7.2. Let C > 2 and € > 0 denote given constants, let {AF} be
generated by Algorithm 5.8 (MPRGP) for the solution of (7.5) with the pa-

rameters I' > 0 and o € (0, ayk,], starting from A = max{o, £;}.

Then an approzrimate solution )\f‘ of any problem (7.5) which satisfies
gt (W) < ellgs (A
and R R R
aSinl A =Xl < i) = iR) <2 (£ = FR)
is generated at O(1) matriz—vector multiplications by Ay for any t € Tc.

Proof. The class of problems (7.5) with ¢t € 7¢ satisfies the assumptions of
Theorem 5.16. O
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7.4 Numerical Experiments

In this section we illustrate numerical scalability of MPRGP Algorithm 5.8
on the class of problems arising from application of the FETT-DP method to
our boundary variational inequality (7.1). The domain {2 was partitioned into
identical squares with the side H € {1/2,1/4,1/8}. The squares were then
discretized by the regular grid with the stepsize h. The solution for H = 1/4
and h =1/4 is in Fig. 7.4.
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Fig. 7.4. Solution of the coercive model problem (7.1)

The computations were performed with parameters I' = 1, o =~ 1/||A]|,
and A° = o. The stopping criterion in the conjugate gradient iteration was

lg” (A7 18" (A < 107°.

For each H, we chose h = H/16, so that ratio H/h was fixed to H/h = 16
and the meshes matched across the interface of each couple of neighbor-
ing subdomains. Selected results of the computations for varying values of
H e {1/8,1/32,1/64} and h = H/16 are in Fig. 7.5. The primal dimen-
sion n is on the horizontal axis; the computation was carried out for pri-
mal dimension n € {1156, 4624, 18496} with corresponding dual dimensions
m € {93,425,1809}. The key point is that the number of the conjugate gradi-
ent iterations for a fixed ratio H/h varies very moderately with the increasing
number of subdomains. This indicates that the unspecified constants in Theo-
rem 7.2 are not very large and we can observe numerical scalability in practical
computations. For more numerical experiments with the solution of coercive
problems see Dostal, Hordk, and Stefanica [70].
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Fig. 7.5. Scalability of MPRGP with FETI-DP

7.5 Comments and References

More problems described by variational inequalities can be found in the book
by Lions and Duvaut [143]. Solvability, approximation, and classical numerical
methods for variational inequalities or contact problems are discussed in the
books by Glowinski [99], Kinderlehrer and Stampaccia [128], Glowinski, Lions,
and Tremoliéres [101], Hlavacek et al. [120], or Eck, Jarusek, and Krbec [80].
The formulation and alternative algorithms for the solution contact problems
of elasticity are in Kikuchi and Oden [127], Laursen [142], or Wriggers [181].

Probably the first theoretical results concerning development of scalable
algorithms for coercive problems were proved by Schoberl [165, 166]. Our first
proof of numerical scalability of an algorithm for the solution of a coercive
variational inequality used optimal penalty in dual FETI problem [66]. The
proof of Proposition 7.1 is due to D. Stefanica [70]. The optimality was proved
also for multidomain coercive problems [70] and for the FETT-DP solution of
coercive problems with nonpenetration mortar conditions on contact interface
[71]. For more details of mortar implementation of constraints we refer to
Wohlmuth [179]. Numerical evidence of scalability of a different approach
combining FETI-DP with a Newton-type algorithm for 3D contact problems
was given in Avery et al. [2]. See also Dostél et al. [76]. The performance of the
method can be further improved by enforcing zero averages of primal variables
on the interfaces of subdomains as used by Klawonn and Rheinbach [129] or
by preconditioning of linear auxiliary problems by standard preconditioners
described, e.g., in Tosseli and Widlund [175]. Preconditioning of linear step
was successfully applied by Avery et al. [2].

It should be noted that the effort to develop scalable solvers for coercive
variational inequalities was not restricted to FETI. For example, using the
ideas related to Mandel [147], Kornhuber [132], Kornhuber and Krause [133],
and Krause and Wohlmuth [135] gave an experimental evidence of numerical
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scalability and the convergence theory for the algorithm based on monotone
multigrid. Badea, Tai, and Wang [6] proved linear rate of convergence in terms
of the decomposition parameter and overlap for the Schwarz domain decompo-
sition method which assumes exact solution of subdomain problems. See also
Zeng and Zhou [185], Tai and Tseng [173], Tarvainen [174], and references
therein.

A readable introduction into the formulation and implementation of the
FETI methods, including FETI-DP, can be found in Kruis [136]. Let us stress
that our goal here is only to illustrate the optimality of MPRGP Algorithm 5.8
on the problem whose structure is the same as that of important real-world
problems.



8

Solution of a Semicoercive Variational
Inequality
by TFETI Method

To give an example of a class of bound and equality constrained problems
with uniformly bounded spectrum arising in important applications, let us
consider the solution of the discretized elliptic semicoercive variational in-
equalities, such as those describing the equilibrium of a system of elastic bod-
ies in mutual unilateral frictionless contact in case that some bodies are not
sufficiently fixed along the boundary. The presence of “floating” bodies is a
considerable complication as the corresponding stiffness matrices are singu-
lar. To simplify our exposition, we again restrict our attention to a model
variational inequality governed by the Laplace operator on 2D domains.

Our main tool is a variant of the classical FETT method called total FETI
(TFETI), which was proposed independently by Dostal, Hordk, and Kucera
[68] and Of (all floating FETT) [156] as a parallel solver for the problems de-
scribed by elliptic partial differential equations. The TFETI method differs
from the original FETIT method in the way which is used to implement the
Dirichlet boundary conditions. While the FETI method assumes that the sub-
domains inherit the Dirichlet boundary conditions from the original problem,
TFETT uses the Lagrange multipliers to “glue” the subdomains to the bound-
ary whenever the Dirichlet boundary conditions are prescribed. Such approach
simplifies the implementation as all the stiffness matrices of the subdomains
have typically a priori known kernels and can be treated in the same way.
Moreover, the kernels can be used for effective evaluation of the action of a
generalized inverse by means of Lemma 1.1. The procedure can be naturally
combined with the preconditioning by the “natural coarse grid” introduced
by Farhat, Mandel, and Roux [85]. This preconditioning results in the class of
problems with the condition number of the regular part of the Hessian matrix
bounded by CH/h, where C', H, and h are a constant, decomposition, and
discretization parameters, respectively. This compares favorably with the es-
timate C'H?/h? of Proposition 7.1 for non-preconditioned FETI-DP. Here we
use the duality theory of Sect. 2.6.5 and Theorem 6.11 to modify the TFETI
method for the solution of variational inequalities.

Zdenék Dostél, Optimal Quadratic Programming Algorithms,
Springer Optimization and Its Applications, DOI 10.1007/978-0-387-84806-8 8,
(© Springer Science+Business Media, LLC 2009
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8.1 Model Semicoercive Variational Inequality

Let 2 = QYU 02 where 2 = (0,1) x (0,1) and 22 = (1,2) x (0,1) denote
open domains with boundaries I't, I'? and their parts I}, I’ }, and I'?! formed
by the sides of 2%, i = 1,2.

Fig. 8.1. Semicoercive model problem

Let Hl(‘Qi), i = 1,2, denote the Sobolev space of the first order in the
space L?(£2%) of the functions on 2! whose squares are integrable in the sense
of Lebesgue. Let

Vi={v'e H'(2"):v"=0 on I}
denote the closed subspaces of H(£2%), i = 1,2, and let
V=Pl x V2 and K= {U’U yev:vt—v'>0 on I’}
denote the closed subspace and the closed convex subset of
H = H'(2Y) x H'(2?),

respectively. The relations on the boundaries are in terms of traces. We shall
define on ‘H the symmetric bilinear form

out ovt dut o'
0
alu,v) 2/1(8x8x ayay)d
and the linear form )
v) = Z/ blv'ds2,
=175

where b' € L?(£2%), i = 1,2 are the restrictions of

—3 for (z,y) € (0,1) x [0.75,1),
b(z,y) =< 0 for (z,y) € (0,1) x [0,0.75) and (x,y) € (1,2) x [0.25,1).

—1 for (z,y) € (1,2) x [0,0.25).

Denoting for each u € H
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2 2
1 1 02 i)
Fw) =, a(u,u) = blu) = 22/9 [ Vu'||2ds2 ;/mbvdrz,
we can define the continuous problem to find

min f(u). (8.1)

The solution of the model problem can be interpreted as the displacement

of two membranes under the traction b as in Fig. 8.1. The left edge of the

right membrane is not allowed to penetrate below the right edge of the left

membrane. Notice that only the left membrane is fixed on the outer edge and
the right membrane has no prescribed displacement, so that

rl={0y) eR*:ye0,1]}, I2=0.

Even though the form a is only semicoercive, the form b is still coercive due
to the choice of b so that it has a unique solution [120, 99].

8.2 TFETI Domain Decomposition and Discretization

In our definition of the problem, we have so far used only the natural de-
composition of the spatial domain 2 into 2! and £22. To enable efficient
application of the domain decomposition methods, we decompose each (2

into subdomains 2°!,..., 2% p>1, asin Fig. 8.2.

h H

IIIII>

Fig. 8.2. Domain decomposition and discretization

The continuity of the global solution in 2! and 22 is enforced by the
“gluing” conditions u* (X) = u**(X) that should be satisfied for any point X
on the interface ' of 2% and 2.

After modifying appropriately the definition of problem (8.1), introducing
regular grids in the subdomains 2% that match across the interfaces "7k



262 8 Solution of a Semicoercive Variational Inequality

indexing contiguously the nodes and entries of corresponding vectors in the
subdomains, and using the Lagrangian finite element discretization, we get
the discretized version of problem (8.1) with auxiliary domain decomposition
that reads

1
min 2xTAx —bTx st. Br.x<o and Bg.x =o. (8.2)

In (8.2), the Hessian matrix

ALO... 0
A_| 0RO
0 0 ... Ay

is a block diagonal positive semidefinite stiffness matrix. The diagonal blocks
A; are the local stiffness matrices of the subdomains with the same kernel; for
j=12and k=1,...,p, the matrix A,_1)4) corresponds to the subdomain
7% _If the nodes in each subdomain are ordered columnwise, the blocks A;
are band matrices.

B
~

Fig. 8.3. Three types of constraints

The full rank matrices Bz, and Bg, describe the discretized nonpenetration
and gluing conditions, respectively, and b represents the discrete analog of the
linear term b(u). The rows of Bg. and Bz, are filled with zeros except 1 and
—1 in the positions that correspond to the nodes with the same coordinates
on the artificial or contact boundaries, respectively. If b; denotes a row of Bg,
or Bz,, then b; does not have more than four nonzero entries. The continuity
of the solution in the “wire basket” comprising the nodes with indices 1, j, k,
(see Fig. 8.3 left) is enforced by the equalities

T; = Ty, TE = X, xi+xj:xk+xl)

which can be expressed by the vectors

bij = (si —s;)7, b = (sp —s1)7, bijr = (si +s; —sp —s1)7,

where s; denotes the ith column of the identity matrix I,,. The continuity of the
solution across the subdomains interface (see Fig. 8.3 middle) is implemented
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by b;jx = 0 as in the FETI-DP method discussed in Sect. 7.2, so that b;;x
denotes the jump across the boundary, and the Dirichlet boundary condition
(se Fig. 8.3 right) ; = 0 is implemented by the row b; = s7.

Our next step is to simplify the problem, in particular to replace the gen-
eral inequality constraints Brx < o by the nonnegativity constraints using the
duality theory. To this end, let us denote the Lagrange multipliers associated
with the inequality and equality constraints of problem (8.2) by Az and Ag,
respectively, and assume that the rows of B are ordered in such a way that

Az | Bz
)‘_[Ag] and B_[Bg]

We formed B in such a way that it is a full rank matrix. Finally, let R denote
the full column rank matrix whose columns span KerA. Then we can use
Proposition 2.22 to get that the Lagrange multipliers A for problem (8.2)
solve the constrained dual problem

max O(A) st. Az >0 and RT(b—-B%\)=o,

where ©(A) is the dual function. Changing the signs of © and discarding the
constant term, we get that the Lagrange multipliers A solve the bound and
equality constrained problem

min #(A) st. Ar>o and RT(b—-BTA)=o, (8.3)
where )
O(\) = 2)\TBA+BT)\ —ATBA'D

and AT is any symmetric positive semidefinite generalized inverse. In our
computations, we use the generalized inverse A# defined by (1.7).
Notice that using the block diagonal and band structure of A together with

KerA; = [1,...,1)]7, i=1,...,2p,

we can effectively evaluate A#y for any y € R™. Indeed, using the Cholesky
decomposition described in Sect. 1.5, we get the lower triangular band matri-
ces L; such that A; = L;LT. Since A7 = (L¥)TL¥ and

A = diag(AT,AY,... AL,

we get
2p 2p
Aty =3 " Ay =Y (LN (LT y),
i=1 i=1
where we assume that the decomposition y? = [y, y2 ... ,ygp] complies

with the block structure of A. If the dimension of the blocks A; is uniformly
bounded, then the computational cost increases nearly proportionally to p.
Moreover, the time that is necessary for the decomposition A = LLT and
evaluation of (L#)TL#y can be reduced nearly proportionally by parallel im-
plementation.
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8.3 Natural Coarse Grid

Even though problem (8.3) is much more suitable for computations than (8.2),
further improvement may be achieved by adapting some simple observations
and the results of Farhat, Mandel, and Roux [85]. Let us denote

F =BA*BZ, d = BA”b,
G e RTBT, 6 = RTb,

and let T denote a regular matrix that defines orthonormalization of the rows
of G so that the matrix B
G=TG

has orthonormal rows. After denoting
e=Te,
problem (8.3) reads
min ;)\TF)\ ~ATd st. Az>o0 and Gi=e. (8.4)
Next we shall transform the problem of minimization on the subset of the

affine space to that on the subset of the vector space by looking for the so-
lution of (8.4) in the form A = p + X, where GA = e. The following lemma

shows that we can even find X such that )\I = o.

Lemma 8.1. Let B be such that the negative entries of Bz are in the columns
that correspond to the nodes in the floating subdomain 2%, Then there is A1
such that Az > o and G\ = €.

Proof. See [65]. O
To carry out the transformation, substitute A = pu + X to get
;)\TFA - ATd = ;HTFN —pT(d-FX) + ;XTFX ~ATa.
After returning to the old notation, problem (8.4) is reduced to
min ;)\TF)\ ~ATd st. GA=o and Az > Az (8.5)

with d = d — FA and Az > o.
Our final step is based on the observation that (8.5) is equivalent to

1 ~
min 2>\T(PFP +0QA - ATPd st. GA=o and Az >-Az, (8.6)
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where p is an arbitrary positive constant and
Q=GTG and P=1-Q

denote the orthogonal projectors on the image space of G and on the kernel
of G, respectively. The regularization term is introduced in order to simplify
the reference to the results of quadratic programming that assume regularity
of the Hessian matrix of the quadratic form. Problem (8.6) turns out to be a
suitable starting point for development of an efficient algorithm for variational
inequalities due to the following classical estimates of the extreme eigenvalues.

Theorem 8.2. There are constants C; > 0 and Co > 0 independent of the
discretization parameter h and the decomposition parameter H such that

H
C1 < Amin(PFPImP)  and  Apax(PFP|ImP) < ||PFP|| < Cgh,

where Amin and Amax denote the corresponding extremal eigenvalues of corre-
sponding matrices.

Proof. See Theorem 3.2 of Farhat, Mandel, and Roux [85]. Let us point out
that the statement of Theorem 3.2 of Farhat, Mandel and Roux [85] gives
only an upper bound on the spectral condition number x(PFP|ImP), but the
reasoning that precedes and substantiates their estimate proves both bounds
of (8.2). O

8.4 Optimality

To show that Algorithm 6.1 with the inner loop implemented by Algorithm 5.8
is optimal for the solution of problem (or a class of problems) (8.6), let us
introduce new notation that complies with that used to define the class of
problems (6.34) introduced in Sect. 6.7.

As in Chap. 7, we use

T={(Hh)eR*:H<1,0<2h<H, and H/h €N}

as the set of indices, where N denotes the set of all positive integers. Given a
constant C' > 2, we shall define a subset 7 of 7 by

Toc={(H,h) €T : H/h < C}.
For any t € 7, we shall define

A, =PFP 4+ 0Q, b, =Pd
B; = G, b7 =—Az and £ g = —00
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by the vectors and matrices generated with the discretization and decompo-
sition parameters H and h, respectively, so that problem (8.6) is equivalent
to the problem

minimize f;(A;) s.t. CGAy =0 and A > ¢, (8.7)

with fi(A) = éATAtA — b7 A. Using these definitions, Lemma 8.1, and
GGT = |, we obtain

IBe <1 and [ =0, (8.8)
where for any vector v = [v;], v denotes the vector with the entries
v = max{v;,0}. Moreover, it follows by Theorem 8.2 that for any C' > 2

there are constants a5, > a%; > 0 such that

max

aC < Amin(At) S )\max(At) < aC

min — — “max

(8.9)

for any ¢t € 7¢. As above, we denote by Apmin(A¢) and Apax(A¢) the extreme
eigenvalues of A;. Our optimality result for a model semicoercive boundary
variational inequality then reads as follows.

Theorem 8.3. Let C > 2 denote a given constant, let {\i}, {uk}, and {0/ 1}
be generated by Algorithm 6.1 (SMALBE) for (8.7) with ||b¢|| > n: > 0, 5 > 1,
M >0, gto =100 >0, >0, and pf = o. Let s > 0 denote the smallest
integer such that 3°00 > M?/awmin and assume that Step 1 of Algorithm 6.1
is implemented by means of Algorithm 5.8 (MPRGP) with parameters I" > 0
and o € (0, (amax + B%00) "], so that it generates the iterates

k,0 k,1 kil _ vk
RO AR AR 3]

or the solution of (8.7) starting from AFC = X:=1 with A;1 = o, where
g t t t
I =1l is the first index satisfying

" AF, 1ty 0n)ll < MBAAT

(8.10)

or
lg” ALty 01| < M by]. (8.11)

Then for any t € Tc and problem (8.7), an approximate solution )\f‘ which
satisfies

Ig” (A", 1yt okl < eMby|| and B || < elby| (8.12)

is generated at O(1) matriz—vector multiplications by the Hessian of the aug-
mented Lagrangian Ly for (8.7) and

otk < 5%00.
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Proof. Notice that we assume that the constant C is fixed, so all the assump-
tions of Theorem 6.11 (i.e., the inequalities (8.8) and (8.9)) are satisfied for
the set of indices 7¢. Thus to complete the proof, it is enough to apply The-
orem 6.11. O

Since the cost of a matrix—vector multiplication by the Hessian of the
augmented Lagrangian L; is proportional to the number of the dual variables,
Theorem 8.3 proves numerical scalability of Algorithm 6.1 (SMALBE) for
(8.7) provided the inner bound constrained minimization is implemented by
means of Algorithm 5.8 (MPRGP). The parallel scalability follows directly
from the discussion at the end of Sect. 8.2. We shall illustrate these features
numerically in the next section.

8.5 Numerical Experiments

In this section we illustrate numerical scalability of SMALBE Algorithm 6.1 on
the class of problems arising from application of the TFETI method described
above to our boundary variational inequality (8.1). The domain {2 was first
partitioned into identical squares with the side

H e {1/2,1/4,1/8,1/16}.

The square subdomains were then discretized by regular grids with the dis-
cretization parameter h = H/64, so that the discretized problems have the
primal dimension

n € {33282,133128, 532512, 21300048}
and the dual dimension
m € {258,1545,7203,30845}.
The computations were performed with the parameters
M=1, 0 =30, I'=1, and e=10"%
The stopping criterion was
lg” AP < 107"y and  [BX"]| < 1077[by .

Algorithm 6.1 with the solution of auxiliary bound constrained problem by
Algorithm 5.8 was implemented in C exploiting PETSc [7]. Using Theorem 8.3,
we get that the number of iterations that are necessary to find the approximate
solution is bounded provided H/h is bounded. The solution for H = 1/4 and
h =1/4is in Fig. 8.4.
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Fig. 8.4. Solution of the model semicoercive problem

The results of computations are in Fig. 8.5. We can see that the numbers
of the conjugate gradient iterations (on vertical axis) which correspond to
H/h = 64 vary very moderately with the dimension of the problem in agree-
ment with Theorem 8.3, so that the cost of computations increases nearly
linearly. The algorithm shares its parallel scalability with FETI; see, e.g.,
Dostal and Hordk [64]. We conclude that it is possible to observe numerical
scalability and that SMALBE with the inner loop implemented by MPRGP
can be an efficient solver for semicoercive variational inequalities.

100+

80¢

60}

iterations

40! ]

20} 1

6

10

‘ 5
10 dimension

Fig. 8.5. Scalability of SMALBE with TFETTI for the semicoercive problem with
H/h =64

More results of numerical experiments can be found in Dostdl [49]. See
also Dostal and Horék [64]. Applications to the contact problems of elasticity
are in Dostél et al. [76].
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8.6 Comments and References

For solvability and approximation theory for semicoercive variational inequal-
ities see the references in Sect. 7.5. See also Proposition 2.16.

The linear augmented Lagrangians were often used in engineering algo-
rithms to implement active constraints as in Simo and Laursen [167]. The first
application of the nonlinear augmented Lagrangians with adaptive precision
control in combination with FETT to the solution of variational inequalities
and contact problems seems to be in Dostdl, Friedlander, and Santos [55] and
Dostal, Gomes, and Santos [60, 61]. Applications to 3D frictionless contact
problems with preconditioning of linear step are, e.g., in Dostél et al. [53]
and Dostél, Gomes, and Santos [59, 62]. Experimental evidence of scalabil-
ity of the algorithm with the inner loop implemented by the proportioning
[42] was given in Dostél and Hordk [64]. Applications to the contact shape
optimization are, e.g., in Dostédl, Vondrak, and Rasmussen [77].

The method presented in this chapter solves both coercive and semicoer-
cive problems. Our first proof of numerical scalability of an algorithm for the
solution of a semicoercive variational inequality used the optimal penalty in
dual FETI problem [65]. Optimality of outer loop was proved in Dostdl [67];
the theory was completed in Dostél [48]. In particular, it was proved that
the relative feasibility error of the solution of the FETT problem with a given
penalty parameter can be bounded independently of the discretization param-
eter. The results presented here for a scalar semicoercive variational inequality
can be extended, including the theoretical results, to the solution of 2D or 3D
multibody contact problems of elasticity, including 2D problems with a given
(Tresca) friction [63] and an approximation of 3D ones [69]. The scalability
was proved also for the problems discretized by the BETI (boundary ele-
ment tearing and interconnecting) method of Langer and Steinbach [141]; see
Bouchala, Dostél, and Sadowskd [18, 17, 19]. See also Sadowsk4 [164].

There is an interesting corollary of our theory. If we are given a class of con-
tact problems which involves bodies of comparable shape, so that the regular
part of their spectrum is contained in a given positive interval, then Theo-
rem 8.3 implies that there is a bound, independent of a number of the bodies,
on the number of iterations that are necessary to approximate the solution to
a given precision. The linear auxiliary problems can be preconditioned by the
FETI preconditioners. For comprehensive review of domain decomposition
methods with many references see, e.g., Toselli and Widlund [175].

Some methods reported in Sect. 7.5 can be naturally adopted for the so-
lution of semicoercive problems. This concerns especially the active set-based
algorithms with multigrid solvers of linear problems (see, e.g., Krause [134])
and the algorithm proposed by Schoberl. A FETI-based algorithm for co-
ercive and semicoercive contact problems was proposed by Dureisseix and
Farhat [78]. These authors gave experimental evidence of scalability of their
algorithms.
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