ABSTRACT

LIN, MATTHEW MIN-HSIUNG. Inverse Problems of Matrix Data Reconstruction. (Under
the direction of Moody Chu.)

Mathematical modeling is an indispensable task in almost every discipline of sciences. If a
model for a specific phenomenon can be correctly established, then it empowers the practitioners
to analyze, predict, and delegate an onward decision which may have important applications and
consequences. However, since most of the information gathering devices or methods, including
our best intellectual endeavor for understanding, have only finite bandwidth, we cannot avoid
the fact that the models employed often are not exact. A constant update or modification
of an existing model based on the newest information therefore is in demand. Such a task is
generally referred to as an inverse problem. While in a forward problem the concern usually is
to express the behavior of a certain physical system in terms of its system parameters, in the
inverse problem the concern is to express the parameters in term of the behavior. This thesis
addresses a small portion of the mass domain of inverse problems. The specific focus has been
on matrix data reconstruction subject to some intrinsic or prescribed constraints.

The purpose of this investigation is to develop theoretic understanding and numerical al-
gorithms for model reconstruction so that the inexactness and uncertainty are reduced while
certain specific conditions are satisfied. Explained and illustrated in this thesis are some most
frequently used methodologies of matrix data reconstruction so that for a given dataset, these
techniques can be employed to construct or update various (known) structural properties, or to
classify or purify certain (unknown) embedded characteristics. Areas of applications include,
for example, the applied mechanics where systems of bodies move in response to the values of
their known endogenous parameters and the medical or social sciences where the causes (vari-
ables) of the observed incidences neither are known a priori nor can be precisely quantified.
All of these could be considered as an inverse problem of matrix data reconstruction. This
research revolves around two specific topics — quadratic inverse eigenvalue problems and low
rank approximations — and some other related problems, both in theory and in computation.

An immediate and the most straightforward application of the quadratic inverse eigenvalue
problem would be the construction of a vibration system from its observed or desirable dy-
namical behavior. Its mathematical model is associated to the quadratic matrix polynomial
Q(A) = MA2 4+ C) + K whose eigenvalues and eigenvectors govern the vibrational behavoir.
Tremendous complexities and difficulties in recovering coefficient matrices M, C, K arise when
the predetermined inner-connectivity among its elements and the mandatory nonnegativity of
its parameters must be taken into account. Considerable efforts have been taken to derive theory

and numerical methods for solving inverse eigenvalue problems, but techniques developed thus



far can handle the inverse problems only on a case by case basis. The first contribution in this
investigation is an efficient, reliable semi-definite programming technique for inverse eigenvalues
problems subject to specified spectral and structural constraints. Of particular concern is the
issue of inexactness of the prescribed or measured eigeninformation, which is almost inevitable
in practice, since inaccurate data will affect the solvability of this inverse eigenvalue problem.
To address this issue, a second contribution in this investigation is a methodical approach by
using the notion of truncated QR decomposition to first determine whether a nearby inverse
problem is solvable and, if it is so, the method computes the approximate coefficient matri-
ces while providing an estimate of the residual error. Both methods enjoy the advantages of
preserving inter-connectivity structures and other important properties embedded in the orig-
inal problems. More importantly, both approaches allow more flexibilities and robustness in
handling highly structured problems than other special-purpose algorithms.

Low rank approximations have become increasingly important and ubiquitous in this era of
information. Generally, there is no unified approach because the technique often is data type
dependent. This research studies and proposes new factorization techniques for three different
type of data. The first algorithm aims to perform a nonnegative matrix factorization of a
nonnegative data matrix by recasting the problem geometrically as the approximation of a given
polytope on the probability simplex by a simpler polytope with fewer facets. This view leads to
a convenient way of decomposing the data by computing the proximity map which, in contrast
to most existing algorithm where only an approximate map is used, finds the unique and global
minimum per iteration. The second algorithm investigates the factorization of integer matrices
which is more realistic and important in informatics. Searching through the literature, it
appears that there does not exist a suitable algorithm which can handle this type of problem well
owing to its discrete nature. Two effective approaches for computing integer matrix factorization
are proposed in this investigation — one is based on hamming distance and the other on
Euclidean distance. A lower rank approximation of a matrix A € Z™*"™ ~ UV with factors
U e Zg’”k, V € 7", where columns of U are mutually exclusive and integer k < min{m,n}
is given. The third algorithm concerns expressing a nonnegative matrix as the shortest sum of
nonnegative rank one matrices, the so called nonnegative rank factorization. Till now, only a
few abstract results which are somewhat too conceptual for numerical implementation have been
developed in the literature. Employing the Wedderburn rank reduction formula, a numerical
procedure detecting whether a nonnegative rank factorization exists is presented. In the event
that such a factorization does not exist, it is able to compute the maximum nonnegative rank
splitting.

This thesis includes a detailed analysis of inverse eigenvalue problems and low rank factoriza-
tions. Some of the theories are classical, but new insights are obtained and their implementation

for numerical computation are developed. On the other hand, this investigation leads to quite



a few innovative algorithms which are effective and robust in tackling the otherwise very dif-
ficult inverse problems. The research is ongoing and several interesting research problems are
identified in this thesis.



(© Copyright 2010 by Matthew Min-Hsiung Lin

All Rights Reserved



Inverse Problems of Matrix Data Reconstruction

by
Matthew Min-Hsiung Lin

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Mathematics

Raleigh, North Carolina

2010

APPROVED BY:

Pierre Gremaud Alina Chertock

Dmitry Zenkov Moody Chu
Chair of Advisory Committee



DEDICATION

To my dear family

for their support and love

i



BIOGRAPHY

Min-Hsiung Lin received his Bachelor of Science degree in mathematics from the National
Taiwan Normal University in 2003 and his Master of Science degree in applied mathematics
from the National Tsing Hua University in 2005. Then, his life has turned to a new chapter.
He went to the United States to pursue his Ph.D. degree in applied mathematics at the North
Carolina State University. During the next four years, he received his second Master’s degree in
computer science in 2009, was baptised on March 29, 2009, and completed his PhD dissertation
in 2010.

iii



ACKNOWLEDGEMENTS

Thank you God for all your many blessings.

Thank my advisor Dr. Moody Chu and his wife Mrs. Joyce Chu
e They like parents. Fill my heart with endless care and support.
e They like angels. Open my eyes. Let me have the chance to see the God.
e They like mentors. Lead me through the difficulty with profound knowledge and wisdom.

e They are interceders. Bless my road with sincere daily prayers.

Thank the members of my committee: Dr. Pierre Gremaud, Dr. Alina Chertock, Dr. Min
Kang, and Dr. Dmitry Zenkov, for their informative and wonderful instruction in their courses,

for their valuable comments, insights, and suggestions on my work .

Thank Dr. Dennis R. Bahler for his perpetual kind and gentle nature allowing me to finish my

master degree in Computer Science.

Thank Dr. Wen-Wei Lin, Dr. Tsung-Min Hwang, Dr. Tsan-Yao Chen, Dr. Shu-Ming Chang,
Dr. Bo Dong, Dr. Shih-Feng Shieh, Dr. Yuen-Cheng Kuo, and Dr. Chung-Yueh Chiang for

their invaluable advice and suggestions on my work.

Thank my friends who offered me great support and precious friendships. I would like to share

my happiness with them.

Thank my parents, two brothers, and Siao-Yong, who have never failed to give me their full
support, whenever I need them. Without their understanding and encouragement, I would not

be able to understand what I insist on, nor could I have made my way so far.

iv



TABLE OF CONTENTS

List of Tables . . . . . . . . . . e viii
List of Figures . . . . . . . . . . . . e ix
List of Notations . . . . . . . . . . . . . . . . . . e X
Chapter 1 Introduction . . . . . . .. .. ... ... . 1
1.1 Overview . . . . . . o 1
1.2 Quadratic Inverse Figenvalue Problems . . . . . . ... ... ... .. ...... 3
1.3 Low Rank Factorization . . . . .. ... ... ... ... .. ... ... ... 5
1.4 Research Outline . . . . . . . . .. . e 9

I Quadratic Inverse Eigenvalue Problems 11
Chapter 2 Inverse Problems with Basic Real Symmetric Models . .. ... .. 12
2.1 OVerview . . . ..o e 12
2.2 Fundamental theorem on spectral decomposition . . . ... ... ... ... ... 14
2.2.1 Role of the parametric # matrix . . . . . . . .. .. ... ... ... ... 14

2.2.2  Structure of the parametric Z matrix . . . . . . . .. ... ... .. 16

2.3 Eigenvector completion . . . . . ... L L Lo 18
2.3.1 TIssues related to numerical computation . . . . . ... ... ... ... 23

2.4 Model updating with no spill-over . . . . . .. .. .. L o oL 27
2.5 Roleof eigenvalues . . . . . . . ... 29
2.6 Conclusion . . . . .. . 33
Chapter 3 Inverse Problems with Partial Eigenpair Information ... ... .. 34
3.1 Overview . . ... e 34
3.2 Handling exact eigenpairs . . . . . . . . . ..o e 35
3.2.1 Inherent structure . . . . . . ... 39

3.2.2 Linear equality system . . . . . . . . ... Lo 40

3.2.3 Linear inequality system . . . . . . . . .. L. Lo oo 42

3.3 Handling inexact eigenpairs . . . . . . . .. .. L L Lo oo 44
3.4 Numerical experiments . . . . . . . . .. .. L Lo 47
3.5 Conclusion . . . . . . . 51
Chapter 4 Inverse Problems with Structured Models . . . . . .. ... ... ... 52
4.1 OVErvIEW . . . o o e 52
4.2 Semidefinite programming . . . . . . .. .. oLl 53
4.3 Models with symmetric and positive semi-definite structures . . . . . . . .. . .. 57
4.4 Models with gyroscopic structures . . . . . . . .. ..o oL 60
4.5 Models with sparsity patterns . . . . . . . . ... o oo 61



4.6 Models with prescribed entries . . . . . .. .. Lo oo 63
4.7 Model updating problems . . . . . .. ... Lo 64
4.8 Conclusion . . . . . .. L 69

II Low Rank Factorizations 71
Chapter 5 Nonnegative Matrix Factorization via Polytope Approximation . . 72
5.1 OVerview . . . . . oL 72
5.2 Pull-back to the probability simplex . . . . .. ... ... ... 0. 74
5.3 Polytope fitting problem . . . . . .. ..o 7
5.3.1 Proximity map on the probability simplex . . . . . . ... ... ... ... 79

5.3.2 Alternating direction iteration . . . . . ... ... ... ... ... ..., 84

5.4 Application to the nonnegative matrix factorization . . . .. .. ... ... ... 88
5.4.1 Proximity map on the the simplicial cone . . . . ... ... ... ... .. 90

5.4.2 Alternating direction search . . . . . . . .. ... ... 93

5.5 Numerical experiments . . . . . . . . . .. oL 97
5.6 Conclusion . . . . . . . 102
Chapter 6 Integer Matrix Factorization via Rank-one Approximation . .. .. 104
6.1 OVerview . . . . . . . . . e e 104

6.2 Basic rank-one approximation . . . . . . . ... 105
6.2.1 Approximation with Hamming metric . . . . . ... ... ... ... ... 106

6.2.2 Approximation with Euclidean metric . . . . . . ... ... ... ... .. 110

6.3 Algorithms of integer matrix factorization . . . . . . . . ... ... ... ... .. 111
6.3.1 Communalrule . . . . . .. .. .. ... 112

6.3.2 Recursive decomposition . . . . . ... .o oo 113

6.3.3 Optimal low rank approximation . . . . . . .. ... ... ... ...... 114

6.4 Numerical experiments . . . . . . . . .. .. L L 118
6.4.1 Association analysis . . . . . ... .o Lo 118

6.4.2 Cluster analysis . . . . . . . . . . .. 120

6.4.3 Pattern discovery . . . . . . ... 123

6.4.4 Random performance test . . . . . . . . .. ... . L. 125

6.5 Conclusions . . . . . . . . L 127
Chapter 7 Nonnegative Rank Factorization via Rank Reduction . ... .. .. 129
71 OVEIrVIEW . . . o v o e e e e 129

7.2  Wedderburn rank reduction formula . . . . ... ... o000 o oL 132
7.3 Nonnegative rank factorization . . . . . . . . . .. .. ... L. 133
7.4 Completely positive matrices . . . . . . . . . ..o 138
7.5 Maximal nonnegative rank splitting . . . . . .. ..o 139
7.6 Geometric meaning of nonnegative rank . . . . . . ... L0000 141
7.7 Numerical experiments . . . . . . . . ... Lo 144
7.8 Conclusion . . . . . . . . 146

vi



Chapter 8 On the Nonnegative Rank of Euclidean Distance Matrices . . . .. 147

8.1 OVerview . . . . . . . e e e 147
8.2 Rank condition and standard form . . . . . ... ... ... L. 147
8.3 Nonnegative rank factorization for linear Euclidean distance matrices . . . . . . . 150
8.4 A conjecture for higher dimensional Euclidean distance matrices . . .. .. ... 156
Chapter 9 Future Work . . . . . . . . . . . . 158
References . . . . . . . . . e 161
Appendix . . . . . L 173
Appendix A QR Factorization with Column Pivoting . . . . . . ... .. ... ... 174

vil



Table 4.1

Table 4.2

Table 4.3

Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 6.6

Table 8.1

LIST OF TABLES

An SDP code calling routines from YALMIP to solve QIEPs for positive
semi-definite (M,C,K). . . . . . . . ...
Existence of positive definite M, C and K to the symmetric QIEP with
random eigenstructure. . . . . . . .. ... L
Existence of positive definite M, €, JZ, and skew-symmetric ¢ to the
QIEP with random eigenstructure. . . . . . . . . .. . ... ... ... ...

An transaction example with 5 transactions and 6 items . . . . .. .. ..
A binary representation of the transaction example . . . . . . .. ... ..
Two representative transactions 77 and T4 . . . . . . . . . ... ... ...
Precision and Recall of edible or poisonous mushrooms . . . . .. ... ..
Precision and Recall of benign or recall patients . . . . . . ... ... ...
Global convergence rate and average time per factorzation (in seconds)

on randomly generated data sets. . . . .. . ... ... . L.

Standard nonnegative factorizations of Q4. . . . . . . . . ... L.

viii



Figure 2.1

Figure 3.1
Figure 3.2

Figure 4.1
Figure 4.2

Figure 4.3

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4

Figure 5.5
Figure 5.6

Figure 5.7
Figure 5.8

Figure 5.9

LIST OF FIGURES

Curves where the principle minors of XJ2H !XT vanish. . . . . ... .. 32
A four-degrees-of-freedom mass-spring system. . . . . . . ... ... ... 36
An RLC electronic network. . . . . . ... ... L 37
The 48 x 48 sparse matrices Mg and Kg. . . . . . . . .. ... ... ... 67
Performance of model updating for Harwell-Boeing test data BCSST*01

(M =48). . 68
Performance of model updating for Harwell-Boeing test data BCSST*02

(M =10606). . . o 69
Convex hull of 9(A) € R¥>*™ withn =11. . . .. ... .. ... ...... 76
Convex hull of 9(Y)and U in Ds3. . . . . . . ... .. ... 78
NNMFin RZwhen p=1. . . . . . . . . i it . 90
Simplicial cone of U and convex hull of 9(Y) € R3*" with p = 2 and

n=11. . . e 91

Triangle (polytope) enclosing a prescribed set of points on Ds. . . . . . . 98
Objective values f(U, V) per iteration by the Chu-Lin algorithm versus

the Lee-Seung algorithm. . . . . .. .. ... ... ... ... ... 99

Objective values f(U, V) in 20 iterations per specified rank by the Chu-

Lin and the Lee-Seung algorithms. . . . . . . . ... .. ... ... ... 100

Complexity of the Chu-Lin algorithm measured in CPU time per sweep

of the alternating optimization. . . . . . .. .. ... ... ... ... 101

80 sample images from the swimmer database. . . . ... ... ... ... 102
Figure 5.10 17 “parts” decomposed from the swimmer database by Algorithm 5 in

10 iterations. . . . . . .. L. 102

Performance of algorithms on the mushroom dataset . . ... ... ... 122

Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4

Figure 7.1

Figure 8.1
Figure 8.2
Figure 8.3

Performance of algorithms on Wisconsin breast cancer data set . . . . . . 124

Basic elements recovered from the swimmer data set by the IMF. 126
Bases elements recovered from block matrix data set by the IMF. 127
A geometric representation of the matrix 9(¢). . . . ... ... ... .. 142
Euclidean matrix of three points in R%. . . . . . .. ... ... ... ... 148
A geometric representation of the matrix 9(Q4) when r=1. . . ... .. 152
A geometric representation of the matrix ¥(Q4) when r>1. . . .. . .. 157

ix



LIST OF NOTATIONS

Notation

Calligraphic capitals, e.g., X or J
German capitals, e.g., X or J
Roman capitals, e.g., M or H
Script capitals, e.g., & or
R

R

A

R™

R

7

cmxn

RM*n

R X7

men

S[RTLXH
A=0
A=0

Description

matrices associated to Jordan canonical forms
complex-valued matrices of general sizes

real-valued matrices of general sizes

some specially defined 2n x 2n matrices

set of real numbers

set of nonnegative real numbers

set of integer numbers

space of real column vectors of dimension n

space of nonnegative real column vectors of dimension n
space of integer column vectors of dimension n

space of complex matrices of dimension m x n

space of real matrices of dimension m x n

space of nonnegative real matrices of dimension m x n
space of integer matrices of dimension m x n

space of symmetric real matrices of dimension m x n
positive semidefinite matrix A

positive definite matrix A

the transpose of a matrix A

the conjugate transpose of a matrix A

the inverse of a matrix A

the conjugate transpose of a vector x

the transpose of a vector x

zero matrix of dimension m x n

zero vector in R"

zero matrix/vector of size depending on the context

identity matrix of dimension n X n



Chapter 1

Introduction

1.1 Overview

Experimental sciences are built upon the conviction that, despite imperfection due to noises,
device limitation, and other adulterate factors, empirical data should still be laden with certain
degrees of reliability or embedded with some essential characteristics of the original problems. In
order to improve the reliability or extract the essence, it is critical to update the underlying mod-
els or refine the datasets for the purpose of reducing or even eliminating errors. Conventional
error correction involves the reconstruction of models by imposing new updated information to
postulate the existence of exact data or by screening existent data with the hope of inferring
some innate particulars included in the true but cloaked data. These procedures of constituting
or refining original models play an important role in many areas of sciences and engineering,
including applied mechanics, circuit analysis, electrical oscillation, vibro-acoustics, information
retrieval, bioinformatics, digital image processing, and so on. In the area of vibro-acustics, for
example, we can get rid of the noise and access a suitable vibration control for air handling
system by fine-tuning through some real-time feedback results from sensors. In the area of
image processing, the presence of atmosphere turbulence alone has frustrated astronomers ever
since telescopes were invented. Without the correction to the turbulence, it is known that no
design or optical quantity of a telescope can improve the degraded image. A remedy comes only
recently when a mechanical means, generally referred to as the adaptive optics, has been devel-
oped to perform turbulence compensation with promising effect. Along these lines, this research
is devoted to matrix data reconstruction with primary focus on quadratic inverse eigenvalue
problems (QIEPs) and low rank factorization (LRF) where data in the underlying models are
represented by matrices of numerical attributes.

In contrast to the well developed theory and computation for the classical eigenvalue prob-

lem, the inverse eigenvalue problem (IEP) concerns the reconstruction of a structured matrix



from prescribed spectral data. It is clear that an IEP is trivial if the desirable matrix is not re-
stricted to a certain structure. As IEPs often arise from some physical systems, we indeed need
to ensure that the output of reconstruction not only follows the underlying natural frequencies
or normal models but also satisfies certain feasibility constraints. For example, the matrix rep-
resentation to the Sturn-Liouville operator is necessarily of the Jacobi structure. In the inverse
reconstruction, we want to guarantee that the recovered data still preserve the same structure.
The IEP for Jacobi matrices is now considered classical. Major results on this subject can
be found in [19, 68, 71]. See also [37, Section 4.2] for a comprehensive review of its variants.
Quadratic inverse eigenvalues related to practical applications inherit more complicated geo-
metric structures and are notoriously more difficult. To make the matter worse, in many cases
it is not enough to just consider geometric structures. Often we need to take other properties of
parameters or eigeninformation, such as nonnegativity, into consideration simultaneously. Our
main contribution in this investigation is to establish a general framework for solving QIEPs
with general intrinsic structures. To set forth our consideration, four fundamental issues should
be addressed in any type of QIEPs [37].

e Solvability. Not all vibration behavior is achievable. The most fundamental question for
a QIEP is to determine conditions under which a solution exists. It is also sometimes

desirable to determine whether a solution is unique.

e Computability. Suppose that a given set of eigeninformation is feasible. It is natural to
seek a numerical algorithm for computing a solution. It is further desirable to improve

the algorithm to make its computation more effective and efficient.

e Sensitivity. By sensitivity analysis we refer to the study of how reconstructed results will
be affected, qualitatively or quantitatively, by perturbations in the input data. Such an
analysis helps to qualify the numerical computation and provides the capacity of further

refining a model by seeking the errors hidden in the model.

e Feasibility. The feasibility is closely linked to the exactness or completeness of a given

data, or the suitability of the output result while testing it on the physical system.

The problem of LRF arises in a large variety of disciplines in modern science and engineer-
ing. Its main goal is to to compress the overly excess data in terms of fewer and more concise
representatives and to assess the loss or the retrieval of important information. Most conven-
tional approaches for solving LRF can be categorically cast as the so-called vector space model
[170]. Roughly speaking, each model in the dataset is reshaped into a vector and the collection
of those vectors becomes a single data matrix. Depending on the data types, the assessment

of loss (or retrivial) is based on different measures in computing the similarity among different



models. For example, for continuous data, we might compute the heterogeneities via the Eu-
clidean metric whereas for discrete data, we might employ the Hamming metric to count the
cardinality of distinct elements, instead of real difference, as a means of representing dissimilar-
ity. This way of representing data as vectors and searching for its best low rank approximation

is stimulated with the aim of reaching the following goals [29].

e Compression. In real-world data, it often involves a large number of attributes related
to diverse characteristics. A natural question is whether a set of representative patterns
involving relatively smaller amount of parameters is sufficient to characterize the original

model.

e Concision. We hope that the original data could be clarified by enhancing its character-

istics via much more representative patterns derived from the data.

e Celerity. It is always desirable to obtain the best low rank approximation fast and effec-

tively.

Our objectives in this investigation are to provide an informative and wide-scope overview of
these interesting problems, to introduce some of their many applications, to explore mathemat-
ical properties, and to formulate numerical schemes so that: (i) a decision about the solvability
of a QIEP can always be made either by theory or by computation; and (ii) an LRA could be
achieved through the notion of “factorizing” data into a product of representative objects while

maintaining its specific data type.

1.2 Quadratic Inverse Eigenvalue Problems

When attempting to characterize vibration phenomenon arising in solid mechanics, circuit anal-
ysis, electrical oscillation, acoustics, or finite element models of some PDEs, we often will come

to a second-order dynamical system
My +Cy + Ky = f(t), (1.1)

where y(t) stands for an appropriate state variable and M, C, K are time-invariant, real n x n
matrices representing embedded physical parameters. It is well known that if y(t) = uel
represents a fundamental solution of (1.1), then the scalar A and the vector u must satisfy the
algebraic equation

(A’M + \C + K)u = 0. (1.2)

In the forward setting, known as the quadratic eigenvalue problem (QEP) [70, 157], the

eigenvalues and eigenvectors of the quadratic matrix polynomial (1.2) are used to describe the



dynamical behavior of the underlying physical system with coefficient matrices M, C' and K
already determined from the specified physical parameters. In the inverse setting, which we
refer to as the quadratic inverse eigenvalue problem (QIEP), the task is to validate, deter-
mine, or estimate the parameters of the system according to its observed or expected behavior.
That is, the aim of a QIEP is to determine physical parameters from its complete or partial
eigeninformation.

In general, a QIEP can be defined as follows [33]

(QIEP). Construct a nontrivial quadratic matrix polynomial Q(\) = A2M + \C + K

so that its matrix coefficients (M, C, K) are of a specified structure and Q(\) has a

specified set {(A\;, w;)}%_, as its eigenpairs.
There are two main mandates embedded in the above definition: structural preservation and
eigeninformation compliance. Indeed, as we will see in the subsequent discussion, it is these
specified constraints embedded in the structure that make QIEPs difficult and challenging. A
partial list illustrating different approaches to the QIEPs in the literature is briefed as follows.
Ram and Elhay [144] determine a damped oscillatory system with symmetric tridiagonal co-
efficient matrices from two sets of prescribed eigenvalues. Starek and Inman [153] propose a
numerical algorithm for determining a nonproportional damped system with respect to sym-
metric coefficient matrices. Lancaster and Prells [117] investigate a solution with symmetric
and positive definite M (denoted henceforth by M > 0), symmetric and positive semi-definite
C (denoted by C' = 0), and K > 0 from complete spectral information about eigenvalues
and eigenvectors. Later, Lancaster [114] advances the notion of solving symmetric coefficient
matrices M, C, and K, given all eigenvalues and partial eigenvectors corresponding to only
real eigenvalues. Chu, Kuo and Lin [38] characterize a sufficient condition for the solvability
of QIEPs with partially prescribed eigenpairs while M > 0 and K > 0. Kuo, Lin and Xu
[113] later put forward the parameterization of symmetric coefficient matrices (M > 0, C, K)
with & < n by using QR decomposition. This result soon is further generalized in [24]. More
general representation of symmetric (M = 0, C, K) in terms of eigenvalues and eigenvectors
is discussed in [40, 70] . See also [49, 51, 135] for the related work on applying the notions of
feedback control to reassign the eigenstructure, but the loss of symmetry. Despite the numerous
endeavors, research results advanced thus far for QIEP are incomplete, fragmental, and indeed
quite inadequate. Most disappointing is that no structures other than symmetry or positive
definiteness on some coefficients can be addressed by these techniques.

Developing effective techniques for solving structured inverse eigenvalue problems has been
in quite desperate need but the advance thus far is limited to special cases. The most common
discussed structure is symmetry in each of the coefficient matrices (M, C, K). When the con-

dition of positive definiteness is imposed upon the coefficient matrices, current theory requires



the complete information on eigenvalues and eigenvectors [117]. This is far from being sufficient
to embrace the subtle properties such as inner-connectivity among elements of the underlying
physical system or the requisite nonnegativity of the physical parameters for the sake of feasi-
bility. For other types of structures, such as the gyroscopic systems where matrix coefficients
are composed of positive definite and skew-symmetric matrices or local model updating prob-
lems where some entries in the coefficient matrices are prescribed and fixed, there is simply no
theory or techniques available at all. At present, effective numeral algorithms for QIEP are few
and those already developed are geared toward some specific and non-refined problems which
cannot be generalized to other types of quadratic systems with different structure.

The notion of QIEP is of fundamental importance, because its ultimate goal of construct-
ing or updating a vibration system from some observed or desirable dynamical behaviors while
respecting some inherent feasibility constraints suits well many engineering applications in a va-
riety of industries, including aerospace, automobile, manufacturing, and national defense. Thus
far, however, QIEPs have largely remained challenging both theoretically and computationally
due to the great variations of structural constraints that must be addressed. Of notable interest
and significance in our investigation is to provide a general theoretical framework for the basic
real and symmetric models and several numerical procedures for solving QIEPs with almost all

kinds of specified structures.

1.3 Low Rank Factorization

Computing matrix factorization is an important task in numerical linear algebra. Theories and
numerical applications for matrix factorization have received great attention in modern sciences
and techniques. The general purposes of matrix factorization could be enlightened through an

interesting appraisal by Hubert, Meulman, and Heiser [97],

“Matrix factorization in the context of numerical linear algebra (NLA) generally
serves the purpose of rephrasing through a series of easier subproblems a task that

may be relatively difficult to solve in its original form.”

Taking the problem of solving a linear system Ax = b for A € R™" x and b € R", for
example, we all know that it is impracticable to formulate A~! by any means. Instead, we
formulate the LU factorization, which transforms the originally complex problem into a two
easier subproblems of triangular systems. The purpose of this process is merely to decompose
the square matrix A into a lower triangular matrix L and an upper triangular matrix U. This
matrix factorization is only as a computationally convenient tool which has no real importance

in and of itself.



In an entirely different context, we can intepret the matrix A € R™*™ as a data matrix
such that each row corresponds to an object (subject) over n attributes (variables). Under
this model, there are a total of m objects individually corresponding to n attributes. Such
a collection in the matrix form is for the purpose of classifying the given data by comparing
the similarity between the objects with respect to a certain metric. The notion of matrix
factorization is not so much directed at solving a linear equation or finding eigenvalues, but
more so at revealing critical information within observations and their features. In the context
of applied statistics/psychometrics (AS/P), it is said that “matrix factorizations are again
directed toward the issue of simplicity, but now the actual components making up a factorization
are of prime concern and not solely as a mechanism for solving another problem [97].” We
prefer to be able to “interpret the matrix factorization geometrically and actually present the
results spatially through coordinates obtained from the components of the factorization”. If
such a factorization can be achieved, we might better understand the structure or retrieve the

information hidden in the original data matrix. That is,

“The major purpose of a matrix factorization in this context is to obtain some form
of lower-rank (and therefore simplified) approximation to A for understanding the
structure of the data matrix, particularly the relationship within the objects and
within the attributes, and how the objects relate to the attributes [97].”

The notion of LRF plays an important role in machine learning, statistics, signal processing,
and other informatic related fields. It aims to retrieve a sensible low-dimensional approximation
from the original data matrix. We can regard LRF as a special kind of matrix factorization.
Similar to eigenvalue problems, the LRF problem could also be considered from both a direct or
an inverse points of view. The direct problem of an LRF is to formulate the original data matrix
by computing the product of two low rank matrices. Clearly, we do not have trouble in doing
such a calculation. On the other hand, the inverse problem of LRF is to minimize the difference
between the original target matrix and the product of its low rank factorizations. Depending
on the types of constraints imposed on the factors, there are at least three different ways to
formulate a matrix factorization, all of which are studied in this research. Unless otherwise
mentioned, the subsequent discussion of the LRF is about solving the inverse problem.

The traditional approach to the LRF is to first express the matrix A as the product of two
or more factors and then perform suitable truncations. In the ultimate sense, the factorization
of the matrix A is equal to the sum of rank-one matrices. The goal of breaking down the
matrix into rank-one matrices could be achieved via the well known Wedderburn rank-one
reduction formula. This formula is capable of unifying fundamental factorization processes
under one framework. Indeed, Chu, Funderlic and Golub in the review paper [35] have shown

that almost all matrix decompositions known in NLA could be obtained via this mechanism.



The mathematical approach of rank one reduction might not be deservedly recognized in the
NLA community, but its concept as well as applications have been prevalent for decades in the
AS/P community. See, for example, discussions in [45, 80, 81, 82, 85, 93] and also the timeline
about the appearance of rank reduction results in [97]. In this approach, the data types involved
in the calculation usually are real or complex numbers.

Another important variant of the LRF is the nonnegative matrixz factorization (NMF) where
the data to be analyzed are nonnegative. There are numerous applications of the NMF, in-
cluding text mining [54, 169], image articulation [119, 140], bioinformatics [30], micro-array
analysis [57], cheminformatics [138, 139], air quality research [138], spectral data analysis [16],
and cancer pattern discovery [23, 64, 107]. The idea behind the NMF is to represent original
model by a sequence of more compact representations whereas entries are nonnegative values
for the purpose of satisfying physical realities. The mathematical formulation for an NMF can
be defined as follows [139]:

(NMF) Given a nonnegative matric A € R™ "™ and a positive integer p <
min{m,n}, find nonnegative matrices U € R"™*P and V€ RP*™ s0 as to minimize
the functional
1
FUV) = 514 - UV (13)

Note that the equality A = UV may never be true, but the two matrices U, V" are still termed
as low rank “factors” of A in the literature. Classical tools cannot guarantee to maintain the
nonnegativity. Considerable research efforts have been devoted to develop special techniques
for NMF. See, for example, the multiplicative update algorithm by Lee and Seung [119, 120],
the gradient methods [34, 96|, and alternating least square methods [17, 22, 108, 118, 138|.
Additional discussions can be found in [39, 56, 91, 95, 105, 152], and the many references
contained therein. In this research, we offer yet another geometric approach by taking advantage
of the powerful Hanh-Banach theory.

The two types of factorizations and their approaches stated above are distinct in nature.
The feature of the data they intend to handle, however, are all from a continuum domain. There
is yet another important class of information, namely, discrete data, that we have to consider in
this investigation. To motivate the significance, envisage the scenario of switch manufacturing
in the telecommunications industry [132]. Suppose that each switch cabinet consists of n slots
which can be fitted with only one type of specified board options. Assume that there are t;
different board types for each slot. In all, there are [[;", ¢; different models. It is desirable to
build a few basic models at the beginning so that corresponding to different custom orders, we
might meet a specific configuration more efficiently. The question is how many and what basic
models should be built. One plausible approach is to “learn” from past experiences, that is, we

try to obtain the basic model information from the matrix of past sales. Labeling each board



type in a slot by an integer (or any token) while the same integer for different slots (columns)
may refer to different attributes, the data representing past m customer orders form an integer
matrix of size m x n. We must emphasize that in this setting, entries in the data matrix are of
discrete values and that these values may or may not reflect any ordinal scale. A factorization
of such a data matrix therefore must be subject to certain specifically defined arithmetic rules,
which constitutes the main thrust of our work on this subject.

Without causing ambiguity, let Z denote either the conventional set (or subset) of integers
when ordinal scale matters, or the set of all possible tokens which are not totally preordered,
for the system under consideration. For the simplicity of discussion, we shall assume that the
entries of the given matrix A are from the same set Z. In practice, different rows of A may
be composed of elements from different subsets of Z. Even the same element in Z may have
different meaning in different columns. If a comparison between two observations (rows) is
needed, entries at different locations in the rows might need to be measured differently. Before
we can perform the factorization, a properly defined metric for the row vectors, such as the
metric for the product space (of individual entries), therefore must be in place, which then
induces a metric d to measure the “nearness” between two matrices. With this in mind, we

define our integer matrix factorization (IMF) as follows.

(IMF) Given an integer matrix A € Z™*" an induced metric d, and a positive inte-
ger! k < min{m,n}, find a binary matrix U of size m x k with mutually orthogonal

columns and V € ZF*" o that the functional
fU,V):=dAUV), (1.4)
is minimized.

Each entry a;; in A denotes, in a broad sense, the score obtained by entity i on variable j;
the value of u;y, being dichotomous, indicates whether entity ¢ is influenced by “factor” ¢; and
vg; marks the attribute of variable j to the factor . Take the sale record of a certain electronic
device as the matrix A, for example. Then rows of A denote the specifications by m customers
with respect to the n different slots in the device; rows of V' represent the basis models to be
built; and the mutual exclusion of columns of U implies that each customer order corresponds
to exactly one possible basic model. The factors in this case represent some abstract concepts
by which the customer orders are divided into k clusters. Clearly, this is a typical classification
problem written in factorization form. We also see that the number & plays an important role

in the low rank approximation. In practice, we prefer to have as few factors as possible while

keeping the objective value f(U, V) low.

!The determination of such a rank k is itself an important question which thus far has no satisfactory answer
yet.



1.4 Research Outline

Inverse problems of matrix data reconstruction continue to be a fertile and flourishing field
for modern sciences and technology because it involves a rich vein of undiscovered knowledge
that cannot be manifested in direct problems. For instance, when solving inverse problems, we
often encounter a series of conditions that may not present in the direct problem: the given
information is incomplete; the original model satisfies certain constraints; the solution does
not exist; the solution is not unique; the solution does not depends continuously on the given
data, especially, the problem might not be well posed [68]. These questions are challenging but
interesting, and may have impact on many important applications.

This research aims at providing a comprehensive view of two important topics, QIEPs and
LRFs. We present our research results in eight chapters. We outline our organization as follows.
Part I deals with QIEPs. In Chapter 2 we set forth a mathematical framework for determining
real, symmetric coefficient matrices (M,C, K) in a basic QIEP from merely a prescribed or
observed subset of natural modes. This approach is in contrast to the classical approach to
IEPs where the model is to be constructed from natural frequencies corresponding to various
boundary conditions. In particular, merely given the cardinalities of real or complex eigenvalues
but not the actual eigenvalues, the set of eigenvectors can be completed by solving an under-
determined nonlinear system of equations. This completion shows that the construction of
symmetric coefficient matrices (M, C, K) is possible even if the underlying system possesses ar-
bitrary eigenvalues. Generic conditions under which the real symmetric quadratic inverse mode
problem is solvable are discussed. Applications to important tasks such as updating models
without spill-over or constructing models with positive semi-definite coefficient matrices are
investigated. In Chapter 3 we propose a numerical approach via truncated QR decomposition
to solve the inverse problems for arbitrary generally linked systems with inexact eigeninforma-
tion. This QR approach provides us with the capacity of determining the solvability of inverse
problems and, if the inexact data are still feasible, computes the coefficient matrices with an
estimate of residual error. In other words, we offer an approach that is general and robust for
any kind of physical configuration. In Chapter 4, we introduce a powerful semi-definite pro-
gramming (SDP) approach, to handle QIEPs under almost all kinds of structured constraints.
Because of the great variations of structured constraints inherent in diverse engineering appli-
cations, the QIEPs thus far have remained challenging both theoretically and computationally.
Of notable interest and significance in this chapter are the uniformity and the simplicity in
the SDP formulation that solves effectively many otherwise very difficult QIEPs. Part II deals
with LRFs. In Chapter 5, we compute the factorization of nonnegative matrix factorization by
formulating the problem as a low dimensional polytope approximation. We approximate such a

polytope on the probability simplex by another simpler polytope with fewer facets. Theoretical



assertion by the Hahn-Banach theorem guarantees that the difference between two polytopes
can be reduced by computing the supporting hyperplane for a given point and a disjoint poly-
tope. Since our transformation allows us to work on a compact set with known boundary, it is
easier to trace the approximation procedure. In contrast to most existing algorithm where only
an approximate map is used, our approach finds the unique and global minimum per sweep.
Numerical results show that our method is more effective than the popular Lee-Seung algorithm
in reaching the optimal approximation. In Chapter 6, we study the factorization of discrete
datasets, namely integer or binary data types. It has been shown that factorization of discrete
datasets generally leads to NP-hard problems. Compared with traditional techniques such as
k-means methods [127], k-modes algorithm [98], and vector-quantization [75], our methods,
which could be viewed as a generalized algorithm discussed in [110, 111], has no constraint on
the cluster number and the cluster size. More importantly, based on a sequence of the “best”
rank-one approximation, we can guarantee that each approximation is global minimization at
each sweep. Even under the additional condition that the cluster number or cluster size is fixed,
our algorithm enjoys a surprising but pleasant feature that is similar to the truncated singu-
lar value decomposition. That is, we are able to obtain the best possible truncated low rank
factorization for discrete data. Numerical testing experiments with popular collections such as
swimmer, Wisconsin breast cancer, and mushroom date sets seem to support our algorithms and
theories very well. In Chapter 7 we discuss the factorization of a given nonnegative matrix A
into a sequence of rank one matrices each of which successively downdates the rank of A by one.
Again, computing the exact nonnegative rank and the corresponding factorization are known
to be NP-hard. Available NMF techniques, which mostly utilize the notion of approximation,
can hardly guarantee the required equality in a complete factorization. Alternately, our work
employs the Wedderburn rank reduction formula to recursively extract, whenever possible, a
rank-one nonnegative portion from the previous matrix while keeping the residual nonnegative
and lowering its rank by one. The idea can equally be applied to completely positive matrices
with a slight modification for symmetry. Numerical testing seems to suggest that this numerical
approach, though heuristic in nature, performs reasonably well in factoring a given nonnegative
matrix via rank-one downdate. Finally, in Chapter 8 we investigate the rank properties of the
Euclidean distance matrix with n distinct points in R” and show that, while algebraic rank is
generically r 4 2, its nonnegative rank is generically n for 1-dimensional Euclidean distance

matrices.
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Part 1

Quadratic Inverse Eigenvalue

Problems
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Chapter 2

Inverse Problems with Basic Real

Symmetric Models

2.1 Overview

We begin our investigation with a synopsis of the spectral decomposition in real, symmetric
coefficient matrices (M, C, K). Spectral decomposition of a real, symmetric matrix polynomials
has been well developed in literature [41, 114]. However, for our application, we find that it is
critical to decipher the underlying structures of spectral decomposition in more details. Under-
standing the underlying structure enables us to address the solvability of real and symmetric
QIEPs from merely partial information about eigenvectors. This is the so called inverse mode
problem (IMP) which is yet another special type of QIEPs. The notion of IMP perhaps can
be exemplified by this famous paper entitled, “Can one hear the shape of a drum?” [104]. The
question was, “if one has perfect pitch (to hear the natural frequencies), could one find the
shape of a drum?”. The IMP asks a counter analogy, “Can one see the sound of a string?”,
which means, “If one has perfect vision (to see the natural modes), could one tell the tone of
the string?”.

The IMP is first considered by Gladwell [66] for finite difference models of a vibrating
rod. It is shown that for only two sets of eigenvalues and corresponding eigenvectors, the
system could be uniquely constructed apart from a scale factor. Other related works on IMPs
include Ram and Gladwell’s construction of tri-diagonal mass and stiffness matrices from a single
eigenvalue and two eigenvectors [146], Gladwell’s general discussion about the formulations of
simple chain-like structures which naturally involves tridiagonal structure [67], and Ram and
Elishakoof’s explication that the cross-sectional area of an axially vibrating non-uniform rod can
be generated uniquely, up to a scale factor, from one eigenvector [145]. We offer a mathematical

framework for the general IMPs subject to the mild constraint of coefficients being merely real
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and symmetric.

One key advance in our approach is to rediscover the important role played by a specific
block diagonal matrix # which is embedded in the spectral decomposition and whose structure
depends only on the cardinalities of real and complex eigenvalues. It is a known fact that
columns in the adjoint of the eigenvector matrix are J#-orthogonal! to themselves (see (2.5)).
It is thus typically assumed that, after properly transformation, this 5# matrix is normalized to
a canonical form known as the sip matrix [41, 70]. Such an assumption of J# being a constant
matrix, however, is not applicable for QIEPs because we usually do not have a complete list of
eigenvectors. Partial eigeninformation is not adequate for us to perform the normalization of 7.
To remedy this deficiency, the part of J# matrix corresponding to the prescribed eigenvectors
must be treated as unknown to be solved simultaneously with the IMP itself. This way of
“relaxing” some designated entries of the matrix J# as free variables offers a framework that
unifies different approaches in the literatures and resolves some difficult issues encountered in
[41] and [114]. In this chapter, we discuss two new applications of our general framework.

First, we propose a mechanism for updating an existent quadratic model with no spill-
over. Updating a given quadratic model with newly measured eigeninformation has been an
important task in engineering applications [27, 41, 52, 115]. The idea is to replace the portion
of eigenvalues or eigenvectors which might be unwanted, uncontronlled, or inaccurate. In pole
assignment problem, for example, the goal is to adjust the eigenvalues (poles) only [133]. An
added challenge, which thus far has no satisfactory solution, is to avoid spill-over after updating.
That is, it is desirable to keep the portion of eigenstructure in the original system, which is
either unmeasured or already acceptable, invariant during the updating process.

Second, we separate the roles of eigenvalues and eigenvectors in a QIEP and show that the
role of eigenvalues must take into account only when the completed set of eigenvectors is not
sufficient for addressing additional structural constraint such as positive definiteness. We have
numerical evidence showing that the eigenvectors for the QIEP with symmetric and positive
definite coefficient matrices cannot be arbitrary.

This chapter is organized as follows. We begin in Section 2.2 with the classical theory of
parameterization of real and symmetric coefficient matrices. The most general setting over
the complex field is developed in the seminar book by Gohberg, Lancaster, and Rodman [69],
which later is modified for the real field by Chu and Xu [41]. We then investigate the structure
of a critical matrix 7 which provides a basis for achieving the completion of eigenvectors in
Sections 2.2.2 and 2.3. Unlike the conventional approach in the literature where 7 is assumed
to be a fixed, constant matrix for the sake of simplicity, the matrix ¢ is characterized by
the block diagonal structure through the information of the cardinalities of real and complex

eigenvalues. Then, this matrix 2 with its undetermined nature is used as a parameter in

LA column vector x is ##-orthogonal to a column vector y if and only if x*#y = 0.
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describing a solution for the IMPs. In Section 2.4, we apply this parameterization to model
updating problems with no spill-over. In Section 2.5, the problem of positive definite or positive

semi-definite property of the coefficient matrices will be put into consideration.

2.2 Fundamental theorem on spectral decomposition

In this section we briefly review the spectral representation of a real symmetric coefficient
matrices (M,C, K), Of particular importance is a special matrix # which plays a role like
tuning the representation. For this discussion, the complete spectral information of the matrix

polynomial Q(\) must be known.

2.2.1 Role of the parametric .7 matrix

To begin with, we need to introduce the notion of a standard pair [69, 70] which elegantly

encapsulate spectral information in the most general form as we shall see below.

Definition 2.2.1 A pair of matrices (¥X,J) € C"*?" x C*"*?" s called a standard pair for the
quadratic matriz polynomial Q(X) if and only if the pair (X,J) satisfies the equation

MX3P+CXI+KX=0 (2.1)

and the square matriz [ ] € C?*2n s nonsingular.

X3
Given a quadratic matrix polynomial (\) with nonsingular leading coefficient matrix M,
define two matrices Z and % in R?"*?" such that

cC M 0 I

B = . (2.2)

M 0 MK —M-C

It is not difficult to check that the matrix %, an equivalence of the companion matrix for a
scalar polynomial has the same eigenstructure as that of Q()A). Corresponding to any given
standard pair (X, J) for Q()\), define a special matrix ¢

(2.3)

This matrix 7 (X,J) € C**?" plays an important role in expressing the spectral decom-

position of matrix coefficients (M, C, K) in the following way [41, 69].
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Theorem 2.2.1 Let (X,3) be a standard pair for the quadratic matriz polynomial Q(\) and
H = H(X,3). Then
M = (x37'%") 71,
C=-MX3n#1x*M, (2.4)
K=-MXyx'x*M+CM™'C.

The converse is more important to us, namely, the existence of a matrix ¢ € C>"*?" can
qualify a given a pair of matrices (X,J) as a standard pair for some real symmetric quadratic

matrix polynomial in the following way [41].

Theorem 2.2.2 Consider a pair of matrices (¥X,J) € C"*2" x C?*2n_ [f there erists a non-
singular matriz 7 € C*2" such that XJA~1X* is nonsingular and S satisfies the three

equalities

XX = 0,
HI = (HF), (2.5)
H = A

then (X,3) is a standard pair for the real symmetric quadratic matriz polynomial Q(\) whose
matrix coefficients (M,C, K) are defined according to (2.4). Furthermore, the nonsingular
matriz A is related to (X,J) via (2.3) and also the relationship

J. (2.6)

holds with B and € defined by (2.2) in terms of the newly constructed (M, C, K).

The relationship (2.6) strongly suggest that the construction of (M, C, K) based on (2.4)
can be achieved by using complete eigeninformation (X,J) which, in an QIEP setting, is not
immediately available. Nonetheless, the relationship (2.5) gives rise to the structure of 5 and
is particularly useful for studying the inverse problem later.

Let the Jordan canonical decomposition of ¥ be denoted by
€ =079, (2.7)

where J € C?"*?" represents a block diagonal matrix consisting of Jordan blocks corresponding
to eigenvalues of ¢ and columns of Q € C?*2" are comprised of the corresponding generalized

eigenvectors. Partition the matrix Q across rows into two blocks of size n x 2n,
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Rewriting (2.7) as

0 1

X X
= J, (2.8)
~M'K -M7'c || 2 =
we find the two relationships
z = xJ, (2.9)
MXJ*+CXJ + KX = 0. (2.10)

This implies that the Jordan pair (X, J) is indeed a standard pair for the quadratic matrix
polynomial Q(A). It follows that the corresponding matrix

H = (X, T) = Q" BQ (2.11)

must satisfy the relationships X JH1x* = M1, XYH'X* =0, H = H*, and HT = (HJ)*,

from which the structure of H can be characterized.

2.2.2 Structure of the parametric 77 matrix

For simplicity, we shall assume henceforth that all eigenvalues of Q(\) are simple. Suppose that

the Jordan matrix J along with the corresponding matrix X of eigenvectors are expressed as

(2.12)

X = [leil7x2viQ7'"7Xt7§t7x2t+17"'7x2n]7

{J = diag{A, A\, A2, A2, A Ay Ao Aan ),

where t is the number of distinct complex-conjugate pairs of eigenvalues. The congruence

relationship

L, —lom! L —lemt 1" [0 M
% = (2.13)
0o 1, 0o 1, M 0

asserts that the matrix % must have equal numbers of positive and negative eigenvalues. As a
consequence, the matrix (X, J) in general and H in particular should also have equal number
of positive and negative eigenvalues. From the facts that H = H*, H7 = J*H and rearrange

the ordering of real eigenvalues in 7 if necessary, we know that H must be a block diagonal of
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the form [63, Chapter VIII, Theorem 1]

, 0 I 0 h
HZdlag{[ hl 0 ] geeey [ ht ()t ] 7h2t+17---h2t+ra_h2t+r+17-~-7_h2n} (214)
where r :=n —t; for j = 1,...,¢, h; is a complex number; and for j =2t +1,...,2n, h; is a

positive real number. By definition, the values of h;’s depend on the pair (X, J). Those real
eigenvalues in J whose corresponding diagonal entries in H are positive (or negative) are said
to have a positive (or negative) sign characteristic?.

Now we can convert the standard pair (X,J) into a real-valued standard pair (X,.J) by
defining

J = RIR* =diag{\¥, AP Npir, . Aon} € RZX20

(2.15)
X = AR*= [ﬁle, \@XH, cey ﬁXtR, \/§th, X241y - - ,Xgn] S |Rn><2n’

with the unitary transformation

1 [1 1 1 [
R = diag{ —= = oy 2.16
& \/le —i] ﬂ[z —i] ’ (2.16)

t copies
where i = v/—1 and for j =1,...,¢,
2 aj G . .
)\p = J Tl e R?X2,if Aj = aj + 15,
B«
Xj = Xjr+t+iXj].

The corresponding real matrix H = (X, J) should have a similar block structure as in H,

H = RHR*

. a; b a; b 2.17
= dlag{[ ! ! ] geeey [ t t ] ah2t+1a---h2t+r7_h2t+r+1>---7_h2n} ( )
b1 —ay by —ay

with aj, bj eR.

In the conventional setting for the forward problem, with appropriate scaling and rotations

*More details about the concept of sign characteristics can be found in the book [70] and their usages for
QIEPs in the two recent articles [114, 117]. We only need the fact that real eigenvalues of J are divided into
two mutually exclusive groups in our discussion.
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of the eigenvectors, we can derive the following canonical form for the matrix H even for the

case that eigenvalues are semi-simple [41, Corollary 3.5] .

Theorem 2.2.3 Suppose that all eigenvalues of a given real symmetric quadratic pencil Q(\)

are semi-simple but not necessarily distinct. Then there exists a real standard pair (X,J) such

that
T
X C M X . 1 0 1 0
= I' := diag e ,
X3 M 0 X3 0 -1 0 -1
T (2.18)
X —-K 0 X R
=T143.
X3 0 M X3

The matrix I is precisely the so called sip (standard involutory permutation) matrix repeat-
edly referred to by Lancaster [114, 117]. In the setting for IMPs, nevertheless, only a partial
list of eigenvectors is accessible in the beginning. We do not have enough information to know
how these given eigenvectors should be scaled or rotated. All we can do is to use the given
partial eigenvectors to construct an appropriate matrix H, which might not be the same as this
particular sip form as in (2.18). In other words, the corresponding blocks in H to the prescribed
eigenvectors should be considered as part of the unknowns to be determined. This standpoint
is a fundamentally different approach from, and is perhaps more correct than, that considered
in [114, 117] where the sip form is implicitly but automatically assumed and thus significantly

delimits the solvability because some rank conditions may not be satisfied.

2.3 Eigenvector completion

In Theorem 2.2.1, we have seen that the coefficient matrices (M, C, K) could be constructed,
provided a standard pair (X, J) is given. However, we do not know (X, J) in its entirety in the
IMPs. The missing eigeninformation could be expiated by using Theorem 2.2.2, so long as a
nonsingular matrix H satisfying (2.5) could be found. Thus, our strategy is to first determine
the structure of H = (X, J) from the guessed or assigned structure, but not values, of J.
This would automatically satisfy the last two conditions in (2.5). Finally, we use the first

necessary condition
XH'xT =o. (2.19)

to build H and to complete X simultaneously. The values of J, which actually can be assigned
almost arbitrarily, are needed only to ensure the invertibility of the matrix XJH ' X T, which

is generically true.
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To illustrate this idea, suppose that we have prescribed a subset of k eigenpairs, which
are closed under complex conjugation and have assumed a desirable number ¢ of complex
conjugate pairs of eigenvalues or, equivalently, the desirable number » = n—t of real eigenvalues
with positive (or negative) sign characteristic in the constructed quadratic polynomial®. For

convenience, we partition the columns of X as

X=[Cyp Ci, PR, P ,No, Ni] (2.20)

2t columns r columns r columns

where [Cy, Py, No| is a submatrix of size n X k whose columns represent the k prescribed eigen-
vectors. Suppose further that among the prescribed eigeninformation there are 2kc complex
eigenvalues closed under conjugation, kp real eigenpairs with positive characteristics, and an-
other ky real eigenpairs with negative characteristics*. The known Cy, Py, and Ny, therefore,
are of sizes n X 2k, n X kp, and n X ky, respectively, with k& = 2kc + kp 4+ ky. Columns of
[C1, P1, N1] denote the unknown eigenvectors that are to be completed.

Clearly, H~! has exactly the same block structure as H. We might be as well working on
H~1! directly. Partition the inverse of the matrix H in (2.17) into blocks of sizes conformal to
those in (2.20) and denote,

H ' =diag {HS, HC By HY ,-H),—H{'} (2.21)

where each block has its own structure, e.g., HOC is a ko X ko block diagonal matrix consisting
of 2 x 2 submatrices, Héj and H(])V respectively are kp x kp and ky x ky diagonal matrices with

positive diagonal entries, and so on. We rewrite (2.19) as
CoHS CJ + Py HE P — NoHY Ny = NyHN N — pHP P — C1HEC/ . (2.22)

Since H{ and HY¥ are diagonal matrices with positive entries and P; and N; are indeter-
minate, we can redefine the products Py(HE)Y? and Ni(HYN)'/? as the new variables P, and

N7y, respectively. Likewise, by the identity

ab:Ulo
b —a 0 -1

3This pair of nonnegative integers (¢,r) is what we refer to as the structure of J.
4In practice, it appears that the choice of kp and kx is immaterial for IMPs so long as kp + kn = k — 2kc.
See the discussion in Section 2.3.1.

UT
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with

1
a+Va? +b? —b VP HatVa? 1) ’ VZ iy
a 9

b a+ Va2 + b? 0

1 Nl
Vb2 +(a+vaZ+b2)? scaling

orthogonal

we can properly rotate and scale the columns of C; in (2.22) and redefine the variable C; such
that the system (2.22) is reduced to

Q:=CoHSCJ + By HL P) — NoHY NJ + C,YC[ + PP — N\N] =0, (2.23)
where the constant matrix is denoted to be

T := diag ll 0],...,[1 0]
0 —1 0 —1

[\

t — ko copies

It is important to point out that this reduction process cannot take place at the left hand
side of (2.22) because [Cp, Py, Ny] are prescribed matrices which cannot assimilate the unknown
scalings or rotations. The eigenvector completion problem amounts to finding a real matrix
[Cy, P1, N1] of size n x (2n — k), 2kc real numbers for the block diagonal matrix HS', and
kp + kn positive numbers for the diagonal matrices Héj and Hév so that the equation (2.23) is

satisfied. Totally there are n(2n — k) + k unknowns in w equations. If
n(3n —1)

then the system (2.23) is under-determined. Generically, the algebraic solutions to (2.23) form
a nontrivial smooth manifold [79], but for our IMPs we also need positive Hf and HY from this
solution manifold. The following count on the cardinality of prescribed eigenpairs to guarantee

solvability can easily be verified from (2.24).

Theorem 2.3.1 The mazimal allowable number of prescribed eigenvectors so that the system

(2.23) is generically solvable is given by

3041, if n=2,
Kmas = (2.25)
3042, ifn=20+1.

Interestingly enough, Theorem 2.3.1 offers exactly the same solvability condition (2.25)
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which is proved in [32, Theorem 3.5] by using an entirely different approach. That is, suppose
we are given k eigenpairs {(Uj,yj)}g?:1 which are closed under complex conjugation. Convert
this eigenpair information into real-valued matrices (3,Y") in the same way as we did in (2.15).
Then if k < kpyqq the coefficient matrices (M, C, K) for the QIEP with eigenpair (3,Y) are
solutions to the linear system
»Yy?
M,C,K]| sy | =0. (2.26)
b

In this setting, we see that the eigenvalue information ¥ does come into play, no concern
about finding positive Héj and H(])V is needed, and all possible solutions (M, C, K) to the QIEP
forms a linear subspace. The trade-off, however, is that no iinformation about the remaining
eigenstructure in the reconstructed matrix polynomial is revealed at all. In contrast, our current
approach tackles the QIEP without the eigenvalue information. Given only eigenvalues structure
in J, we seek to solve the nonlinear system (2.23) for the remaining eigenvectors [Cy, P, Ni]
and positive HéD and Hév . Once the partial eigenvectors Y is fully extended to a complete set X
of eigenvectors, the remaining eigenvalues can be almost arbitrarily assigned and the coefficient
matrices (M, C, K) are obtainable from the formula (2.4). Compared to the linear subspace
formed by all feasible coefficient matrices (M, C, K), all possible remaining eigenvectors in the
polynomial system (2.23) form a nonlinear algebraic variety. In short, it is quite intriguing
that two different approaches using different sets of information end up with the same bound
on allowable number of prescribed eigenvectors.

An example might be more informative to demonstrate our point.

Example 2.3.1 Consider the simple case when n =2 and k = 2kc = 2. Suppose

0o L
Co=| | oﬂ]
V2

1s given. There are only two ways to complete the eigenstructure.

Assuming first that the remaining two eigenvectors are real, that is, r = 1, then we need to

b
determine Hg = ! @ ! , Py = [p1,p2]" and Ny = [n1,no]" from the equation
1 —ay
1 2 2 1
—301+pi—n —3b1 + p1p2 — ning 00
COH§CJ+P1P1T—N1N1T=[ L bt : . ]:[ ]
—5b1 4+ pip2 — ning 301+ Py — Ny 00
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This amounts to the under-determined system of three equations in siz variables

2 2 _ 1
p1—ny = 501,

2 2 _ 1
p3 — Ny = —3ar,

1
pip2 —ning = 5b.

With ny, no and by # 0 as free variables, the solution can be expressed as

V/(n1+n2)2+b1£4/(n1—n2)2—b; —/(n14+n2)2+b1£4/(n1—n2)2—b;
2 2
P = or
V/ (n1+n2)2+b1F4/(n1—n2)2—by —/(n14+n2)2+b1 F/(n1—n2)2 by
2 2

Similarly, assuming the remaining two eigenvectors are complex, that is, r = 0, then we

. ap by c11 C12 .
need to determine HOC = and Cy = from the equation
by —ax €21 €22
1 2 2 1
O AT 1 0 T —5a1 + ] — iy —5b1 + c11¢01 — 12002 00
COHO CO + Cl Cl - 1 1 9 9 = 5
-1 —§b1 + c11¢21 — ¢c19M9 501 + €51 — Co9 0 0
or, equivalently,
2 2 _ 1
€11 — €12 = 201,
2 2 _ 1
€31 — €22 = 201,
1
c11c21 — C12¢22 = 5by.
With ci12, coo, and by # 0 arbitrary, the solution can be expressed as
\/(012+022)2+b1:i:\/(cm—czz)?—bl c1s —\/(Cl2+022)2+b1i\/(012_622)2—b1 cio
2 2
Ci = or
V/(c12+c22)24+b1F/(cr2—c22)2—by —+/(c12+¢22)2+b1 F/(c12—c22)2 by
2 C22 5 29

In this example, these two scenarios are essentially the same, but the general case can be con-

stderably more complicated.

We conclude this section with two important comments about the advantages of our ap-
proach for QIEPs. The first is that we are able to bypass the peculiar rank condition for the
QIEP speculated in [114] because we reckon HY and HJ' as additional variables which are more
general than the sip matrix. The second is that we are able to answer an open question raised
in the same paper by bringing in Hg as an additional variable. In both cases, our approach by
utilizing the general H matrix offers more flexibility in dealing with the QIEPs than any of the

previous approaches using just the sip matrix. We summarize the new results below.
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Theorem 2.3.2 Suppose that all eigenvalues are simple. Let n =1t + r.

1. Suppose that all real eigenpairs are given, that is, only Py € R™™" and Ny € R™*" are
specified. Then, a necessary condition for the IMP to be solvable is that the system

PyHY P — NoHY Ny + C11C) = 0. (2.27)

has a nontrivial solution for nonnegative diagonal matrices Héj, H(J)V € R™" and Cy €

R™*2t. The mazimal allowable number r of columns for each Py and Ny is bounded by
n(3n —1)
) 2.28
S An-1) (2:28)

2. Suppose that all complex eigenpairs are given, that is, only Cy € R"*?¢ is specified. Then,

a necessary condition for the IMP to be solvable is that the system
CoH§CJ = NIN| — PP, (2.29)

has a nontrivial solution for a block diagonal matriz HOC € R?2 with 2 x 2 symmet-
ric blocks and Py, N1 € R™". The maximal allowable number t of complex conjugate

eigenvectors in Cy is bounded by

n(3n —1)
1) (2.30)

2.3.1 Issues related to numerical computation

We stress again that in our IMP approach for the QIEP the unspecified eigenvalues can be arbi-
trary, but the eigenvectors need to be extended to its full list. To carry out a specific eigenvector
completion for an IMP of size n, we will assume that there are t pairs of complex conjugate
eigenvalues and r (= n — t) pairs of real eigenvalues with equal numbers of sign characteristics
in the constructed quadratic matrix polynomial. Out of the k prescribed eigenvectors, there
already exist kp + ky prescribed real eigenvectors. Among them, we generally do not know a
priori the associated sign characteristics of their corresponding eigenvalues. The assignment of
sign characteristics to the corresponding real eigenvalues therefore are at random. By contrast,
the identification of the 2kc (= k — kp — ky) complex conjugate eigenvectors is easy. Also, it
is necessary that ko < t. To study whether the IMP is solvable for arbitrary splitting n =t +r
and distribution k = 2kc + kp + kN < kmae is another fascinating research topic which will
not be addressed in the current research. (See Chapter 9.) In the subsequent discussion, we

assume that (t,7) and (kc, kp, kn) are given.

23



Our theory asserts a manifold of solutions for (2.23) so long as k < kjuq,. However, we
must take into account that the diagonal matrices Héj and Hév should be positive. One pos-
sible approach to enforce the positivity is to consider the constrained nonlinear least squares

optimization problem

Minimize fHS HE HY, C1, P1, Ny), 231)
Subject to HY >1and HY > 1, ‘
with the objective function defined by
1
FUHS HY HY',Cy, PNy = 5 (Q,9), (2.32)

where  is defined in (2.23), (-, -) denotes the Frobenius inner product, and to avoid the trivial
solution, we have scaled “upward” the positivity of Héj and Hév . Ideally, we would like to see
a zero objective value at an optimal solution and our extensive numerical experiments suggest
that this is not difficult to accomplish. We quickly point out another important topic for future
study, that is, to develop a theory showing the existence of a positive solution on the manifold.

There are readily available software packages for solving (2.31). For preliminary testing, we
find that the MATLAB routine fmincon which implements a subspace trust-region approach
based on the interior-reflective Newton method and the preconditioned conjugate gradients
method seems capable of finding a solution to (2.23) with high precision. We also have experi-
mented with other optimization packages such as SNOPT [65] with similar success.

Of particular advantage in our formulation is that the derivatives of f are readily available in
closed form, which would help to enhance the efficiency in the optimization process. Specifically,
by identifying the objective functional as a map f : R2K¢ x RFP x RFN x RM2t=2kc) x Rr(r—kp)
R™(r—kN) — R, we can calculate the first-order partial derivatives of f with respect to each

group of variables as follows.
Lemma 2.3.1 Let % denote the partial gradient of f in (2.82) with respect to ® where the
symbol ® stands for any of the siz variables (HS , HY, HY,Cy, Py, N1). Then

of
oHC — 11 = 72,2, 2921, -y Voo —1,2kc—1 — V2ko 2kes 2V2ke 2ke—1] (2.33)
0

with v; j denoting the (i,j) entry of the matriz Cg QCo,

o .
alféj = diag(P) QP), (2.34)
éﬁ};}v = —diag(N, QNp),
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with diag(A) denoting the column vector of the diagonal of the matriz A, and

b = vec(20C ),
5%1 = vec(20QP,), (2.35)
88—]\];1 = —vec(2QNy),

with vec(B) denoting the vectorization of the matriz B by stacking the columns of B into a

single column vector.

Proof. It is most convenient to work in matrix form by employing rules from matrix calculus.
For each variable ®, let Z3 denote an arbitrary element in the space where the partial derivative
operator % is acting on, that is, the matrix Zg and the variable ® have exactly the same

structure. The type of Zg and the particular action %.Z@) can be summarized as follows.

o HY HE zY Cy P, N
Zs ||block diagonal | diagonal full full full
diagonal
w. 2 X2
blocks

& Zs COZHOCCJ POZH(I]DPOT —NOZH(JJvNOT Zo\YC! + C1YZ4 | Zp, P\ + PLZp |—(ZnNi' + N1ZJ,)

Fix all other variables and consider the Fréchet derivative of f with respect to HS alone.
Because of the way we identify Hg as an element in R%%¢ | the target point Z HG on which the
partial derivative acts should be a matrix in R?¢*2k¢ that has exactly the same structure as
HOC . Such an action is given by

08 g = (CoZyeCl Q) = (Zye, CTACH) = (Zye, p(CTACH))

8HOC Hg OHO 0> H§ ™0 0 H§» 0 0)/s
where p stands for the projection of R2*¢*2kc onto the subspace of ko x k¢ block diagonal
matrices of 2 x 2 blocks. By the Riesz representation theorem, we know therefore that the

partial gradient 8%0 with respect to the Frobenius inner product (over the subspace where
0
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Zye resides) is p(Cy QC). The crisscrossed pattern in (2.33) is simply due to a compaction of
the Frobenius inner product to the standard Euclidian inner product.

The other partial gradients can be calculated in a similar way. The two operators diag and
vec are needed only for a similar purpose of properly identifying the ambient space where the
variable resides. O

To describe the Hessian of f in the conventional (n(2n — k) + k) x (n(2n — k) 4+ k) matrix
form is a little bit more challenging. Nonetheless, the action of the Hessian V2 f in the operator

form can easily be characterized.

Lemma 2.3.2 Let % denote the partial derivative of g—é with respect to ¥ where the symbols

®, U stand for any of the sixz variables (H(?,Héa,HéV,Cl,Pl,Nl). Then the sectional Hessian

2
%.Z\y assumes the following actions,

st Ze = 0 (CF (§9.20) Co).,
%'Z‘P = diag (P (3%.2@) Py),
st Zo = —diag (N (%.20) ).
oy, _ [ 2(GZe) O, if U £ O,
e 2((5¢-Zw) C1 +QZc,) Y, if ¥ =0, (2.36)
ﬁz _ 2(%2‘1’) Py, if O # Py,
e 2((9%-Zw) PL+Q2%p), if V=",

o f —2 (5% Zv) Nu, if U £ Ny,
8\1!8P12‘I’ - 90 )

—2((%95-Zv) N1+ Q2Zy,), if ¥ =Ny,

where the action g—g.Z\y is given in the proof for Lemma 2.5.1.

As an action from the Fréchet derivative, each of these operations in (2.36) is linear in
Zy. The Hessian V2f is composed of these operations section by section on a long vector of
length 2(n — k) + k. It is not difficult to convert the operations in (2.36) into matrix-vector
multiplication algorithmically, so long as we can identify which section in the vector Zy is
referred to. The analytic Hessian given above is not always critically needed in computation, but
has its own merits in improving the efficiency. Given the closed form of gradient in Lemma 2.3.1,
most optimization software can estimate the Hessian numerically by, say, the finite-difference

method, which is what we choose to do in our current numerical experiments.
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2.4 Model updating with no spill-over

By a model updating problem, we mean to update a portion of a given quadratic model by
some newly measured eigeninformation. One challenge which is of practical importance in
engineering applications is to update this model while keeping vibration parameters not related
to the newly measured parameters invariant. The model updating problem can be described as
follows;

(MUP) Given a real symmetric quadratic model with coefficient matrices (M, C, K)

and a few of its associated eigenpairs {()\j,xj)}é?zl with & < n, assume that new

eigenpairs {(o;, yj)};?:l have been measured. Update matrices (M, C, K) to a new

real symmetric quadratic model (M, C, K) such that

(i) The newly measured {(oj,y;)}%_; form k eigenpairs of the new model

j=1
(M, C, K).

(ii) The remaining 2n — k eigenpairs of (M, C, K) are kept the same as those of
the original (M,C, K).

The second condition above is known as the no spill-over phenomenon. Model updating
with no spill-over has been studied extensively. See, for example, [32, 40, 41, 62, 116]. No spill-
over is required in the updating process either because the unrelated parameters are already
acceptable in the previous model or engineers do not have any information about these. Hence it
is expected that changes be made only to those newly measured parameters when updating the
model. Indeed, it is highly desirable to construct the update (M, C, K) without the knowledge
of the remaining 2n — k eigeninformation. Our IMP approach can help to resolve the MUP.

The following formulation of a solution for MUP bears considerable resemblance to the
solution for the eigenvalue embedding problems (EEP) except that the EEP intends to keep
all eigenvalues invariant and pays no attention to whatever way the eigenvectors might be
altered [41]. The EEPs are typically regarded as more manageable “locum tenentes” in the
literature for the much harder MUPs, and now we have almost identical recipes for the solutions.
The breakthrough hinges upon a recent discovery by Chu, Lin, and Xu [40, Theorem 4.1] about
a necessary condition that the updated eigenvectors {y};?:1 must satisfy.

Assume as before that all eigenvalues of the original model (M,C, K) are simple. Let
the k eigenpairs {()\j,xj)};?zl to be modified and the remaining 2n — k invariant eigenpairs

{(i,xa) 2, 41 of the original model be denoted in real-valued form by

Al = dlag{ a1 /81 s a4 651 7)\2€1+17"'7)\k‘}7
X1 = [XiR,X1I,-- -, X0 R, X0, 1, X20, 41, - - -  X[t]
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and

o
Ay = diag{ [akH Bk“] e, [ hb ﬂkHQ] ,Ak+2eg+1,...,/\2n}7

_/6]6+1 (077 | —ﬁk+£2 (07X W) (238)

Xy = [X(k+1)Ra X(k+1)I5 - -+ > X(k+L2) Ry X(k4-£2) 1> Xk+20o+15 - - - s X2n),

respectively. Since X7 is to be updated, we may regard Xo as the matrix [Cy, Py, No| in reference
to (2.20). Recall that the corresponding H = J2([X1, X»), diag{A1, A2}) is block diagonal (See
(2.17)). Partitioning H into two block diagonal submatrices according to the definition

— T -~ ~ -

~ X4 cC M X1

H1 = — s
X1Aq M 0 X1Aq
_ 2T~ o~ - -

~ X5 C M X5

Hy = N ,
_XQAQ _M 0 _XQAQ

we should have the relationship
X H7UX] + XoH LX) =0, (2.39)
By Theorem 2.2.1, we know that

M~ = X)AH7'X] + XoAoHy ' X
C = —M(Xi\A2HT'X] + XoA3H; P X)) M,
K = —M(XiAH{'X] + XoA3H; ' X )M +CM~'C.

Assume that the structure of the newly measured eigeninformation {(o;, yj)};?:l is confor-
mal to that of {(\;,x;) ;?:1. Let (X,Y7) denote the corresponding real-valued representation
of {(o;, yj)};?zl. On one hand, for a solvable MUP it is now known that we must have

Vi =X,T (2.40)

for some nonsingular matrix 7' € R¥*¥ [40, Theorem 4.1]. On the other hand, to avoid spill-over
in the model updating, our theory demands a nonsingular matrix H= diag{ﬁ 1, ﬁg}, with

and ﬁg having the same block structures respectively as those of H 1 and ﬁg, such that
ViH'Y,) + XoHy ' X, =0, (2.41)

even before the eigenvalues are updated. Upon substituting (2.40) into (2.41) and comparing
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with (2.39), we find an obvious solution H for (2.19) by choosing

H = T'HT
N _ (2.42)
H2 = HQ.
By Theorem 2.2.2, we only need to make sure that T is such that
TTH\TY is symmetric, (2.43)
)('1TET’1I§1_1X1T + XQAQﬁQ_IX; in nonsingular, ‘

then the MUP is solvable. In this case, the recipe in Theorem 2.2.1 gives rise to one particular
solution to the MUP by

M~ = X\TST'H{'X| + XoAoHy ' X,
C = —M(X\TS*T'H'X| + XoA3H, ' X)) M,
K = —M(X\TST'H7'X] + XoA3Hy ' X )M + CM~1C.

Combining (2.40) with (2.44), we see that the update takes place in the following way:
]\4_1 = M_l =+ Xl(TET_l—Al)ﬁl_lXir,

C  =M[M'CM~'-X\(T2T~" — A)H X[ | M, (2.44)
K =M[MY(K-CM'\O)M'-X(TS*T~! — A)H{ ' X[ | M+CM~'C

It is critically essential to note in formula (2.44) that the update from (M, C,K) to (M, C,K)
does not involve any information about (Ag, X3) at all. This satisfies precisely the fundamental

spirit in model updating.

2.5 Role of eigenvalues

Thus far, we have shown that eigenvalues play a very small role in the real symmetric IMPs.
Only the structure of eigenvalues in J is needed for the eigenvector completion process. The
reconstructed (M, C, K) literally can have arbitrary eigenvalues. In other words, one cannot
“see” the sound of a string!®> What happens is that the structural constraint of (M, C, K) being
merely real and symmetric is too loose. Only when additional constraints are imposed upon
(M, C, K), the information of eigenvalues might become essential.

In this section we concentrate on one particular constraint usually entailed in structured

QIEPs. We demonstrate the role of eigenvalues by considering the case when M and K are

PLikewise, twenty-six years after [104], it was answered that one cannot hear the shape of a drum [73].
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required to be positive definite and C positive semi-definite. An IMP with this kind of structure
becomes a much harder problem.
Assume that zero is not an eigenvalue of the desirable quadratic matrix polynomial. Define

the moments I';, j = —1,0,1,2, by
T;:=XJH X", (2.45)

By the fact that HJ = (HJ)', all moments T'; are symmetric. We have already seen in
Theorem 2.2.1 that

FO = 07
r, = M1, (2.46)
Iy = —M-'CM~L.

Post-multiplying both sides of (2.10) by J~'H !X and using (2.46), we obtain the relationship
. =-K1 (2.47)

which is another representation of K much less involved when comparing with the formula in
(2.4).
The following theorem characterizes the positive semi-definiteness for (M, C, K) in terms of

moments which, in turn, relate to the eigenvalue matrix J [114, 165].

Theorem 2.5.1 Given (X, J), let (M,C, K) be the symmetric coefficient matrices constructed
from (2.4). Then

1. If M =0, K =0, and C = 0, then all eigenvalues of J have non-positive real part, I'y,

I'_1 are nonsingular, and I's < 0.

2. If all eigenvalues of J have negative real part, I'y, I'_1 are nonsingular, and I's < 0, then
M >0, K >0, and C = 0.

Proof. The first part is straightforward. Suppose that (M, C, K) has the described definiteness.
Then by (2.46) and (2.47) it is obvious that I';, I'_; are nonsingular and I's < 0. Suppose (A, u)
is an eigenpair for Q(\) = M2 + C\ + K. Trivially, (A, u) also satisfies

Nu*Mu+ Au*Cu+ u*Ku = 0,

from which we see that

—u*Cu £ /(u*Cu)? — 4(u*Mu)(u*Ku)

A= 2(u*Mu) ’

implying that the real part of A cannot be positive.
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The second part has already been established earlier in [114] by using a much heavy ma-
chinery. Since this part is most relevant to our inverse problem, we briefly outline a direct proof

with ideas from [165] to make this presentation more self-contained. Define

K 0 0 O
/'I/I:% s W::
0 M 0 -C

By assumption, ¥ is nonsingular and # < 0. It is easy to see that the triplet (¥, ¢, %)

(2.48)

satisfies the Lyapunov equation

CV+VE=W. (2.49)

Recall that J represents precisely the spectrum of 4 which, by assumption, has no pure imagi-
nary eigenvalues. It follows that that ¥ has exactly 2n positive eigenvalues [26], implying that
K and M must be positive definite. O

Solving the IMP with real, symmetric, and positive semi-definite (M, C, K) therefore means
that the eigenvalues of J, including those already prescribed and those to be completed, must
be such that the matrix XJ?H'X T is negative semi-definite. The completion of both the
eigenvectors and the eigenvalues simultaneously for structured IMPs is rather challenging task.
To our knowledge, this area is still open for further research. We have developed some innovative
techniques employing the notion from semi-definite programming and truncated QR [55, 123],
which will be discussed in Chapter 3 of this thesis. The following example demonstrates the
necessity of completing both eigenpair (X, .J) simultaneously in order to solve this IMP with

positive semi-definite coefficient matrices (M, C, K).

Example 2.5.1 Consider the scenarios described in FExample 2.3.1 where the complex eigen-

vectors are prescribed through the matrix Cy. Assume the prescribed eigenvalues are given by

J§ = _2 5 | Consider the first case r = 1 where HS and the two real eigenvectors Py
and N1 are to be constructed. Taking advantage of the free parameters already established in
Ezxample 2.53.1 we assume ny = 2, ng = —1 and by = 4 so that the completed eigenvectors are
given by
1] 0 —v2 2v6 4
20v2 0 0 -2

Let the eigenvalues corresponding to P; and Ny be noted as A3 and A4, respectively. Certainly,
A3 and Ay must be real and negative. Additionally, in order that X JJ?H'XT be negative semi-
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definite, its principal minors must alternate signs, leading to the inequalities

80 4 5A3 — 4\3 0,
—8000 + 807 — 40003 — 53\ > 0.

IN

The curves where these minors vanish are sketched in Figure 2.1. It can be checked that all points
(A3, Ag) below the solid curve satisfy the inequalities and, therefore, can be used to complete the

spectrum. J.

Ay

-204

Figure 2.1: Curves where the principle minors of X JJ?H~'X T vanish.

On the other hand, if we change to no = —3 while keeping other parameters the same, the

corresponding matriz

1 0 —v2 V5+v21 4

21 v2 0 V5-v21 —6 |

remains to be a solution to (2.23), but the determinant of XJ?H ' X is given by

1
—58400 — 4000 V105 — (1648 + 224v/105)\2 — (688 — 64v/105)\3 — 5(5\/105 + 73)A3NS,

which obviously is always negative, implying that the spectrum J can never be completed with
this choice of Py and Ny to make X J?H X" negative semi-definite.
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2.6 Conclusion

Our emphasis in this chapter is the important role played by this special block diagonal matrix
H whose structure is pre-determined by the desirable numbers (¢, r) of complex and real eigen-
values, but not by the actual eigenvalues. Exploiting this matrix as some free parameters, we can
identify the coefficient matrices of real and symmetric IMPs by solving an under-determined
homogeneous equation (2.23). Our approach has the advantages that any possible splitting
n = t 4+ r and distribution k = 2k. + kp + ky, < kmae, where kyq, is given in (2.25), k. < t,
kp, kn < 1, of complex and real eigenpairs with sign characteristic are allowable. We have shown
that eigenvectors alone are sufficient to determine a solution whereas eigenvalues literally can
be arbitrary. As an important consequence of our framework, the difficult task of modeling
updating problem with no spill-over can easily be accomplished now.

Nevertheless, if (M, C, K) are required to possess some additional structures such as stated
positive definiteness, then properties of eigenvalues must be taken into account. In this cases,

the completed eigenpair (X, J) must be handled simultaneously.

33



Chapter 3

Inverse Problems with Partial

Eigenpair Information

3.1 Overview

Vibration analysis often involves quadratic matrix polynomials. Following such a setting, there
is always the predestinated inner-connectivity among its components and the compulsory non-
negativity of its parameters. As such, coefficients of the quadratic matrix polynomial often are
required to hold some intrinsic properties for any given vibration system. It is desirable that
the reconstructing system preserves not only the specified eigeninofrmation but also certain
intrinsic structure. Solving a structured QIEP is important and challenging both theoretically
and practically. Because of the difficulty, especially because of the versatility of the structural
constraints which vary from system to system, very few general results are available for the
structured QIEPs in the literature. The earliest attempt seems to be made in [33] for a linearly
linked system, which respects both the connectivity and the nonnegativity.

The crux of our work in this chapter is an approach that could be applied to structured
QIEPs arising from general arbitrarily linked systems. To help achieving this goal, a mechanism
is provided to systematically and automatically convert any given layout of linkage into a proper
equality system. Since the measured eigeninformation is not always precise, the allowance for
some leeway in the accuracy is expected. Based on a user-supplied tolerance, our algorithm can
evaluate the consistency of a certain inequality system. If it is solvable within the tolerance, an
approximate solution to the structured QIEP is computed. A posterior estimate of the residual
error is returned output for deciding the suitability to accept or reject the constructed model.
In this way, our approach greatly enhances the capacity of solving more complicated problems
than those in [33]. Specifically, we develop a problem-independent rule for the structured QIEP

and provide a error control strategy. We believe our contribution is innovative and should be
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of great significance for structured QIEPs.

The organization of this chapter is as follows. In Section 3.2 we describe a general pro-
cedure for transforming any given layout of inner-connectivity into a linear equality system.
This formulation follows various physical laws that govern the interaction among components.
At present, a fundamental module for the mass-spring systems subject to Hooke’s law for vi-
bration is provided. We stress that our setting can handle models with arbitrary connectivity
configuration, which effectively generalizes the work discussed in [33]. In order to get a non-
trivial solution, it is necessary to have this equality system with rank deficiency. Hence, in
Section 3.2.3 we derive a set of principles arising from properties of the rank deficiency and
nonnegative constraints, inherent in the corresponding QIEP. By these principles, a structured
QIEP is capable of being changed into a maximin problem and can be handled by many avail-
able optimization software packages, such as the “fminimax” in MATLAB. In Section 3.3, we
show the tactics of handling a prescribed set of inexact eigeninformation. The presence of
inexact data, which almost always happens in practice, has the consequence of dissolving the
expected rank deficiency and causing inconsistency. To remedy this, in Section 3.3 we relax
the equality system by generating an approximate but consistent subsystem. Also, a posterior
estimate on the resulting residual error is offered to evaluate the quality of the reconstructed
model. All these strategies and numerical exploration of some interesting perturbation results

are discussed through the numerical tactic in Section 3.4.

3.2 Handling exact eigenpairs

It is not absolutely needed, but it will be instructive to keep vibration as basic models in the fol-
lowing discussion. Without loss of generality, assume that the prescribed eigenpairs {(\;, x;)}5_,
are closed under complex-conjugation. Let (A, X) represent the matrix representation of the

prescribed eigenpairs, where

A = diag{ o fr | e B A%ty - .,)\k} € Rk*F, (3.1)
—b1 —Bke Ok,
X = [Xle XTIy oy Xk Ry Xk Iy X2k 415 - - - 7Xk] S [RTLXk) (32)

are as characterized in (2.15). Then the coefficient matrices (M, C, K) for the general QIEPs

should necessarily satisfy the algebraic system

MXA? + CXA+ KX =0, (3.3)
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Clearly, the system (3.3) is linear in the unknowns (M, C, K). Typically these coefficient matri-
ces (M,C, K) are composed of, in accordance with the underlying physical law, some positive
physical parameters u. Entries in u characterize the physical nature, such as mass, elasticity,
or damping, among elements in the system. The inter-connectivity of elements defines the com-
bined effect of these parameters which, in turn, characterizes an elaborate configuration of the
coefficient matrices (M, C, K). It is important to note that the practical structure for (M, C, K)
is much more complicated than the general requirements such as merely symmetry and positive

semi-definiteness. The following two examples should demonstrate our ideas clearly.

Example 3.2.1 Consider a four-degrees-of-freedom vibration system whose masses, dampers,

and springs are joined together as that depicted in Figure 3.1. Assume that the restoring force

Figure 3.1: A four-degrees-of-freedom mass-spring system.

follows Hooke’s law and that the damping is negatively proportional to the wvelocity. Then,
the corresponding coefficient matrices (M, C, K) for the dynamical system (1.1) should be con-

structed as follows:

m; 0 0 O c1+ca 0 —c 0
M= 0 me 0O O C= 0 0 0 0 ’
0 0 mg O —c2 0 co+c3 —c3
0 0 0 my 0 0 —c3 c3
(3.4)
ki1 +ko+ ks —ko —ks 0
K —ko ko + ks —ks 0
—ks ~ks  ksthkatks —ky |

0 0 —ky ky
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where (M, C, K) are parameterized with system parameters m, c, and k respectively such that.

T
m = (my,mg, m3,mg) ,
C = (Cl,CQ,Cg)T ) (35)
k = (klak27k37k47k5)—|—7

It is true indeed that the structures stipulated above, together with the nonnegativity of the
parameters, give rise to symmetry and positive semi-definiteness for these coefficient matrices,
but the converse is not true. Merely assuming symmetry and positive semi-definiteness, as is
usually done in the literature, is not enough to ensure the desired structure of connectivity
and nonnegativity of physical parameters. Considerable work is needed when setting up and
solving the QIEPs for mass-spring systems while respecting the inherent structure such as that

specified in (3.4) and the nonnegativity of the parameters (m, c, k).

Example 3.2.2 Depicted in Figure 3.2 is a closed-loop resonant circuit with three inductors,

four resistors, and three capacitors. After applying Ohm’s law and Kirchhoff’s law to this

= ) - ) ==

R3
R1
|
[

AY

AY

MW

=

v2 1

Figure 3.2: An RLC electronic network.

connected circuit, the coefficient matrices should be structured as in (3.6). In contrast to the
coefficient matrices in (3.4), we find that the coefficient matrices in this resonant circuit are

neither positive-definite nor symmetric anymore.
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—Ly L1 0 O 0 Ry —Rp 0

vol| L -Eioo o- Ri+Ry 0 0 —Ry4 ’
0 0 Ly 0 0 —RyRy+R3 0
0 0 0 Ls —R, 0 0 Ry
(3.6)
04 0 0
00 0 0
E=190 & —&

11 1
00 -5 te

The point we want to make is that the construction of coefficient matrices (M, C, K) de-
pends highly on the connection of its corresponding system and the underlying physical law,
which vary from problem to problem. It appears necessary to modify the setup and even the
numerical techniques while addressing different connectivity configurations. This undertaking
also increases the difficulty in developing a general approach for QIEPs. This is precisely where
our contribution in this research seems to become critical because we are able to handle QIEPs
with inherently different structures by a unified scheme.

It would be informative if we continue using the mass-spring system to demonstrate the idea.
Define u := (m",c",k")" to be the vector of d parameters where d = dim(m) + dim(c) +
dim(k). This vector u represents the basic variables in the QIEPs to be solved. In the context
of a mass-spring system, the variables denote mass m, damping c and stiffness k, respectively.

By linearity, we want to rewrite the linear algebraic system in (3.3) as a homogeneous system
Au = Oy, (3.7)

where A is a matrix of size nk x d. Our ultimate goal is to obtain a positive solution u for this
linear equality system (3.7). The mathematical transformation to this equality system (3.7)
is not a big issue, but two computational challenges are worthy our attention. Firstly, could
the matrix A be generated from prescribed connectivity configuration automatically? Secondly,
can an algorithm be developed to have the capacity of dealing with inexact eigeninformation?

Theoretically, the homogeneous system (3.3) could be solved without any difficulty by using
the notion of Kronecker product. The solution to the system (3.3) is equivalent to the solution
of

vec(M)
vec(C) = Opkx1, (3.8)
vec(K)

({xA)T @1 (XN @1} {X ®1})

nkx3n2

3n2x1
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but such a process ignores the sparsity pattern embedded due to the inherent connectivity. We
prefer to propose a mathematically equivalent mechanism that can build not only the matrix A
but also take advantage of the sparsity by tackling directly with the parameters. The potential
of applications is too diverse to be covered thoroughly in this presentation. Thus, we shall
illustrate the construction of this matrix A through this four-degrees-of-freedom mass-spring
system depicted in Figure 3.1. We do have developed a beta-version software package that can
automatically handle the above mentioned task from any input of connectivity configuration
and eigeninformation by users. We are continuing the expansion of its library to include various
settings according to the underlying physical laws. We believe the approach outlined in the

sequel can be generalized to different systems.

3.2.1 Inherent structure

Most vibration systems are modeled by following some kinds of general principles such as
Hooke’s law, Ohm’s law, Kirchhoff’s law and so on. On the other hand, many physical phe-
nomena could be interpreted through a mass-spring system. A comprehensive study on con-
structing vibrating mass-spring systems therefore is of fundamental importance. Assuming that
the restoring force follows Hooke’s law and that the damping is negatively proportional to the
velocity, the structure of the coefficient matrices (M, C, K) in mass-spring systems could be
well described through the following rules [103].

Theorem 3.2.1 Consider a mass-spring system with d degrees of freedom where its motion
is limited to one dimension. Let m, c, and k denote the vectors of masses, damping and
stiffness coefficients, respectively. Then the inherent structure of matrices (M,C, K) satisfies

the following rules:
1. The mass matriz M is a diagonal matriz with masses (m1, ..., mq) along its diagonal.

2. The damping matriz C' is symmetric and positive semi-definite. If there are £ dampers,
identified by i1, ..., 1, between the p-th mass and the q-th mass, then the entries Cpy and
Cyp of the damping matriz are given by — Ei:l ¢i,, where c;, is the damping coefficient
of damper is. Otherwise, Cpq = Cyp = 0. If the p-th mass is connected to the dampers
J1y-- - e, then Cpp = Zf;:l Cj, -

3. The stiffness matrix K is symmetric and positive semi-definite. If there are £ springs,
identified by i1, ..., 1, between the p-th mass and the g-th mass, then the entries K,, and
K,y of the stiffness matrixz are given by — Zi:l ki,, where k;, is the stiffness coefficient
of spring is. Otherwise Kpq = Kq, = 0. If the p-th mass is connected to the springs

. . l
Jls--o»Je, then Kpy =50 1 kj,.
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Clearly, the matrices (M, C, K) constructed earlier in Example 3.2.1 satisfy these rules in
Theorem 3.2.1. Most important of all, such rules could be fully implemented into computers and
we have done so in [55]. In other words, once the specified connectivity configuration is given,
the intrinsic structure of coefficient matrices (M, C, K) could be characterized automatically

via a library of different rules similar to that described in Theorem 3.2.1.

3.2.2 Linear equality system

Once the inherent structure of (M, C, K) is known, it remains to provide procedure transforming
the linear algebraic equation (3.3) in the form Au = 0. It is seemingly an easy mathematical
job by using the Kronecker product and collecting like terms together. Our point, again, is to
provide an efficient method which can simplify this tedious job, especially when the involved
structure is complicated. This method of constructing matrix A can be illustrated by using this
four-degrees-of-freedom mass-spring system in Example 3.2.1, given k prescribed eigenpairs,
through the following steps.
Note that the first rows of M XA%, CXA, and KX could be written, respectively, as

1000
0000
00 O)XA2 - ( ) XAZ,
(ml mi m2vm3 my 0000
mT 0000
—_—
N
10 0 0
<61+CQ 0 —co O)XA = (Cl C2 63) 10 -10 XA,
T 00 0 0 (3.9)
¢
10 00
1 -1 00
<k1+k:2+k:5 “ky —ks o)X - (k1 ky ks ky k5) 00 00]|X
s 10 0 0 0
1 0 -10
a1
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Continuing this process, it follows that

MXAZ DMXAZ M3 XAZ Dy XA2

(mTchT)1 Llaxa exa exa exa | =ona. (3.10)
X
£ XA Ko XA A3 XA R X
o

12x4k

In the above, the operators IM;, €;, and K; are predetermined as a consequence from Figure 3.1.
In general, given any linear structured matrices M, C, and K of size n x n with k prescribed
eigenpairs, each row of the product of M XA? + CXA + KX can be constructed from operator
matrices M;, €;, and K; of sizes dim(m) x n, dim(c) x n, and dim(k) x n whose true contents
are determined from the underlying connectivity configuration and physical law. In this way,
instead of (3.3), we obtain a linear system (3.7) in terms of the parameters (m, c, k) where the

coefficient matrix A is given by

(MM XA%)T (G XAN)T (R X)T
A= : : (3.11)

(M XA (XA (&X)T )

Being characterized directly in terms of the physical parameters, the matrix A is of size mush
smaller than that derived in (3.8). That is, the condensed expression will have increased
capability of handling larger scale problems. We quickly point out that the above expression
is only for explanatory purpose. To generalize this idea to any prescribed configuration, all we
need to have is a few indices specifying the locations where the connectivity is taken place. More
programming details about this development is given in [55]. Our software package accepts two
different input modes. One picks out these indices from an input file such as text interface. The
other generates the the indices directly from the connectivity configuration and the underlying
physical law.

To demonstrate the input mode, below we summarize the rules by which the indices for
constructing the operator matrices 9;, €;, R; for a general mass-spring system can be gener-
ated directly from the connectivity configuration without making any reference to the inherent
structure in (M, C, K).

Theorem 3.2.2 Consider a mass-spring system with n degrees of freedom where the motion is
limited to one dimension. Assume that dim(m), dim(c), and dim(k) represent the number of

masses, dampers, and springs, respectively. Then for 1 < p,q < n, the operator matrices are

defined as follows:

1. Each My, is of size dim(m) x n. Its entries are all zero except 1 at the (p,p) position.
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2. Each €, is of size dim(c) x n. Its entries are all zero with the following exceptions:

o [f there are £ dampers, identified by i1,...,1p, linking the p-th mass to the q-th mass,
then the q-th column of the matriz &, has -1 at its i1,...,1 entries. Similarly, the

p-th column of &€, has -1 at its i1,...,1ip entries.

o If the p-th mass is connected to the dampers ji,...,je, then the p-th column of €,

has 1 at its ji,...,J¢ entries.
3. Each R, is of size dim(k) x n. Its entries are all zero with the following exceptions:

o [f there are £ springs, identified by i1,...,1s, linking the p-th mass to the g-th mass,
then the g-th column of &, has -1 at its i1, ...,4 entries. Similarly, the p-th column

of Rq has -1 at its i1,...,1i, entries.

o [f the p-th mass is connected to the springs ji, ..., je, then the p-th column of &, has

1 at its j1,...,J¢ entries.

3.2.3 Linear inequality system

We have addressed the issue of structural constraints in a QIEP. Now we have to stress that the
solvability of a QIEP hinges upon the existence of positive solution u for the system Au = 0.
Before we propose our approach for solving this equality system, two important issues must be
considered first.

Firstly, when the output solution u appears to contain some infinitesimal entries, we have
to discern the true meaning of a numerical small number. Suppose, for example m; = 10710,
It might mean that the value m; is recovered with a small physical quantity or the smallness
of m; reflects the machine zero (up to the prescribed stopping criterion). For the former case,
we might just rescale the whole quantity of u, say, by changing into a different physical unit.
Otherwise, we must be cautious about this numerical answer since it implies that the system
is degenerate in the sense that one component should “disappear”. This would completely
changes the configuration of inter-connectivity.

Secondly, it is well recognized in numerical computation that we cannot fully trust the
positivity of an infinitesimal number due to the ramification of round-off errors, to the effect
that most of the optimization tools developed for inequality constrained problems cannot handle
strict inequalities well when a solution is nearby the "boundary”. Likewise, we are going to
solve the equality system Au = 0 with a nonnegative constraint, u > 0, not u > 0.

Suppose for the moment that the prescribed eigenpairs (A, X) are exact. For the system
(3.7) to have a nontrivial solution, the matrix A must be rank deficient. Let s := rank(A).

Then the compact QR factorization with column pivoting for the matrix A (See Appendix A)
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is written as
A=QRP, (3.12)
where @ € R™** has orthogonal column and P € R?*¢ is a permutation matrix such that
R=(S8,T) € R®*4 (3.13)

is upper “trapezoidal” matrix with S € R®*® being upper triangular, nonsingular, and having

non-increasing absolute values along its diagonal. Define
Pu:=(u],4d,) ', (3.14)
with iy € R®. Then the following two expressions are clearly equivalent
Au=0+<=1u, = -5 'Tu,. (3.15)
By (3.15), we have thus recast the structured QIEP into an inequality system.

Theorem 3.2.3 Consider a structured QIEP with prescribed eigenpairs (A, X) and connectiv-
ity configuration. Let S and T be the two matrices associated to the matrix A as above. Then
finding the nonnegative parameters u € R™ for the structured QIEP is equivalent to solving the

inequality system
>0, S 'Tu, <0 (3.16)
fords € R™ 5.

Once the solution is found, it can be scaled by any positive constant. It is thus sufficient
to assume that entries of Uy are limited to the interval [0,1]. Of course a trivial solution
uy = 0 is not desirable and should be discarded. This inequality system (3.16) is a classical
convex problem which has been widely discussed in the literature, including the well known
Farkas Lemma [20], the von Neumann theorem [162], and the Ky Fan theorem [60]. We further
reformulate the inequality system (3.16) by considering the maximin problem:

in (=S~ 'Tw,),
o ax, min ( uy) (3.17)
where the MIN function is taken over all entries of the vector —S~1TUs. Since the objective func-
tion min (—S _1Tﬁ2) is concave over a convex feasible set, the solution to (3.17) is unique and

global. For a solvable QIEP, it is necessary that the inequality system (3.16) has a nonnegative
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solution. Consequently, the solvability of inequality system (3.16) depends on a nonnegative
objective value in (3.17).

Note that the rank deficiency of the matrix A comes from the unrealistic assumption that
the prescribed eigenpairs are exact for some (unknown) quadratic matrix polynomials. Without
the rank deficiency, the nontrivial nonnegative solution for Au = 0 will not exist. In practice,
however, prescribed eigeninformation is most likely inexact. The matrix A constructed with
the inexact data is generically of full rank, so the procedure described above cannot go through.

The method of how to overcome this difficulty will be discussed in the next section.

3.3 Handling inexact eigenpairs

One of the practical reasons for considering QIEPs is to update or reconstruct quadratic models
based on newly measured eigeninformation. It is very likely for the very same reason that the
new eigeninformation used for the update or reconstruction is inexact in itself. The repercus-
sion is that the resulting matrix A in (3.7) will be of full rank or some obscured numerical rank.
Without any treatment, the solution of Au = 0 would be either zero or undesirable. As the
eigeninformation still contains useful substance inside, it is often the case that an approximate
solution satisfying physical constraints such as nonnegative is acceptable for engineering appli-
cations. Our goal in this section is to provide an approximate solution with a posterior error
estimation.

In order to derive an approximate solution for (3.7) , the most direct approach is to consider

the quadratic programming (QP) problem:

minimize | Aul|3 (3.18)

subject to u>1.

The constraint u > 1 is meant to avoid the trivial solution u = 0. A substantial difference
among elements of u, however, might be an indication that the smallest element is numerically
zero and cause degeneracy. For an optimal solution u*, the observation of a small residual
||Au*||2 “might” suggest heuristically that the problem is approximately solved. Although
(3.18) provides an intuitive idea for solving (3.7), its calculation involves the full length d of u.
We have a better approach that involves only d — s variables and provides a posterior estimate
which could be used to discrete whether to accept or reject the constructed model.

We begin by introducing the full QR factorization with column pivoting of the matrix A
such that

A= QRP, (3.19)

44



where Q € R™>"F has orthogonal column and R € R™*9 is an upper trapezoidal matrix
with diagonal elements arranged in terms of non-increasing absolute values by the permutation

matrix P. Define
u:= Pu. (3.20)
Trivially we have the following equivalent relationship:
Au=0<+<= Ru=0, (3.21)

Due to inexact eigeninformation, generally the matrix A is of full rank. This implies that u = 0
is the only solution for Au = 0, which is of little value in practice. Hence the introduction of
some low rank approximations to the matrix R is necessary in order to obtain some meaningful
nontrivial solutions.

Given a predetermined threshold ¢, let R, € R**? be the submatrix of R made of ¢ rows
of R whose diagonal elements are greater than e. Then a nonnegative nontrivial solution to
R = 0 is regraded as an approximate solution to X = 0. The choice of € is often based on
the trial-and-error basis. To bring forth meaningful truncation, the value of € should be large
enough, otherwise, R.a = 0 still has only trivial solution. But, it should also be small enough
to avoid losing too much information about A. Assume t < d. Define R, = (S, T:), where

Ta)T

Se € R™! is invertible, and partition uw = (u; ,u, ) ' accordingly. From the equivalence

RU=0+= 1 = S Ty, (3.22)
our current intention is to solve the inequality system
i >0, —S'Ta, <0 (3.23)

for some Wy € R4t From this point on, the maximin ideas outlined in Section 3.2.3 could be
used to solve (3.23).

Note that if u} is a nonnegative solution to the truncated linear system R.u = 0, the vector
u¥ := P'T’ is considered to be an approximate nonnegative solution to the original system

Au = 0. The following theorem gives a justification for the notion of this truncation.

Theorem 3.3.1 For a matriz A € R™*? Jet A = QRP denote its QR factorization with col-
umn pivoting, where Q € R™*"% has orthogonal column and R € R is an upper trapezoidal
matriz with diagonal elements arranged in descending absolute value by the permutation matrix
P. Given a positive number €, let R, denote the truncated submatriz of R consisting of rows of

R whose diagonal elements are greater than €. Suppose U is a solution to the system R.u = 0.
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(For our application, we are interested in a nonnegative solution ., but that is not needed in
this theorem.) Define u. := PTu,. Then

HALI€||2 _ O(E)

el

Proof. For any integer 1 < j < nk, let R;) denote the lower right submatrix of R by deleting
its first j — 1 rows and columns. The permutation matrix P is chosen so that |r;;| is greater

than or equals to the 2-norm of any columns in R[;;. Consequently, it is true that

IRpllz < Vd—j+ 1Ryl < v/d—j+1y/nk—j+1rj;].

Note that for a given €, the only possible nonzero elements in R — R, would be those in R
where i is the smallest integer such that |rj;1 41| < €. Since U, is a solution of R-a = 0 and

I[Acll2 = ||uel|2, we have

[Aucllz = [[Ruc|2

HRﬁe - Reﬁe + ReﬁeHZ
IR = Rell2 - [[Tellz + [[Reuc||2
< Vd—ivnk — i||ue||ze.

IN

O

In most cases, we have no idea of how to pick up a suitable € to truncate the matrix. The
larger the € is, the less precision the solution will be. On the other hand, too small ¢ might
result in no feasible solution. The following strategy provides a dynamic way of automatically
truncating the matrix with a self-examining truncation strategy.

Assume that the matrix R has numerical rank p. For 1 < i < p, let Rl denote the
submatrix of the first i rows of R. For each 4, write Rl = (S;, T;) with S; € R™? and partition
u= (ﬁlT,ﬁ;r)T with u; € R’. Starting with ¢ = p and gradually decreasing to i = 1, we solve
the maximin problem

e min (=S, ') (3.24)
over Wy € R"% successively. Terminate the process at the first (largest) i when a nonnegative
objective value is found. This approach provides the most suitable truncation while keeping
the best integrity of R and seeking consistency.

We truncate the matrix R only when it absolutely cannot compromise with the consistency.
We also take advantage of the fact that the maximin problem returns a global solution. The

essence in both approaches described above is to approximate the original system Ax = 0 by a
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lower rank matrix in exchange for nonnegative solutions. The latter approach differs from the
former approach in that it avoids truncating the matrix R too much. Assume that the dynamic
process stops at . Then for any € < r;; the system (3.23) is inconsistent. On the other hand,
for € = 74, we have R, = Rl Clearly, for any ¢ > r;;, the truncated system R.d = 0 has a
nonnegative solution but a relatively larger residual.

Our algorithm checks to determine R, so that R.u = 0 has a nonnegative solution. In
order to achieve consistency, it is possible that the approximate matrix R, (or R[i]) has a
fairly low rank. That is, the value of € might be relatively large. However, once such a
nonnegative solution is found to exist, Theorem 3.3.1 implies that the ratio of the norm of the
residual vector to that of the nonnegative solution is independent of scaling. The scaling is
only for computational convenience and has no effect on this relative error. In other words, our
reconstructed parameters not only guarantee the maintenance of connectivity constraint but
also estimate |[M*XA? + C*XA + K*X||p = ||Au*||2, which is of order O(e) relative to ||u*|2

for further discernment of whether accepting the reconstruction or not.

3.4 Numerical experiments

Based on the computational framework we have described above, we have developed a software
package, named OPT4QIEP, that is able to reckon nonnegative parameters for the structured
QIEPs [55]. A conceptual organization of the algorithm is outlined in Algorithm 1. We empha-
size that Algorithm 1 is capable of handling almost all arbitrary connectivity configuration and
that we are continuing the expansion of its library modules. For demonstration purpose, we
focus on the mass-spring system specified in Figure 3.1 and illustrate some interesting points
worthy of attention.

To begin with, we randomly generate positive physical parameters,

m = [0.42052,0.95581,0.94875,0.65968]
¢ = [0.55187,1.00000,0.91316]7,
k = [0.71675,0.90909,0.73377,0.38006,0.32200] ",

where the largest parameter has been normalized to unity. Using these parameter values we
construct the quadratic polynomial A2 M+ C+K corresponding to the configuration specified in
(3.4). The resulting QEP has fours pairs of complex conjugate eigenvalues and eigenvectors. For

numerical testing, we assume that the following two eigenpairs (and their complex conjugates),

A1 = —0.2560344023 + 1.55866536517, A = —0.0775078020 4 0.3777316241¢,
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Algorithm 1: QIEP Algorithm
Input:

e The desirable connectivity configuration.
e Partial eigeninformation in the form of eigenpairs closed under complex
conjugation.
Output:
o If the QP approach has a feasible solution, or the maximin approach

returns a nonnegative objective value, the structured QIEP is deemed

solvable within a specified tolerance on its residual.

e Otherwise, the structured QIEP has no solution.

1.1 begin
1.2 Identify the inherent stsructure of the coefficient matrices (M, C, K);
1.3 Prepare XA? and XA;

1.4 Transform the equation (3.3) into Ax = 0 with variable x denoting parameters to be
reconstructed;
1.5 Apply either the QP or the maximin techniques to search for an approximate
nonnegative solution;
1.6 end
—0.4849049878 + 1.29353489321 0.4687637938 + 0.10269442561
—1.5045182718 — 1.29122380784 0.6690611955 + 0.12979489961¢
u; = g = y

0.5225204188 + 1.0465626189¢ 0.8080014019 + 0.0892317746¢
1 1

form the ezact eigeninformation (A, X). Note that the last entry of each eigenvector has been
normalized to unity and exactly five digits have been purposefully assigned to the physical
parameters. Strictly speaking, the exact eigenpairs should be accurately represented at least
up to the machine precision instead of just the first ten digits. However, this less accurate
representation of prescribed eigeninformation is precisely our intention so as to experment with

the effectiveness of our algorithm upon various scenarios of inexact data.

Example 3.4.1 Suppose first that (A\1,uy) (and its complex conjugate) is the only prescribed
etgenpair. Note that this eigenpair is known a priori to have accuracy only up to the tenth

digit. With this slightly perturbed eigeninformation, our algorithm does find out a nonnegative
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solution. After being rounded to five digits, its computed parameters are equal to

m* = [0.42052,0.95581,0.94875,0.65968] ",
¢* = [0.55187,1.00000,0.91316],
k* = [0.71675,0.90909,0.73377,0.38006, 0.32200] " .

In other words, these computed parameters are consistent with the original physical ones up to
the fifth digit. The residual ||M*X A%+ C* XA+ K*X || r with the computed physical parameters

is around 10711, justifying a successful calculation.

In most cases, inverse eigenvalue problems are ill-posed and typically do not possess a unique
solution. To our surprise, the computed parameters in Example 3.4.1 are in agreement with
the original physical parameters up to the fifth digit. It is worthy of further investigation to see
whether this coincidence is definitely attributed to the normalization of the largest parameter
to unity, the nonnegative constraints, and the inequality setting which satisfies the feature that

a minimizer, if exists, is necessarily a global minimizer.

Example 3.4.2 Our approach works indiscriminately with different cardinalities of prescribed
eigenpairs. Suppose now we are given two eigenpairs (A1, u1) and (A2, u2) and their conjugates
simultaneously. It is possible that the prescribed eigeninformation is overdone. Nonetheless, we
are not surprised to obtain the same computed parameters with residual |[M*XA% + C* XA +
K*X|p ~ 107, Though this extra eigeninformation (A\2,us) increases the complexity of

matriz A, it seems to have no impact on the final result.

Example 3.4.3 In this experiment, we further perturb the original exact eigenpairs to the

extent that the prescribed eigenpairs are given by

A = —0.25603 + 1.558674, Ao = —0.07751 + 0.377734,

—0.48490 + 1.29353i 0.46876 + 0.10269

N _1.50452 — 1.29122; ~ 0.66906 + 0.12979;
u = s u —

! 0.52252 + 1.04656i 2 0.80800 + 0.08923i

1 1

That is, the order of accuracy of the prescribed eigenpairs is only at the fifth decimal. Typically,
we are not able to judge a priori the accuracy of a prescribed eigeninformation. Thus, it could
not guarantee that any quadratic matriz polynomial structured as in (3.4) could have (Xl,ﬁl)
and (Xg,ﬁg) as its eigenpairs. This is exactly the difficulty of solving the structured QIEP for

nonnegative solutions.
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Upon applying our algorithm, however, we do find a nonnegative solution

m* = [0.42053,0.95585,0.94878,0.65971] ",
¢* = [0.55188,1.00000,0.91319],
kK* = [0.71677,0.90911,0.73383,0.38009, 0.32200] ",

by which the residual |[M*XA2+C*XA+K*X||p of the reconstructed quadratic pencil is of the

order 1075, This residual also provides a numerical justification of our theory in Theorem 3.3.1.

Again, we generally have no clue in telling the feasibility of prescribed eigenpairs. Also,
we are not sure whether the prescribed eigenpairs, (Xl, u;) and (Xg,ﬁg), satisfy a specifically
structured QIEP. What we do know for sure is that if a solution or a nearby solution ever exists,
our method will find it with high sensitivity, otherwise it will indicate either a large residual or

no solution with high specificity.

Example 3.4.4 When the prescribed eigenpairs are infeasible, we would like to know that our
method is able to indicate that this QIEP is not solvable. To demonstrate the situation, consider

the randomly generated eigenpairs,

A1 = 0.6068 + 0.8913¢, A2 = 0.4860 + 0.7621¢,

0.0185 + 0.4057¢ 0.7919 + 0.8936¢
N 0.8214 4 0.93551¢ N 0.9218 + 0.0579¢

Vg = , V2=
0.7382 + 0.3529:
1 1

0.4447 +0.9169¢

Applying our method to the above randomly generated eigenpairs, we do obtain a nonnega-
tive “approximate” solution, but the corresponding residuals of the quadratic matrix polynomial
are 1.2885 and 0.7667, respectively, at each eigenpair. This would obviously indicate that the

reconstructed model is not acceptable.

This result seems to imply that for structured coefficient matrices (M, C, K), the corre-
sponding eigenvalues and eigenvectors cannot be arbitrary. The eigeninformation might pre-
serve certain structure and worthy of further investigation. Our algorithm could serve as a

numerical tool to boost the investigation in this area.
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3.5 Conclusion

Just as the QEPs arise in many applications, so are the QIEPs fundamental to many fields of
disciplines. Because the specifics of the dynamical systems deviate from each other in different
environments, the corresponding coefficient matrices need to satisfy different kinds of structural
constraints. The diversity in structure, together with the imposition of nonnegativity on intrin-
sic parameters, makes solving QIEPs quite challenging. To our knowledge, there is no theory
thus far that can comprehensively resolve these difficulties.

The main contribution of this chapter is to provide a general purpose and robust numerical
technique, based on properly established inequality systems and suitable optimization solvers,
for solving structured QIEPs. The setting is to find out a global minimizer as the approximate
solution. Based on an estimation of residual, this method has high capacity in determining
numerically whether a QIEP is solvable or not. Also, it has no restriction on how many

eigenpairs should be given and the ability to solve almost all kinds of connectivity configurations.
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Chapter 4

Inverse Problems with Structured
Models

4.1 Overview

In our software package Opt4dQIEP, we have already implemented the notions of automated
structure generation to handle various connectivity configurations and error correction to deal
with inexact eigeninformation. In yet another advance, we now propose a powerful optimiza-
tion technique for solving QIEPs. Semi-definite programming (SDP) is a relatively new field
of optimization techniques arising from convex optimization. It is known for its capacity of
handing an extraordinarily wide range of problems. In this chapter, we are going to describe an
innovative application of SDP techniques to structured QIEPs. We repeat that by a structured
QIEP, it means the construction of real coefficient matrices M, C and K satisfying k prescribed
eigenpairs {(\;, xj)}le and meeting certain distinctive conditions imposed upon their respec-
tive structures. We have already seen that the prescribed spectral conditions transform into
a linear algebraic system (3.3) for the coefficient matrices (M, C, K). The challenge now is to
select, if possible, matrices with specified structures out of the solution space. This purpose
of this chapter is to employ SDP techniques to accomplish this task [2, 3, 158]. The basic
idea is to optimize a suitable linear functional subject to linear equation constraints and some
additional condition such as positive semi-definiteness.

In recent years, SDP has emerged as an important tool in mathematical programming for
two reasons. The first reason is its versatility to model problems in broad discipline areas
ranging from mathematical studies in combinatorial optimization, Boolean and non-convex
quadratic programming, min-max eigenvalue problems, and matrix completion problems to
engineering applications in nonlinear and time-varying system analysis, controller synthesis,

computer-aided control system design, network queueing, optimal statistical model designs,
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and structural optimization. Examples of converting these problems into the standard primal
problem or its dual can be found in [20, 158, 168]. The second reason is its close comparability
to the well known linear programming (LP). Most issues such as the dual theory, interior
point algorithms, convergence and polynomial time-complexity for LP can be extended to SDP
[1, 134]. This generalization provides efficient procedures for finding the optimal solution based
on iterating interior points that either follow the central path or decrease a potential function.
Profuse research results are available in the literature. For example, the book on SDP [168]
lists 877 references, while the online bibliography collected by Wolkowicz [167] keeps adding
new references to its database continually. We find the comprehensive treatise in the two books
[3, 20] and two review articles [1, 158] offer quick and useful grasp of this interesting and
intensely studied subject.

The rest of this chapter is organized as follows. In Section 4.2 we present a brief overview of
semidefinite programming. More advanced treatment can be found in Nesterov and Nemirovskii
[134], Todd [158], Boyd and Vandenberghe [20, 160]. Our main thrust in this investigation is
to experiment the applicability of the SDP techniques on various structural constraints. Thus,
we begin in Section 4.3 with the most basic symmetric and positive semi-definite models and
conjecture some new solvable conditions via the testing results. In Section 4.4 we explore inverse
eigenvalue problems with a mixture of linear types arising in general gyroscopic systems. We
believe that our work in this section alone is innovative as no other QIEP techniques developed
thus far can address a mixture of structural constraints simultaneously. In Section 4.5 we
discuss how to handle models with inherent sparsity patterns. Different from the numerical
approaches applied in Chapter 3, we discuss how to use the SDP approach to solve QIEPs
more robustly. We explain how to embed the sparse structures into the optimization problem.
This idea is generalized in Section 4.6 to solve models with prescribed entries. In Section 4.7
we present a numerical approach of handling model updating problems with minimal changes
while preserving specifically embedded structures, a task which has been proclaimed difficult

in the past.

4.2 Semidefinite programming

In this section we present a brief overview of semidefinite programming. More advanced treat-
ment can be found in Nesterov and Nemirovskii [134], Todd [158], Boyd and Vandenberghe
[20, 160]. Our discussion is based on the review article by Todd [158]. The SDP problem in the
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primal standard form is formulated as

(P) Minimizey Ceo X
Subject to A; e X =b;, i=1,...,m (4.1)
X =0,

where all A; € SR™", C € SR™™™, b € R™ are given, X € SR™*" is the variable, and C' ¢ X
denotes the Frobenius inner product between C' and X defined by

CeX = trace(XTC) = iicz’jwij»

i=1 j=1

with C' = [¢;;] and X = [xj;]. The corresponding dual standard form of the SDP problem is
expressed as
(D) Maximize, b'y
Subject to >, y; A + S =C, (4.2)
S =0,

with a “slack” matrix S € SR™*™. This dual standard form is also equal to

Maximizey, bly

: i (4.3)
Subject to C — >, y;A; = 0,

which is most relevant to our QIEPs.
Note that if X is a feasible solution for (P) and {y, S} is a feasible solution for (D), then

CeX—-b'y=XeS>0. (4.4)

This is the so called weak duality property of the SDP problem (see Todd [158] for more
discussion in this regard). The difference between the optimal solution of (P) and that of
(D) is called the duality gap whose “ideal” value would be zero. Nonetheless, we illustrate an
example from Vandenberghe and Boyd [160] where there is no duality gap, but the optimal

solution for the primal problem could not be reached.

Example 4.2.1 Consider the optimization problem in dual standard form:

Mazimizeycge Yo
10 00 01 (4.5)
Subject to + =< .

The feasible set can be written as {y = [y1,y2] " € R? : y1 < 0,92 < 0,y192 > 1}. It is clear
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that we cannot find a feasible point to achieve the optimal solution 0 = supycge  y2. We only
can approach the optimal value 0 by feasible points of the form [l/a,a]T with arbitrarily small

positive a. The problem (4.5) is not solvable. On the other hand, its primal problem is the

form:
S 0 1
Minimizex c grzx2 [ Lo ]
1 4.6
Subject to 0 e X =0, 00 e X =1, (4.6)
00 01
X >0,
. . . 00 . . .
The only feasible solution for problem (4.6) is X = 01 ] with optimal value 0. This

concludes that the duality gap is zero, but one of the problems problem is not solvable.

More examples showing the nonzero duality gap can be found in [126, 158, 160]. Our
primary focus is on the case when the duality gap is zero. The proof of the following theorem
essentially follows from the Hahn-Banach separation theorem, which is fundamental in convex
and is referred to [158].

Theorem 4.2.1 Assume that there exist a feasible point X € SR™ "™ for (P) and a strictly
feasible pair {y,S} € R™ x SR"™"™, namely S = 0 for (D). Then the set of the optimal
solutions of (P) is nonempty and compact, and the duality gap is zero. That is, the optimal
values of (P) and (D) are equal.

We describe a few examples below to demonstrate the flexibility and versatility of the SDP

formulation [158].

Example 4.2.2 Consider the primal LP problem,

Minimizex c'x
Subject to  Ax = b, (4.7)
x >0,

where b € R™, ¢ € R", A € R™*™ are given, x € R"™, and its dual

Mazximize, by
Subject to c¢— ATy >0,

with y € R™. Defining C = Diag(c) and A; = Diag(a;) with AT = [a1,az,...,am], we
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immediately see that the dual LP problem is equivalent to

Mazimizey b'y

4.9
Subject to  Diag(lc — ATy) =C =3 y; A; = 0, “9)

Thus, a dual LP problem is also a dual standard SDP problem. Its primal standard SDP
formulation, however, consists of the variable X € SR™™ which is not quite equivalent to the
standard LP problem. To clarify this disparity, we claim that this optimal variable X € SR™ ™

can be made into a diagonal matriz. Observe that, by definition, we can write

CeX = cix11+ oo+ ...+ cnTpn = c¢'x, (4.10)
A; e X = ajjri1+ainroe+...+a,Tny = b;, for each i, '
with a; = [a;1,. .., am]T, X =[x, and x = [211,. .., Jinn]T. Let
X = Diag(x). (4.11)
Then X =0 as X = 0. Following from (4.10), we know that
CeX = CeX = c'
* * €% . (4.12)
A;eX = A;eX = b, foreachi,

Hence, if X is a feasible solution in (P), then X is also a feasible solution in (P) with the same

optimal value. Also, X = 0 is equal to x > 0. This concludes that LP problem is a special form
of SDP.

The optimization of eigenvalue-induced functional is a classical problem with applications is
areas such as optimal control, graph theory, combinatorial optimization, and so on [89, 131, 136].

The SDP approach makes this challenging task a lot easier than conventional approach [158,
160].

Example 4.2.3 Consider the minimization of the mazximum eigenvalue of a symmetric matric
A(z) defined by

A(Z) =Ag+ 2141+ ...+ ZpAp, (413)

with given and fized A; = AZT € R™". Note that ¢ > Amaz(A(2)) iff Apyin(CIn — A(z)) > 0.

Thus, we can formulate this problem as a SDP in the dual standard form

Mazimize, —C

(4.14)
Subject to (I, — A(z) = 0,
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where the variable y = (¢,z)" € RPTUXL,

Unlike other numerical methods, the SDP approach offers a unified, efficient, and tractable
scheme for solving QIEPs. In this work, we apply some state-of-the-art SDP software pack-
ages [125, 154, 159] successfully to some otherwise very difficult structured QIEPs. We shall
demonstrate that structures such as positive definiteness, nonnegativity, mixture type, sparsity
patterns, prescribed entries for QIEPs and the associated model updating problems can all be
handled effectively by our SDP approach. With this highly efficacious method in hand which
provides global and conclusive results, we are at a vantage point to investigate new areas related
to QIEPs.

We do not claim that we have developed new algorithms. Rather, this chapter is to explain
the usage of SDP techniques to embrace different structures within QIEPs. In this sequel,
we concentrate on how to formulate QIEPs under different structures for SDP applications.
Once the formulation is set up, it is easy to call up available SDP packages to carry out
the computation. Our point is that the SDP approach can undertake the various challenges
associated with QIEPs with remarkable uniformity, simplicity and effectiveness. The approach
offers uniformity because it can handle almost all structures of practical interest under one
framework; simplicity because programming for various QIEPs often involves just a few lines
of MATLAB commands through the interface with of our core code; and effectiveness because
this approach generally provides make-or-break information on the solvability of a QIEP and

computes the optimal solution in a user-specified sense.

4.3 Models with symmetric and positive semi-definite struc-

tures

By Theorem 2.3.1, we already know that the QIEP with real and symmetric coefficient matrices
M, C and K is generically solvable if £k < k4. In real applications, however, one or all
coefficient matrices are further required to be positive semi-definite. Semi-definiteness translates
into complicated algebraic conditions. For this reason, only a few partial results are available
in the literature [24, 38, 112, 117], most of which are characterized by some sufficient conditions
imposed upon the prescribed eigeninformation.

Taking advantage of the SDP techniques, the difficult task of constructing any positive semi-
definite coefficient matrices could be accomplished from any prescribed partial eigeninformation
(A, X). By accomplishment, we mean that either the coefficient matrices are found or that a
decision of nonexistence can be made inclusively. The coding, such as the one demonstrated in
Table 4.1, often involves only a few lines of YALMIP commands. We remark that YALMIP is a

free MATLAB-based toolbox [125] which serves as a convenient interface for multiple external
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optimization solvers. Its commands unify and facilitate the different formats in SDP software.
While used for solving QIEPs, it significantly simplifies the description of various structural
constraints and, within the specified numerical tolerance, offers a reliable and conclusive answer
via the well established SDP theory and algorithms.

Table 4.1: An SDP code calling routines from YALMIP to solve QIEPs for positive semi-definite
(M,C,K).

% Define symmetric variables

sM = sdpvar(n,n);
sC = sdpvar(n,n);
sK = sdpvar(n,n);

% Specify equality and positive semi-definite constraints
F set (sM*X*Lambda~2 + sCxX*xLambda + sK*X == zeros(n,k));
F=F + set(sM >= 0) + set(sC >= 0) + set(sK >= 0);

% Select SDPT3 as the solver
ops = sdpsettings(’solver’,’sdpt3’);

% Invoke SDP solver
solvesdp(F, [],o0ps);

% Retrieve numerical solution
M = double(sM)
C = double(sC)
K = double(sK)

% Check relative residual
norm(M*X*Lambda~2 + CxX*Lambda + K*X,’fro’)/norm([M,C,K],’fro’)

In Table 4.1, the command sdpvar(n,n) defines a symmetric n x n matrix as a variable.
Also, the algebraic condition (3.3) and the positive semi-definitenesss constraints F are entered
into the code through the command set. This macro command set can be generalized to handle
other types of structural constraints, which will be demonstrated in subsequent discussion. In
this code, the package SDPT3 by Tiitiincii, Toh, and Todd [159] is designated as the SDP solver
for constructing a numerical solution, if exists, for the QIEP with symmetric and positive semi-

definite coefficient matrices. This program in Table 4.1 is a working code, although there
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are many other options for fine tuning the computation, including modifying the stopping
criterion or selecting a different SDP solver. It is important to point out that, except specifying
those constrained conditions, no objective function is needed (denoted by [] in the command
solvesdp) to get a solution for these coefficient matrices. That is, for the moment the purpose is
only to find any feasible solution for this QIEP. No other extra string of conditions is attached.

It is worth noting that the set of feasible solutions, containing at least the trivial solution,
is a convex cone. This implies that once a numerical solution (M, C, K) is found (retrievable
through the YALMIP command double), any positive scalar multiplication is also a solution.
Hence, a relative residual through an appropriate normalization serves as a good indicator to
recognize whether the QIEP has been solved satisfactorily. Unlike the eigenvector completion
procedure we have described in Chapter 3, the unspecified eigenvectors of the reconstructed
system are determined inherently and cannot be influenced from outside.

Even at its simplicity, the code in Table 4.1 provides us a fundamental tool to investigate
numerically many interesting questions within QIEPs. One such instance that we can explore
is to study whether symmetric QIEPs with positive semi-definite coefficient matrices can have
k arbitrarily prescribed eigenpairs, provided all prescribed eigenvalues necessarily have negative
real part. To carry out the experiment, we randomly generate eigenpairs (X and A) such that
all prescribed eigenvalues have negative real part, and input the information to the code in
Table 4.1. It is of great interest to find that after large number of random tests, we seem to
have reached a rather surprising discovery. If k < k0. — 4, regardless of how k is distributed
among the numbers k. of complex-conjugate eigenpairs, &, of real eigenpairs with positive sign
characteristic and k,, of real eigenpairs with negative sign characteristic [70, 117], the feasible
set defined by F' seems to always contain nontrivial solutions for random (X, A). It would be
fantastic if such an observation could be confirmed by theoretical proof.

Table 4.2 lists some testing results with the case n = 10, implying k4 = 16, and randomly
generated k prescribed eigenpairs corresponding to the preselected (k, kp, kn). The symbols
v and X indicate whether a nontrivial solution to the QIEP with positive semi-definite coefficient
matrices can be found or not, whereas % indicates that both cases are possible. The value ¢ in the
last row is the number of complex conjugate eigenvalues of the reconstructed quadratic model.
It must be stressed that these are generic results in the sense that each conclusion is subject
to large number of repeated experiments and no exception has been observed. Accordingly,
a positive semi-definite solution can always been derived if £ < 12, while k = 13 serves as a

borderline in which both possibilities can occur.
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Table 4.2: Existence of positive definite M, C' and K to the symmetric QIEP with random
eigenstructure.

ke|6 |5 5 5 5 5|5 4 4 3 3|4 4|3]|2

knfO}1 0 2 3 2|1 1 2 3 3|3 2|4]|4

4.4 Models with gyroscopic structures

Consider a dynamical system described by the following quadratic model:

Q) = QN M, €, 9,4, )= NM+NE+9)+ (H +.4), (4.15)
T x

where M, €, and J, as the usual mass, damping and stiffness matrices, are symmetric and
positive semi-definite, but ¢ and .4, representing the gyroscopic and circulatory matrices, are
skew-symmetric [172]. The combination such as C' = ¢ + ¢ or its like is referred to as a
mixture of linear types. Note that C' is neither symmetric, nor general, but is still of some
special structure. This is the so called gyroscopic system which often appears in vibrations of
rotating machines or in moving coordinate frames.

Numerical investigation for forward gyroscopic eigensystems have been conducted in [21, 59,
143], but the attention mostly is on the damping free case, i.e., C' = ¢ is skew-symdsmetric. To
our knowledge, there is no discussion of the gyroscopic inverse eigenvalue problem except for the
work in [4] where a hybrid optimization scheme for identifying inherent parameters of flexible
rotor-bearing systems is proposed. Typical decomposition techniques might have trouble in
differentiating the positive semi-definite matrix € from the skew-symmetric matrix ¢ within
the coefficient matrix C. In our SDP approach, however, such difficulties could be tackled by
simply adding the YALMIP commands

% Define skew-symmetric variables

sG
sN

sdpvar{n,n, ’skew’,’real’);

sdpvar(n,n, ’skew’,’real’);
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for skew-symmetric matrices and modifying the equality constraint to

F = set(sM*X*xLambda~2 + (sC+sG)*X*Lambda + (sK+sN)*X == zeros(n,k));

in Table 4.1. The QIEP in the form (4.15) can now be handled without much trouble.

W extra variables to the

Since each of the skew-symmetric matrices ¢ and .4 adds
linear system (3.3), it can be proved that for any k& the solution to a general (4.15) always
exists with respect to any number of prescribed eigenpairs. Curiously, we wonder that if the
constraint of positive semi-definiteness for M, ¥ and % is imposed, how would the inclusion
of 4 or ./ improve the solvability for a QIEP in the gyroscopic form (4.15) from a relative
larger number k arbitrarily prescribed eigenpairs? For simplicity, assume .4 is a zero matrix
and k, = k — 2k, stands for the total number of real eigenpairs (since real eigenvalues of a
gyroscopic system have no sign characteristic, another significant difference between symmetric
and non-symmetric pencils), the numerical evidence summarized in Table 4.3 seems to support
affirmatively this added effect of the skew-symmetric matrix 4 — the maximal allowable k
of arbitrarily prescribed eigenpairs increases by L%j Once again, we stress that such an

experiment would have been very difficult by other numerical techniques.

Table 4.3: Existence of positive definite M, €, £, and skew-symmetric ¢ to the QIEP with
random eigenstructure.

ke|8 7 7|7 6 6|7 7 6 6 6 6|5 5 5 5 3[4 3 03

kelO 1 02 3 2|4 3 5 6 5 4|7 6 5 4 6|6 6 638

k|16 15 15|16 15 14|18 17 17 18 17 16|17 16 15 14 12|14 12 6 |14

S AR A AA l SR AR SR A A A A S K2 A

t 9 8 7 6 5 4

4.5 Models with sparsity patterns

Finite element models, just like a mass-spring system or an RLC circuit, often have specific
sparsity patterns in M, C and K. That is, corresponding to inner connectivity, the physical
parameters, such as mass, stiffness, voltage, resistance and so on, are embedded in the coefficient

matrices (M,C, K) in a fixed but often mixed way. For the sake of physical feasibility, the
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recovered parameters must also be nonnegative. In this section, we demonstrate how the SDP
approach can meet the connectivity and the nonnegative constraints easily.

We need to point out that our software package Opt4QIEP developed in Chapter 3 includes
two features. First, it is a tool which exploits the underlying matrix structure based on specified
connectivity. Second, it employs the truncated QR decomposition to create, if possible, a
consistent linear inequality system. These features can be combined with the SDP technique
to offer a more powerful optimization approach toward the QIEPs.

For demonstration, consider the same mass-spring system in Example 3.2.1. Note that
in the system the maintenance of the connectivity and nonnegativity is more important than
symmetry and positive semi-definiteness because the preservation of the former automatically
implies the latter. Such an endeavor can easily be achieved simply by formulating the QIEP as
an SDP problem. Employing Opt4QIEP to create the sparse pattern in the coefficient matrices
M, C, and K, we impose the equality and the nonnegative constraints by YALMIP commands

as follows.

% Define physical parameters

sm = sdpvar(4,1);
sc = sdpvar(3,1);
sk = sdpvar(5,1);

% Define coefficient matrices based on connectivity constraints

sM = diag(sm);

sC = [sc(1)+sc(2) O -sc(2) 0;
0 0 0 0;
-sc(2) 0 sc(2)+sc(3) -sc(3);
0 0 -sc(3) sc(3)]1;
sk = [sk(1)+sk(2)+sk(5) -sk(2) -sk(5) 0;
-sk(2) sk (2)+sk(3) -sk(3) 0;
-sk(5) -sk(3)  sk(3)+sk(4)+sk(5) -sk(4);
0 0 -sk(4) sk(4)];

% Define equality and nonnegativity constraints

I
1]

set (sM*X*Lambda~2 + sCxXxLambda + sK*X == zeros(n,k));
F + set(sm > 0) + set(sc > 0) + set(sk > 0);

|
n
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Note that the intermediate matrix variables sM, sC, and sK are used only for convenience
to define the equality constraint (3.3). The true variables, sm, sc, and sk, in the calculation
are restricted to nonnegative values elementwise through the set command. With care, more
programming details would enable us to bypass generating the intermediate matrices explicitly
and, thus, we may deal with large scale dynamical systems. Since solutions, if exist, of a QIEP

form convex cone, an artificial objective function such as

solvesdp(F, (sm(1,1)-1)"2,0ps);

is recommended to prevent arbitrary scaling by normalizing the first mass m; to unity. Note
that even with the added normalization this is still a convex programming problem. The
return from the SDP computation therefore tells either a completely successful reconstruction
of positive physical parameters or a utterly disastrous failure giving rise to either the trivial
solution or a degenerated system. In our opinion, this is perhaps the most attractive feature in
the SDP approach.

Since the mass-spring system in Figure 3.1 has 12 parameters, it would be interesting to ask
two further questions. Can the parameters be chosen so that the new system has k arbitrarily
prescribed eigenpairs? Even more restrictively but curiously, given an original system with
parameters (myg, cp,Kg), can the mass parameters m (or others) alone be altered so that the
new system (m, co, ko) has one specific but arbitrarily prescribed eigenpair? The answers to
these two problems can easily be investigated numerically by slight modifications of the above
SDP code. It turns out that both answers are negative. This is reasonable because an arbitrary
assignment is almost doomed due to the fact that the eigenstructure of a structured model

should also be structured, even if we do not know of what structure it should be.

4.6 Models with prescribed entries

Till now our concern is focused on the construction of the coefficient matrices (M,C, K) as a
whole. Even in the preceding section where structure of (M, C, K) is restricted to a certain
sparsity pattern , we are still talking about building the entire matrices. In practice, quite
often the reconstruction of the model is limited to a local portion of the system, instead of
rebuilding the entire system. In other words, in a QIEP it is sometimes needed to modify
only a subset of the parameter or a specific part of the coefficient matrices. The former case
has already been illustrated by a simple example in the preceding section where only mass
parameters alone are subject to adjustment with the (unrealized) hope of updating one or more
specific eigenpairs. The latter case could be exemplified by the vibration of bridges, highways,

building or automobiles where the spatial representation for substructures such as abutments,
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the foundations, or chassis is fixed. In a sense, QIEPs with prescribed entries can be considered
as matrix completion problems.

Matrix completion subject to both structural and spectral constraints with prescribed entries
is a difficult problem. Constructive proofs for some classical results such as the Schur-Horn
theorem [92] and the Hershkowitz theorem [86, 87, 99] are elegant mathematically in their
own right, but beyond these, very few theories or numerical algorithms are available. Now,
we can use the SDP techniques to analyze and solve QIEPs with prescribed entries without
any impediment. In the preceding section we have described a means to impose the sparse
pattern by those fixed zeros while defining the sdpvar variables (See also the next section).
In exactly the same way, we can assign the relevant entries with the prescribed values. After
assigning prescribed values to designated positions in the matrix coefficients and calling up
some appropriate SDP solvers, we will be given a make-or-break decision on the solvability of

the QIEP with prescribed entries. We will further illustrate the application in the next section.

4.7 Model updating problems

We have already explored the idea of model updating with no spill-over in Section 2.4. In this
section, we study another aspect of model updating with minimum changes. Given original

[RTLX’H

matrices (My, Cy, K¢) with specified structures in satisfying

Qo()\) = ]\40)\2 + CoA + Ky, (416)

with coefficients matrices (M, Co, Ko) in some specified structures, the concern in the current

model updating is to minimize the difference
H(M(bCOaKO) - (Ma 07 K)HF (417)

(or a weighted variant) subject to the conditions that the updated coefficient matrices (M, C, K)
meet the algebraic constraint (1.2) under k prescribed eigenpairs and maintain the same pre-
scribed structure. Updating under such a context has been widely applied as an important
tool for the design, construction and maintenance of mechanical systems [9, 12]. A good dis-
cussion about general principles of model updating can be found in the book by Friswell and
Mottershead [62]. The basic idea is to refine, correct, or update the current dynamic model
(4.16) with minimal changes when natural frequencies and mode shapes do not match well with
experimentally measured or desirable frequencies and mode shapes. We could have included
the requirement of no spill-over while searching for the minimal changes, but that is going to
be a more restrictive process.

For practical consideration, any of the previously discussed structures are possible for

64



(M,C,K). However, we find that the most commonly discussed cases in the literature are
when M = My > 0 and C and K are symmetric [6, 61, 112, 115] or when C = Cp = 0
[9, 27, 50, 164, 171]. The absence of discussions for other structures in the literature is not
due to their lack of importance. Rather, it is owing to the difficulties associated with the more
complicated constraints. Currently, the most predominant updating techniques seem to be
the Lagrange multiplier approach adopted in [62], the direct approach via dimension reduction
proposed in [112], and the Newton-type iteration used in [6]. They, however, can only handle
quadratic model updating on a structure by structure basis. Indeed, it was proclaimed in [62]
that “Updating is a process fraught with numerical difficulties.”

Amazingly, the SDP techniques with the aid of the YALMIP interface easily give us the
ability to hand almost all kinds of structural constraints within the same framework. Suppose
there is a sparsity pattern, say, in Ky. To maintain the same sparsity in the updated matrix

K, we could issue commands such as

sK = sdpvar(n,n).*abs(sign(K_0));

where the element to element multiplication .* is to pick up any nonzero locations of Kj.
Suppose the nearness of the updated model to the original model is measured by the objective

function
1 . 1 1 1 1,
J = pl|My * (Mo — M)M, * || +v|[My *(Co — C)M, * |5 + ([ My * (Ko — K)M, * ||z, (4.18)

where p and v are some preselected weight factors [112]. Note that .J is a convex but nonlinear
function in (M, C, K). Then we can easily transform (4.18) into a second-order Lorentz cone

programming problem via the YALMIP commands

% Define variables, structured if necessary

sdpvar uM uC ukK
sM = ...

W= inv(M_0"(1/2));

% Define equality and structural constraints
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% Include rotated Lorentz cones

e
I

F + set(rcone(reshape(Wx(M_0-sM)*W,n"2,1),uM,1/2));
F + set(rcone(reshape(Wx(C_0-sC)*W,n"2,1),uC,1/2));
F + set(rcone(reshape(Wx(K_0-sK)*W,n"2,1),uK,1/2));

% Define objective function and call for second order cone programming solvers

sdpsolve (F,mu*xuM + nu*uC + ukK,ops);

where the command rcone(z,x,y) with a column vector z and scalars x,y > 0 defines a rotated
second order cone constraint ||z||3 < 2xy. Again, we stress that the structural constraints to
be imposed upon the updated model (M,C,K) at the line F = ... can be quite general,
including all or some of (M, C, K) being positive semi-definite, of sparsity patterns, mixture of
linear types, or with fixed entries, as we have discussed earlier. Finally, taking advantage of
convex programming, the return from the SDP computation gives us a make-or-break decision
about whether the update is achievable and, if it is so, a global optimal solution is obtained.

Consider the updating of the linear model
()\MO - Ko)X == O, (419)

with some realistic data.

Example 4.7.1 We first choose My and Kg to be the matrices BCSSTMO01 and BCSSTKO01,
respectively, from the Harwell-Boeing Collection [18], BCSSTRUCI. These are 48 x 48 matrices
whose sparsity patterns are plotted in Figure 4.1. Specifically, My, with ||Mo||F =~ 7.7 x 102,
is a nonnegative diagonal matriz with 24 zeros along its diagonal. Ky, with ||[Ko|lp ~ 7.5 x
109, is symmetric and positive definite. These original data impose two numerical difficulties.
First, there are 24 positive eigenvalues with the remaining 24 at positive infinity. Second,
the two coefficient matrices are not of comparable scales. Both aspects suggest that eigenvalue
computation would be particularly challenging. Indeed, the residuals |[(AMy — Ko)x||2 of the
2/ real-valued eigenvalues and eigenvectors computed by MATLAB ranges from 5.5 x 1079 to
1.6 x 1079, indicating a huge loss of significant digits. Because of this disparity, we have to
use our discretion carefully in deciding whether the SDP scheme has returned a satisfactory
updating in its computation. We carry out our experiment as follows.

Despite the fact that the magnitude of Ko is several order higher that of My, the SDP

calculation can endeavor to overcome the dissimilarity even if we use the non-weighted objective
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Figure 4.1: The 48 x 48 sparse matrices My and K.

function
J(M, K) = |[My — M|[% + [|Ko — K|/} (4.20)

to measure the nearness of updating. Fiz one eigenpair (A, x) of the linear pencil (4.19) with
|(AMo — Ko)x||2 = 5.5 x 1072, Suppose we want to find out the nearest coefficient matrices M
and K satisfying an updated eigenpair (u,x). Specifically, keep the eigenvector invariant and

let the new eigenvalue be a random number generated by
1= A(1+ o|randn(1)|)

with 0 = 1077, p = 1,--- ,10. Here, randn(1) represents a pseudo-random number generated
from a normal distribution with mean zero and standard deviation one. For different p values,
our idea s to let o represent the ‘“variance” of the “one-sided” perturbation. Then, we want
to check the feasibility of a linear model (M, K) containing the eigenpair (u,x) subject to the
same sparse patterns and positive semi-definite properties embedded in (My, Ko).

The feasibility of the computed results is measured by the residual value ||(uM — K)x||2.
Ideally, the residual should be zero. In practice, the floating-point arithmetic can return at
most the machine precision if we carefully fine-tune the sdpsettings in YALMIP. In fact, the
singularity and the imbalance in scaling of the original pencil (Mg, Ko) make it fairly difficult to
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Figure 4.2: Performance of model updating for Harwell-Boeing test data BCSST*01 (n = 48).

verify feasibility even with exact data. The graph on the left side in Figure 4.2 depictes bozxplots
of residuals over 20 samples of i for each p. Assume that the feasibility conditions are satisfied
if the residuals are reasonably small. Within this “feasible set”, we search for a unique pair
(M, K) that is nearest to (My, Ko) by the objective function J(M,K). The graph on the right
side represents boxzplots of the corresponding objective values J(M,K). The objective values
deteriorate rapidly as the perturbation of eigenvalues for the structured pencil increases in the
|Mo—M]||p IIKo—K||F> returned by the

[Mollm > [ Kollr
SDP approach is surprisingly reasonable with respect to the large magnitude of entries in K.

sense of its variance. However, the relative discrepancy (

Note that the peculiar characteristics of the BCSST*01 data makes the performance of the
SDP procedure dubious. For example, if the SDP solver SeDuMi is applied in YALMIP, it returns
the warning message “no sensible solution found”. To check out whether this confusing message
persists, we consider next the BCSST*02 pair which results from applying static condensation

to the oil rig model.

Example 4.7.2 The two matrices (My, Ko) in BCSST*02 are of size 66 x 66, where My is
a diagonal matrix but Ko is a dense matriz. Both matrices are symmetric and positive semi-
definite matrices and My is nonsingular.

There is still a considerable variation of magnitudes in the entries with || M||r ~ 8.2 x 10~}
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Figure 4.3: Performance of model updating for Harwell-Boeing test data BCSST*02 (n = 66).

and || Kol|lr =~ 5.3 x 10*. But, the eigenvalue computation by MATLAB is much more stable
with ||(AMo — Ko)x||2 approzimately of the order 1071, Given one computed eigenpair (\,x)
with ||(AMo — Ko)x||2 = 2.2 x 107, we carry out a similar experiment using the SDP procedure
and report the test results in Figure 4.3. In contrast to the BCSST*01 pair, the model updating
for BCSST*02 seems more satisfactory.

4.8 Conclusion

The SDP techniques have emerged as a very useful paradigm for solving many convex optimiza-
tion problems. We have observed how the very challenging solvability issues and complicated
computational tasks for various structured QIEPs can be handled using standard software for
SDP. Some of cases discussed in this chapter have not even been considered in the literature.
What is really remarkable is that using the powerful SDP approach, we are able to solve appar-
ently very difficult QIEPs simply, effectively and efficiently. This SDP approach offers a unified
and effectual avenue of attack on the QIEPs in general and the MUPs in particular, which we
think deserves attention from practitioners in this field.

The entire procedure can be carried over with little effort to other types of structure such

as Toeplitz, Hankel, or even palindrome, and so on. In fact, the idea can even be generalized
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to inverse eigenvalue problems for matrix polynomials of arbitrary degrees which, so far as we
know, have not been studied at all in the literature but our SDP approach makes a numerical
exploration or justification possible.

One possible drawback of the SDP approach is that the interior point methods which are the
main engine behind most SDP algorithms cannot handle large scale problems effectively. Todd
[158] suggested that “The interior-point methods we have discussed can solve most problems
with up to about a thousand linear constraints and matrices of order up to a thousand or so.”
However, QIEPs under the SDP paradigm are in the dual form. Thus, instead of tracking both
dual and primal problems, it is possible to develop a specic technique working on this dual part

directly. This might boost the SDP techniques and it is a subject currently under investigation.
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Part 11

Low Rank Factorizations
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Chapter 5

Nonnegative Matrix Factorization

via Polytope Approximation

5.1 Overview

The problem of nonnegative matrix factorization (NMF), defined in (1.3), arises in a large
variety of disciplines in sciences and engineering. Its wide range of important applications such
as text mining, cheminformatics, factor retrieval, image articulation, dimension reduction and
so on has attracted considerable research efforts. Many different kinds of NMF techniques
have been proposed in the literature, notably the popular Lee and Seung iterative update
algorithm [119, 120]. Successful applications to various models with nonnegative data values
are abounding. We can hardly be exhaustive by suggesting [56, 91, 95, 105, 108, 121, 124, 137,
139, 142] and the references contained therein as a partial list of interesting work. The review
article [152] contains many other more recent applications and references.
The basic idea behind the NMF is the typical linear model,

A=UV, (5.1)

where A = [a;;] € R™*" denotes the matrix of “observed” data with a;; representing, in a
broad sense, the score obtained by entity j on variable i, U = [u;;] € R"™*P is a matrix with
ui representing the loading of variable i from factor k or, equivalently, the influence of factor
k on variable i, and V = [v;] € RP*™ with vy; denoting the score of factor £ by entity j or
the response of entity j to factor k. The particular emphasis in NMF is that all entries of
the matrices are required to be nonnegative. To provide a little bit motives on the study of
the NMF, we briefly outline two applications below. A good survey of other interesting NMF

applications can be found in [152, Section 6.2].
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The receptor model is an observational technique commonly employed by the air pollution
research community which makes use of the ambient data and source profile data to apportion
sources or source categories [90, 91, 106, 151]. The fundamental principle in this model is the
conservation of masses. Assume that there are p sources which contribute m chemical species to

n samples. The mass balance equation within this system can be expressed via the relationship,
p
a5 = Zuikvkj, (5.2)
k=1

where a;; is the elemental concentration of the ith chemical measured in the jth sample, u; is
the gravimetric concentration of the ith chemical in the kth source, and vy; is the airborne mass
concentration that the kth source has contributed to the jth sample. In a typical scenario, only
values of a;; are observable whereas neither the sources are known nor the compositions of the
local particulate emissions are measured. Thus, a critical question is to estimate the number p,
the compositions w;x, and the contributions vy; of the sources. For physical feasibility, the source
compositions u;; and the source contributions vi; must all be nonnegative. The identification
and apportionment, therefore, becomes a nonnegative matrix factorization problem of A.

In another application, the NMF has been suggested as a way to identify and classify intrinsic
“parts” that make up the object being imaged by multiple observations. More specifically, each
column a; of a nonnegative matrix A now represents m pixel values of one image. The columns
ug of U are basis elements in R”. The columns of V, belonging to RP, can be thought of
as coefficient sequences representing the n images in the basis elements. In other words, the

relationship,
P
a; = Z Ui Vkj, (53)
k=1

can be thought of as that there are standard parts u; in a variety of positions and that each
image a; is made by superposing these parts together in some ways. Those parts, being images
themselves, are necessarily nonnegative. The superposition coefficients, each part being present
or absent, are also necessarily nonnegative. In either case above and in many other contexts of
applications, we see that the p factors, interpreted as either the sources or the basis elements,
play a vital role. In practice, there is a need to determine as fewer factors as possible and, hence,
a low rank nonnegative matrix approximation of the data matrix A arises. The mathematical
formulation of an NMF has been defined earlier in (1.3).

It has been argued that the NMF can be interpreted geometrically as the problem of finding
a simplicial cone which contains a cloud of data points located in the first orthant [56]. Further
extending that thought, we recast in this investigation the NMF as the problem of approxi-
mating a polytope on the probability simplex by another polytope which has fewer facets. Our
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basic idea follows from computational geometry where a complex shape is to be “silhouetted”
by a simpler one. In our particular setting, the complex shape refers to the boundary of a con-
vex polytope of n points in R™ whereas the simpler one refers to that of p points in the same
space. A unique characteristic in our approach is that the approximation is to take place on the
probability simplex. We shall exploit the fact that the probability simplex, being a compact set
with well distinguishable boundary, makes the optimization procedure easier to manage. For
convenience, we denote henceforth a nonnegative matrix U by the notation U > 0.

This chapter actually deals with two related but independent problems. The first problem
considers the polytope approximation only on the probability simplex. The underlying geometry
is easy to understand, but the problem is of interest in itself. More importantly, with slight
modifications the idea lends it geometric characteristics naturally to the more difficult NMF
problem. For both problems a common feature in our approach is alternating optimization.

That is, by rewriting the equivalent formulations (at the global minimization point):

i A—UV|% = mi inl|A—UV|?* A4
i fl4 = UVl gl;g(rvnggll U HF) (5.4)
= min ( min |4 — UV|? .

min <U§gll U ||F>7 (5.5)

we solve miny>q |4 — U0V||% from an initial matrix Uy to find the solution matrix Vj, and then
solve miny>g |4 — UVp||% to find the next iterate U;. In general, V; is obtained from U, and
Uyyq is obtained from V,. Our main contribution is to explain how the unique global minimizers
to the two subproblems (5.4) and (5.5) can be computed alternatively.

We organize our presentation as follows. Beginning in section 5.2, we briefly describe how the
original NMF can be formulated as a low dimensional polytope approximation through scaling.
When limited to the probability simplex, we introduce in section 5.3 two basic mechanisms for
polytope approximation — a recursive algorithm which projects a given point onto a prescribed
polytope and a descent method which slides points along the boundary of the probability
simplex to improve the objective value. We emphasize that the recursive algorithm determines
the unique and global proximity map in finitely many steps and thus enables our NMF method,
to be discussed in section 5.4, to obtain much better, generally of several order, improvement

over the well know Lee-Seung updating algorithm [120] per iterative step.

5.2 Pull-back to the probability simplex

In this section, we develop a simple technique, based on the concept of “normalization”, for
obtaining an geometric representation of A such that its NMF can be described as a low

dimensional polytope approximation.
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Given a nonnegative matrix A = [aj,...,a,] € RT"™" with nonzero columns a; € R™, the

associated pull-back map ¥(A) is defined by
I(A) := Ao (A)~L. (5.6)
where o(A) is the scaling factor given by

o(A) = diag{llaifls, ... [lan][1} (5.7)

with || - ||; representing the 1-norm of a vector. Note that each column of ¥(A) can be regarded

as a point on the (m — 1)-dimensional probability simplex D, defined by
D, = {a ERT|1)a= 1} , (5.8)

where 1,, = [1,...,1]T stands for the vector of all 1’s in R™. Clearly, all columns of ¥(A) must
be contained in its convex hull C(A) on D,,. Actually, the vertices of C(A) are composed of a
subset of columns of ¥(A). We denote this fact by a submatrix A = [a;,, ..., a;,] € R™*P of A
such that

C(A) := conv(¥(A)) = conv(d(A)).

Then every column of ¥(A) could be expressed in a convex combination of columns of ¥(A).

This fact can be denoted by the equation
9(4) = (D), (5.9)
where @ € RP*" itself represents p points in the simplex D,. Together, we have obtained
A =19(A)o(A) = 9(A)(Qo(A)) (5.10)

which is an exact nonnegative matrix factorization of A.

It is worth noting that the integer p in this setting represents the number of vertices of the
convex hull conv(9(A)). All we know is that p < n, but generally p > m. See Figure 5.1.
In practice, we prefer to see that ¥(A) is contained in convex hull with fewer than min{m,n}
vertices, but clearly this is not always possible and thus the factorization has to be replaced by
the notion of approximation.

Suppose that a given nonnegative matrix A € IRTX” can indeed be factorized as the product
of two nonnegative matrices, A = UV, with U € [RTXP and V. € RP*™_ Then

A = 9(A)o(A) = UV = 9V o(U)V)o(a(U)V). (5.11)
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Figure 5.1: Convex hull of ¥(A) € R3*" with n = 11.

where the product ¥(U)d(o(U)V) itself is on the simplex D,,. It follows that

Y(A) = YU)Io(U)V), (5.12)
o(A) = o(a(U)V). (5.13)

Since UV = (UD)(D~'V) for any invertible matrix D € RP*P, we may assume without loss
of generality that U = J(U) with o(U) = I,. In the context that J(A) = J(U)¥(V) and
0(A) = o(V), we may say that 9 is a homomorphism and that o is length preserving.

So far we are interested in the matrix A being factorized exactly into two nonnegative
matrices U and V. In order to ensure such a factorization, it require that the integer p be large
enough such that all columns of ¥(A) are included in a convex hull generated by p vertices in
Dpn- A requirement of large p is not of practical value in applications. But, the above analysis
seems to shed some light on the geometric meaning of NMF.

If p is not large enough, the equality most likely cannot hold. The next reasonable expection
is to discover two matrices U € R}"™” and V € RY*" minimizing the distance between A and

UV. In other words, we want to optimize the objective functional

FUV) = SIA-UVIE= ) [ 904) - UVa(a) | o)), (5.14)
———
w
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with the assumption that the matrix U is already normalized to D,,. For convenience, denote
W =Veo(A)™t (5.15)

Each column of the product can be interpreted as points in the simplicial cone of U. Thus the
NMF is equal to find points {uy,...,u,} on the simplex D,, so that the distance from ¥(A) to
the simplicial cone spanned by {ui,...,u,}, measured by a weighted norm, is minimized. The
main trust of the remaining discussion is to explain the minimization process. Based on the the
well known Hahn-Banach theorem, the optimization can be accomplished by simply utilizing
the notion of supporting hyperplanes of the convex set.

Note that the scaling factor o(A) depends on each given A. The distance between A and
UV measured in the Frobenius norm therefore can be viewed as the distance between ¥(A) and

UW measured with the induced norm from the weighted inner product.

5.3 Polytope fitting problem

Before treating the general NMF problem, we consider in this section a special set estimation
problem which is worthy of discussion in its own right — Use a simpler polytope on the simplex
Dy, to best approximate a more complicated polytope conv(1(A)) such that the total distance
from vertices of ¥(A) to the polylope conv(U) is minimal. This consideration is mathematically

equivalent to

1
S 19(4) = UWIIE, (5.16)

subject to the constraints that columns of U are in D,, and columns of W are in D,,.

This characteristic of this problem is similar in spirit to the well known sphere packing
problem [46] as well as the classical problem of approximating convex bodies by polytopes
[28, 42, 77, 78]. The underlying principle is also analogous with that of the k-plane method
[128] or the support vector machines method [11]. Above and beyond, the geometric object used
in our optimization, which is either a subspace or a polytope, is with high co-dimension and
therefore harder to peculiarize. For applications, the set estimation is also essential to pattern
analysis [83], robotic vision and tomography, although most of the applications investigated
in pattern recognition are restricted to only 3-D objects while we are interested in higher
dimensional entities.

This optimization problem described in (5.16) possess a profound geometric meaning in
itself. Since conv(U) has fewer vertices than conv(¥(A)), the minimization of (5.16) conveys
a sense of retrieving and regulating the “shape” of ¥(A) via fewer facets. Note that columns

of W represents coefficients in this convex combination. It is necessary that the diameter of
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conv(U) should be at least as large as that of conv(¥(A)). That is, if the data ¥(A) starts with
an elongated distribution over D,,, the convex hull at the optimal solution should preserve a
similar shape. Unless the vertices of conv(?(A)) are sitting on the boundary of D,,, conv(U)
can always be ”extended” outward a little bit toward the boundary of D,, without affecting
the product of UW. The means that the solution U clearly need not to be unique.

We demonstrate the idea of annexation for the solution U in Figure 5.2 for the case m = 3

and p = 2. Note that by expanding the segment representing conv(U) to the two sides of the

D

Figure 5.2: Convex hull of ¥(Y') and U in Ds.

triangle, it consistently gives rise to the same nearest points to ¥(Y). For this reason, the
columns of U can be assumed to reside on the boundary of the simplex D,,. We can easily
characterize a point on the boundary of D,, by the location of zero(s) in its coordinates. For

example, each facet has one zero. The ith column in the following matrix, divided by the scalar

m—1,
[0 1 1 1]
1 01 1
1 110 1
m—1
1 1
11 1 0|

represents the “midpoint” of the ith facet of the simplex D,,. When there is more than one
zero in the entries, we consider this point to be on a “ridge” and so on.

Combining the above thoughts together, the polytope fitting problem can be formulated as
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a constrained optimization problem,

1
minimize g(UW) = 5”19(14) —UW|%,
subject to columns of U € 0D,,,, W >0, 1;W =1, (5.17)
where 9D, stands for the boundary of D,,. During the computation, it matters to track which
boundary is being involved in U.

In the next two subsections, alternating direction iteration (ADI) will be used for solving
(5.17). With slight modification, the idea will later be extended to the NMF problem.

5.3.1 Proximity map on the probability simplex

Let U € R™*P be a fixed matrix with its columns in 9D,,,. Temporarily ignoring the constraint
W > 0, define the Lagrangian

1
L(U,W; ) = 5 [0(A) = UW[E + (1, W = 1,)p. (5.18)

associated with the problem (5.17) with a vector u € R™@!. A necessary condition for the

optimal solution W is that partial gradient of (5.18) with respect to W must be zero, that is,

OLWU.Wim) _ ~UTW(Y)-UW)+1,u" =0, (5.19)
oW
Thus we have
W=U"'U) UTIY) - 1,u"), (5.20)

and T(rrT 177 T T
;LU Te() 1) 1)
# goo), ‘

The trouble is that the formula (5.20) cannot guarantee W = 0. As an alternative approach, we
suggest employing the notion of proximity map based on the classical Hahn-Banach theorem
to compute W.

The Hahn-Banach theorem is one of the most important results in functional analysis.
It asserts that two disjoint convex sets in a topological vector space can be separated by a
continuous linear map [20]. The following equivalent statement serves as the basis of our

theory.

Theorem 5.3.1 Let C' be a closed convex set in R™. Then for each given point x € R™, there

is a unique point p(x) € C that is nearest to x.

The nearest point p(x) is called the proximity map of x with respect to C. In a Euclidean
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Algorithm 2: Sekitani and Yamamato Algorithm [x] = A (U)

Input: Matrix U € R™*P (A set of p points in R™)
Output: x = p(0) with respect to conv(U)
(For a given point set S, the symbol .4#'(S) denotes the point on conv(S)
which has the minimum Euclidean norm.)
2.1 begin
2.2 k « 0; xg < an arbitrary point from conv(U);
(find supporting hyperplane)

2.3 Q< min {Xg_lp’p € U};

2.4 if HXk,1H2 < oy then
2.5 X « Xp_1; stop;
2.6 end

(recursion)

2.7 P, — {p]p € U and ka_lp = ak};
28y — N (Pr);
(check separation)
2.9 B — min{y. plp € U — P };
210 if |lyx]|? < Bk then
2.11 X < yi; stop;
2.12 end
(rotation and updating)

zas Mo max AL (1= Nxe1 + Ay v < (L= Nxe1 +Ay) pop €U - By
214 X — (1= A\)Xp—1 + MeYks

2.15 k—k+1;

2.16 Go to line 2.3;

2.17 end

space, it is clear that the necessary and sufficient condition for qaulifying p(x) is that the
inequality
(x = p(x)) T (z = p(x)) < 0 (5.22)

holds for all z € C. In particular, ||p(0)||> < p(0)Tz for all z € C.

Corresponding to each column of ¥(A), our goal is to find out its unique nearest point (prox-
imity map) in conv(U). Since this nearest point resides in conv(U), it is a convex combination
of columns of U. It follows that W > 0 automatically. Toward this goal, the remaining task
is to develop an algorithm that is able to compute proximity map for each column of ¥(A)
with respect to U. The recursive algorithm proposed by Sekitani and Yamamato [148] seems

to be a reasonable means for computing the proximity map when p is small. To carry out the
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computation, recall that a hyperplane is a set of the form
H(n,c) = {x|n"x = ¢}, (5.23)

where the vector n # 0 and the scalar ¢ are some given quantities. Each hyperplane divides

R™ into two half-space, one of which defined by
H*(n,¢) :={xn"x>¢}

is of interest to us. Let C' be a given convex set and the origin 0 ¢ C. Then, the hyperplance

H(p(0), ||p(0)||?) is called a supporting hyperplane to C at the point p(0), provided
C < H*(p(0), [lp(0)[)-

The main idea in the Sekitani and Yamamato algorithm, outlined in Algorithm 2, is built upon
repeatedly searching for the best supporting hyperplane by discarding unneeded facets of the
underlying polytope. The supporting hyperplanes are constructed though Steps 2.3 to 2.5 in
Algorithm 2; unneeded facets are disposed of at Step 2.7; Steps 2.13 to 2.14 aim at improving
the supporting hyperplanes. The entire process is repeated recursively until the nearest point
is found.

It is worthwhile to remark three important features of the routine Sekitani and Yamamato
algorithm. First, it does not need to solve systems of linear equations since it is not based
on simplicial decomposition as in the classical method [166]. Second, it can begin with an
arbitrary point in conv(U). That is, it does not require any initial separating hyperplane.
Third, it terminates in finite steps. More details about its mathematical theory are referred to
[148].

With the aid of programming languages, such as MATLAB, that allow a subprogram to

invoke itself recursively, we implement Algorithm 2 in the following code for our applications.

function [y,c] = sekitani(U,active);

o

% The code SEKITANI computes the nearest point on the polytope generated by
% the columns of U to the origin.

h

% Reference:

h

% Sekitani and Yamamoto Algorithm, Math. Programming, 61(1993), 233-249.
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h

% Input:

h

% U = vertices of the given polytope

% active = set of active column indices (of U) for recursive purpose.
h

% Output:

2
h
h
h

the point on conv(U) with minimal norm

(@]
]

convex coordinates of y with respect to U, that is, y = Uc

[m,p0] = size(U); p = length(active);
eps = 1.e-13; % relaxed machine zero

looping = ’y’;

tempO = norm(U(:,active(1))); S = 1; for j = 2:p
templ = norm(U(:,active(j)));
if templ < tempO, tempO = templ; S = j; end
end
x = U(:,active(S)); % starting point
xc = zeros(p0,1);

xc(active(S)) = 1; % initial coordinates of x

while looping == ’y’;

temp0 = x’*U(:,active);

alpha = min(tempO);
KO = find(tempO<=alpha+eps) ; % find supporting hyperplanes
if norm(x) "2 <= alpha+eps
y =%
c = XcC;
looping = ’n’;
return
else
Pk = active(X0);
if length(K0) == 1,
y = U(:,Pk);
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c = zeros(p0,1);
c (Pk) 1;

else

[y,c] = sekitani(U,Pk); % recursion
end

end

I_KO = setdiff(1:p,K0);
templ = y’*U(:,active(I_K0));
beta = min(templ);

if norm(y)~2 <= betateps

looping = ’n’;
return
else
temp3 = U(:,active(I_KO0))-y*ones(1l,length(I_K0));
temp5 = find (((y-x) ’*temp3)<0);
temp4 = (x’*temp3(:,temp5))./((y-x)’*temp3(:,temp5));
lambda = -max(temp4); % maximal rotation parameter

delta = lambda*(y-x);

if norm(delta) <= max([m,p])*eps
looping = ’n’;
return

else
x = x + lambda*(y-x);
xc = xc + lambdax(c-xc); % updated coordinates of x
looping = ’y’;

end

end

end

The procedure described in [148] computes only the nearest point % on the polytope conv(U).
In our applications, we need to know the convex combination coefficients of X corresponding to
U. It turns out that the coefficient ¢ such that x = Uc with Zle ¢; = 1 and ¢; > 0 could be
collected with only a few vector operations in our code.

The Sekitani and Yamamato algorithm is meant to find the proximity map p(0) on conv(U)
that is nearest to the origin. To generalize the proximity map p(x) with respect to a general

point x, we only need to translate the origin to x. Algorithm 3 illustrates the procedure of how
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Algorithm 3: Polytope fitting problem on the probability simplex [W] = SIMPLEX(U)

Input: Z =9(A) € R™*" and U € 0Dy,
Output: W = the convex combination coefficients for the proximity map of Z onto conv(U)

3.1 begin

3.2 for i —1to ndo

3.3 U0 —U — Z(:,i)1,);

3.4 active < [12---p);

3.5 [s, c] « sekitani(UO, active);
3.6 W(:,i) ¢

3.7 end

3.8 end

to find the optimal solution of Problem (5.17) for each given U. We quickly point out that the
computation for each Z(i,:) between Steps 3.2 and 3.7 in Algorithm 3 is independent of each
other. This segment is embarrassingly parallelizable and, thus, can be effectively executed on

a parallel machine, if so desired.

5.3.2 Alternating direction iteration

Once the optimal W is found for a given U, the next step is to redefine the convex conv(U) to
better fit cov(¥(Y)). We need to update columns of U along the boundary 0D,,. We choose
to carry out this task by the projected gradient method with line search. It is easy to see that
the gradient of g with respect to U at a feasible point (U, W) is given by the m x p matrix
Vug(U, W) := gg, — @) - W)W (5.24)
For ¢ = 1,...p, the ith column of Vyg(U, W) represents precisely the gradient Vy,g(U, W)
of g with respect to the column u,;. The trouble is that this gradient often points away from
the simplex. To remedy this, we have to project the gradient back to 0D,,. As a result, the
movement of u; in the negative direction of its projected gradient not only reduces the objective
value of g but also stays in 0D,,. Note that the projection of the gradient has to be computed
with respect to different column vectors of U step by step. Since the probability simplex D,
consists of m facets, we can identify the facet by the location of its coordinate. In application,
it is necessary to know which facet the current gradient Vy,g(U, W) is related to. Usually, we
improve u; within the same facet where u; resides. While u; happens to be at the intersection of
two facets, a decision should be made to move the current u; to a suitable facet for improve the
minimization. The tactics for controlling the facet crossing will be investigated in the sequel.

Suppose that u; resides on the jth facet of D,,. The jth facet of D,, can be regarded as
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the intersection of two hyperplanes y1 + ...+ y, = 1 and y; = 0 in R™. If we define the m x 2
matrix

A]‘ = [1m,ej], (525)

where e; is the jth standard unit vector in R™, then the projection of Vy,g(U, W) onto the jth

facet is given by
Vi, 9(U W) = (I — Aj(A] Aj) T A )V, g(UW). (5.26)

Interestingly, without a difficult calculation, the projection matrix A; (A}—Aj)_lA;r is attainable

through the formula

[ 1 1 0 1 1]
o 1 0 1
Aj(A]A)TIA] = —— 10 0 m—10 ... 0], (5.27)
1 10 1 1
1 10 1 1|

where the value m — 1 occurs at the (7, j) position of the matrix. This formula provides an
efficient and direct way for computing the projected gradient.

After getting the projection V{lig(U, W), i =1,...,p, line search techniques are used to
adjust u; for reducing the object value. While applying the line search, any entry of the newly
computed matrix must remain positive. Therefore, we must be careful to fine-tune the step
size to avoid overshooting beyond the current facet. The optimal step size becomes the longest
step which can reduce the object value most while keeping all entries of the updated matrix
nonnegative. Whenever an entry is crossing zero, it indicates that the search path is now
reaching a “ridge” and a change of the facet is to be discerned. The procedure about updating
U is summarized in Algorithm 4 below.

At Step 4.6 in Algorithm 4, finding the optimal « to minimize the objective value becomes
an important issue in keeping the updated matrix U nonnegative. We prefer a value of o that
decreases h rapidly, but we also need to reduce the size of @ when its « value gives rise to
negative entries in matrix U. When there are more than one zero in the current column of U, it
means that the searching path is now reaching a “ridge” and the new appearing zero suggests

the direction of changing the “facet”.
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Algorithm 4: IMPROVING U [U] = IMPROVE(U)

Input: J(A) € R7*", U € 9D, and W € RL*"
Output: Updated matrix U € 0D,
4.1 begin
4.2 Use formula (5.24) to calculate the gradient of g with respect to U;
4.3 for i +—1to pdo
4.4 Use formula (5.26) to compute the projection of Vy,g(U, W) onto the jth facet;
4.5 end
4.6 Choose a to minimize h(a) = g(U + aVug(U, W), W);
4.7 Update U while keeping each entry of U nonnegative;

4.8 end

Given Z = 9(A) € R™*", U € ID,, and W € RP*", the following MATLAB code details
the procedure of adjusting U along 90D,, while minimizing the objective g(U, W).

function [U,facet] = update(Z,U,W,facet);
/A

% Input:

/A
hoZ
hoU
how
%  facet = indices of facets where U is residing
h

% Output:

h

% U = vertices of new polytope

points to be aprroximated

vertices of the current polytope

convex combination coefficients

%  facet = indices of new facets where U is residing

h

[m,p] = size(U);

eps = 1.e-10; % termination tolerance
residue = Z-UxW;

gradient_U = residuexW’; % negative gradient

if norm(residue,’fro’) < eps, return, end
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tempA

for

end

eye(m)-ones(m)/(m-1) ;
1:p
Proj_matrix = tempA;

i

Proj_matrix(facet(i),:) = 0;
Proj_matrix(:,facet(i)) = 0;
temp0 = Proj_matrix*gradient_U(:,1);
if norm(tempO) > eps*10

tempO = tempO/norm(tempO) ;
else

tempO = tempOx*0;
end

proj_grad_U(:,i) = tempO; % normalized projected gradient

templ = trace(proj_grad_Uxgradient_U’);

temp2 = norm(proj_grad UxW,’fro’)"2;

alpha = templ/temp2; % step size for steepest descent
Unew = U + alpha * proj_grad_U;

Unew = Unew.*(abs(Unew)>eps*10);

[row,column] = find(Unew<O0); % detecting zero crossing

if isempty(column) == O,

alpha_modify = alpha;
for i = 1:length(column)
temp = -U(row(i),column(i))/proj_grad_U(row(i),column(i));
if abs(temp) < eps
alpha_modify = O;
vertex = [row(i),column(i)];
elseif temp < alpha_modify
alpha_modify = temp;
vertex = [row(i),column(i)];
end
end

U = U + alpha_modify*proj_grad_U;

facet(vertex(2)) = vertex(1); % facet change
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else
U = Unew;

end

U = U.*(abs(U)>eps);

Now we can solve the polytope approximation problem (5.17) by using Algorithms 3 and
4 alternatively between U and W. Since this is a descent method in both direction, we will
repeat the iteration until it converges. It is easy to see that limit point depends on the starting

value U(®). Some numerical examples will be illustrated in Section 5.5.

5.4 Application to the nonnegative matrix factorization

In this section, we discuss the application of polytopy approximation to the NMF defined in
(5.14). Compared with the above polytope approximation, this NMF has two different features.
First, the matrix A does not sit on the probability simplex D,, anymore. That is, the inner
product used in the polytope approximation will be affected by the weight o(A). Second, each
column sum of the matrix W is no longer required to be one. Even so, we can easily generalize
the idea investigated in the proceeding section can easily be generalized.

We first explain why the conventional method for finding the minimizers U and W might
break down. Regardless of its deficiency, this traditional approach provides an insight into the
geometric meaning which we shall discuss later. A constrained optimization problem for the
NMF (5.14) is defined as:

1 1
minimize FOV) = S[9(A) = UV|5 = S| [ 9(A) =UVa(A)" ) o(A)|F,
2 2 —
w
subject to 1,,U=1), W=, (5.28)

Again, temporarily ignoring the condition W > 0, the Lagrangian is
1
L(U,W; p) := 5{(0(A) = UW)a(A), (9(A) = UW)a(4)) + (1,,U = 1,)p. (5.29)

It follows that with respect to the Frobenius inner product over the product space R™*P x RP*"
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the partial gradients of L are given by

L .
a(%g/’“) —((A) —UW)o (AW T +1,,u", (5.30)
L .
OLW Wil 7 (9(4) — UW)o(A)?, (5.31)
ow
respectively. The first order optimality conditions requires that U and W must satisfy the
equations
-1
U = (0(A)J(A)2WT - 1m;ﬁ) (WU(A)2WT) : (5.32)
-1
W= (UTU) UTY(A), (5.33)

and that the Lagrange multiplier p is given by
Wl = % (Lo (42w T — 1] Wo(a)?wT). (5.34)
Note that the equation (5.33) is precisely the normal equation for the least squares problem
UW = 9(A), (5.35)

though we prefer to see further that W > 0.
It would be instructive to consider the geometry associated with the simplest case when

m = 2 and p = 1. For convenience, denote
o(A) = diag{o1,...,0n}.

Then the NMF problem in (5.28) is equivalent to finding u € D and nonnegative scalars

wi, ..., W, such that

1 n
fluw,. o wn) =5 ; o?||9(a;) — uw;l|3, (5.36)

is minimized. The relationships (5.32) and (5.33) become

= o2w; o2w; — otw?
u = Z (anﬁ(ai) - n12> , (5.37)

i—1 i=19; W; 2300 ojw?
-
u' Y(a; .
w; = uT(ul)’ i1=1,...,n. (5.38)

Note that w; defined in (5.38) is precisely the projection of ¥(y;) onto u. The relevant geometry

is sketched in Figure 5.3. In this case, the value of w; is guaranteed to be positive and is known
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Figure 5.3: NNMF in R? when p = 1.

as soon as u is given. It remains to turn the “knob” of a nonnegative vector u properly so as
to satisfy (5.37) and u € D,. Nevertheless, this simple geometry cannot be generalized because
the condition W > 0 cannot be guaranteed by the projection (5.33) in higher dimensional space.
In the following, we discuss how to solve NMF by the techniques developed for the polytope

approximation in the preceding section.

5.4.1 Proximity map on the the simplicial cone

Substituting the variable W = Vo (A)~! in problem (5.28), we rewrite the objective functional

as

MUY = I0(A) ~ UW)o(A)F = 5 S o (as) - Uwill, (5.39)
=1

which is equivalent to f(U,V) in (5.14). It is clear that in order to minimize h(U, W), each
term in (5.39) must be minimized. Given a fixed U and ¥(A), we want to find W so as to
minimize (U, W). In other words, we need to best approximate each column of ¥(A) within
the simplicial cone of U.

To begin with, because ||[¥(A)||; = 1, columns of ¥(A) reside in the compact set D,,, the
nearest points of ¥(A) on the simplicial cone of U must be in a bounded set. We need not
search far over the simplicial cone. All we need to do is to extend the columns of U a little bit
such that the proximity maps of ¥(A) are included in a bounded convex set generated by the

origin and columns of U. It is on this polytope where we can apply Algorithm 3 to find out all
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nearest points. Mathematical details are described below.

__y Convex hull of ¥(A)

u/l/—--> Simplicial cone of U

Figure 5.4: Simplicial cone of U and convex hull of ¥(Y) € R**™ with p = 2 and n = 11.

Given a large enough and fixed positive constant «, define

U=[0,aouy,...,au, (5.40)

to be the truncated simplicial cone. Columns of U e Rmx(@+1) represent p + 1 vertices of the
polytope toward which ¥(y;), ¢ = 1,...,n, is to find its nearest point on the simplicial cone
of U. See Figure 5.4 for a geometric illustration. Now, apply Algorithm 3 to find the convex
combination coefficients W € R®T)*" for the proximity map of 9(Y) onto conv(U). To retrieve
W, decompose W into two blocks,

— wg
v-[3] ”

where WOT denotes the first row of W and Wy € RP*™, Tt is easy to see that the nearest points

of the matrix ¥(Y) on the simplicial cone of U is given by the product of matrices,
UW =UW, (5.42)

with W = aWj. By construction, it is definitely true that W = 0, but W is no longer on D,.

With a suitable « value, we have found this optimal .
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Indeed, since
‘ — mi A Wi
min [9(3) — Uwila = min [9(35) — (00) (5.43)

we should be able to scale down the length of the vector so that ||[%t][; <1 foralli=1,...,n
with a large enough positive scalar a. That is, |[Wpl[1 < 1 if the value « is large enough. It is
important to note that if |[Wo||; < 1, then the proximity map of ¥(Y) must reside within U.
Consequently, it makes the application of Algorithm 3 sensible and optimal.

The following theorem suggests that a reasonable truncated simplicial cone should be such
that a > 2y/m.

Theorem 5.4.1 For matrices 9(Y) € RT*™, U =9(U) € R7™P, and i = 1,....,p, if W; is the
minimizer of
min ||[9(y;) — Uwil|2 (5.44)
w; >0

then ||WZ’|1 § 2\/%.

Proof. Since miny, o ||9(y:) — Uw;|l2 < ||9(y:)||2, observe that at the minimizer w; of (5.44)

we have
[9(yi) = Uwillz < [[9(yi)llz < [[9(yi)llh = 1, (5.45)
and
10(yi) = UwWill2 > [[Uwill2 = [9(yi)ll2 = [|[UWil[2 = [9(yi)lls = |UW][2 — 1. (5.46)
It follows that
|UW;||2 < 2. (5.47)
Note that
sl < (U (5.45)
\/ﬁ

Since ¥(U) = U, then

1UWillh = [[wWwallr + - + lupwiplla
[Wit] + - 4 [Wep| (5.49)
= \/%||‘7ViH1
where U = [uy,...,up] and W; = [W;1,...,W;p|. Then, it follows from formulae (5.47), (5.48),
and (549) that ||VAVZH1 < 2\/ﬁ Od
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Going back to the original NMF, given A and U, our Algorithm 3 computes a p X n non-
negative matrix,

V = Wa(A), (5.50)

which is a global minimizer for the objective functional f(U,V). This is in contrast with
the nature of most available NMF algorithms where only a local minimizer is attained. It is

especially so in the well known Lee and Seung’s multiplicative update rule [120],
Vr=V.x(UTA)./(UTUV). (5.51)

We also emphasize that the cost of Algorithm 3 is comparable with that of the multiplicative
update since the former involves only a few inner products in the process of seeking the sup-
porting hyperplanes. We do point out that extensive indexing in our algorithm might become

a major shortcoming if the code is to executed on a machine with slow I/O capacity.

5.4.2 Alternating direction search

Now we discuss two ways to update U for the NMF from a given W > 0.

The first approach is by means of the steepest descent method. Since the minimum of a
function over a larger domain generally is lower than that over a smaller domain, it is reasonable
to expand the “angle” of the simplicial cone as wide as possible, to the extent that it is beneficial
to make the simplicial cone of U touch the boundary of D,,. That is, we could assume that
columns of U sit on the boundary 0D,, to begin with. See the idea demonstrated in Figure 5.2
and Figure 5.4. With this in mind, we compute the gradient of h(U, W) with respect to U and
obtain

Vuh(U,W) = gg = —(9(A) —UW)o(A)>W'. (5.52)
After this calculation, we can apply the same approach described earlier in Section 5.3.2 to
calculate the projected gradient of Vyh(U,W) onto proper facets and adjust U along the
boundary 0D,,, by means of the steepest descent method.

The second approach is to simply interchange the roles of U and W and repeat the procedure

described in the preceding section. More precisely, we rewrite

2
FOV)Y=Z|[l9A) =9V (ec(VHUTa(AT) ™Y | a(AaD)]| . (5.53)

N F

Under this transformation, we want to calculate the proximity map of 9(A") within the sim-

plicial cone of ¥(V'T). After applying the procedures proposed in Section 5.4.1 to calculate the
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Algorithm 5: NMF [U,V] = NMF(U)

5.1
5.2
5.3

5.4
5.5
5.6

5.7
5.8
5.9
5.10
5.11

Input: Ac R, peZ, p<min(m,n),and T € Z
Output: U € [RTXP and V € [RT”
begin

Randomly generate a m X p matrix U;

fori—1to T do
(Given the matrix U, find the matrix V to minimize f(U,V))
Suitably rescale columns of U;
Calculate the proximity map of ¥(A) onto conv([0,U]);
Formulate the matrix V' from the proximity map of J(A) onto conv([0,U]) ;
(Given the matrix V, find the matrix U to minimize f(U,V))
Suitably rescale columns of V'T;
Calculate the proximity map of 9(A") onto conv ([0, V']);
Formulate the matrix U from the proximity map of ¥(A") onto conv([0,V T]) ;

end

end

unique and optimal simplicial combination coefficients ® € RP*™ the optimal U is given by

U= <U(VT)_1<I>U(YT))T. (5.54)

Again this process is similar to Lee and Seung’s multiplicative update,

Ut =UxYV")./(UvV"), (5.55)

except that our U obtained through (5.54) is a global minimizer for f(U,V) from a fixed V'
which is calculated in (5.50). The numerical approach for solving NMF could be illustrated via
Algorithm 5.

Finally, programming details for our NMF algorithm are listed in its following MATLAB
code. We note that the determination of a suitable low rank p is itself an important question
which, thus far, has not been addressed. In the current code, the value of p with p < min{m,n}
is assumed to be given. Note also that, although our scheme guarantees that each sweep of the
ADI gives rise to a descent objective value, we have not furnished a comprehensive convergence
analysis of the scheme. Our viewpoint is that because an absolute optimizer is often preferred
but not absolutely needed in NMF applications, an improved approximate solution is generally
acceptable. Instead of a rigorous stopping criterion, we specify a maximal allowable number T’
of iterations for the ADI in the code.

In conclusion, suppose A € R7"". Let p be an integer with p < min{m,n} and T be max-
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imal allowable number of iterations. We want to apply the Sekitani and Yamamato technique
alternatively to compute the proximity maps of #(A) onto the simplicial cones of U € R™*P or
the[noxhnﬁylnapsofﬁ(Aid onto the simplicial cones of V' € RP*™. The resulting nonnegative
matrices U and V therefore progress toward minimizing f(U, V). The MATLAB code are listed

below for the convenience of explanation.

/A

% Input:
b
h
b
h
% Output:
h

% U = vertices of new polytope

points to be aprroximated

maximal allowable number of iterations

% V = convex combination coefficients

h

SigmaA = sum(A); Z = Axdiag(1l./Sigmal); % pull back of A
SigmaAt = sum(A’); Zt =A’*diag(l./SigmaAt); % pull back of A’
alpha = 2*sqrt(m); % scaling factor
U = rand(m,p); % initialization of U
for iter = 1:T % loop of ADI T times

sigmaU = sum(U);

sigmaU(find(sigmaU~=0))=1./sigmaU(find (sigmalU~=0));

U = Uxdiag(sigmaU); % pull-back of U
Utilde = [zeros(m,1),alphax*U]; % simplicial cone of U
S=1[1; ¢c=1[1;
for i = 1:n

A=12(C,1);

U0 = Utilde - Axones(1l,p+1);
active = 1:p+1;

[s,c] = sekitani(U0,active);
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end

[S,s+A];

= [C,c];

end
W = alphaxC(2:p+1,:);
V = Wxdiag(Sigmah); % optimal V, given U
V = V.*x(V>eps*10);
if iter ==

return % end of iteration
end

sigmaVt = sum(V’);
sigmaVt (find(sigmaVt~=0))=1./sigmaVt (find (sigmaVt~=0));
Vt = V’*diag(sigmaVt);

Vtilde = [zeros(m,1),alpha*Vt]; % simplicial cone of V
S=1[0; ¢c=10;
for i = 1:m

A= Zt(:,1);

VO = Vtilde - A*ones(1l,p+1);

active = 1:p+1;

[s,c] = sekitani(VO,active);

S = [S,s+Al;

C = [C,cl;
end
U = (alpha*C(2:p+1,:)*diag(SigmaAt))’; % optimal U (w/t scaling), given V
U = U.*x(U>eps*10) ;

Both matrices W in (5.42) (and hence V') and ® in (5.53) (and hence U) are readily available

from the routine SEKITANI which we stress again solves repeatedly nonnegative least squares

problems without any matrix inversion. More importantly, in each alternating direction, our
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method guarantees to compute the unique global minimizer, which is remarkable advance com-
pared to most with the conventional procedures.

We do have to point out two possible drawbacks of our algorithm. Firstly, it is hard to predict
beforehand the depth of recursion needed for the calculation in the Sekitani and Yamamato
algorithm. When p is large, the recursion might take more steps to complete the process in
each direction and thus drives up the overhead. Fortunately, in most NMF applications, p
is required to be quite small. In this case, only a few vertices of the polytopes, namely, the
truncated simplicial cones of either U or V' T, need to be checked for support hyperplanes. The
recursion then can be accomplished reasonably fast. Secondly, while computing the proximity
map by SEKITANI, our procedure thus far deals with one column of A a time. This is inefficient
when m or n is large, which unfortunately is the case for NMF applications. On the other
hand, since each column can be computed independently of each other, the computation is
embarrassingly parallelizable. It should require no extra programming effort to load the work
on a parallel computer. To put it differently, we should be able to compute the proximity maps
of multiple columns simultaneously. We should be able to generalize the Sekitani and Yamamoto
algorithm so as to handle multiple columns at the same time or formulate the computations
it in terms of BLAS3 operations. For example, akin to the scalar equation (5.23), we could

conveniently summarize n hyperplanes in R™ by a single matrix equation

N'x=c, (5.56)

where each column of N € R™*"

represents a normal vector. Many of the inequalities in
Algorithm 2 should have their counterparts. We are currently exploring this possibility and

will report our investigation more formally somewhere else.

5.5 Numerical experiments

In this section, we demonstrate the working of our algorithms by providing several numerical

experiments.

Example 5.5.1 This first example is to demonstrate the the polytope approrimation on the
probability simplex graphically. Even though the theory works for general m, for the purpose of
illustration, we focus our attention on R3, that is, m = 3, so that we can see the actions. We
randomly generate n = 18 points on the simplex. In general, for low rank polytope approxima-
tion, we would desire p < min{m,n}. But m is so low that we choose p = 3. The polytope
approximation becomes a problem of seeking a “triangle” to enclose the 18 given points [78].
Needless to say, the probability simplex Ds itself satifies the condition. Our task is to discover

other triangles that encircle these points.
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Applying Algorithm 3 followed by Algorithm 4 iteratively 100 times, we see in the left drawing
of Figure 5.5 that a “minimal” triangle with vertices on 0D3 is found. The triangle is minimal
in the sense that three points reside on the three different sides of the triangle individually. Thus,
there is no more room for reducing the triangle further without leaving some points outside. The
dynamics of adjustment by our algorithm on the triangles with vertices on 0Ds is illustrated in

the right drawing of Figure 5.5.

Figure 5.5: Triangle (polytope) enclosing a prescribed set of points on Ds.

Just like most iterative methods, the limiting behavior of our method depends on the initial
values. It is possible that the iteration ends up with a triangle which does not include all given

points to its interior. In this case, the method has reached a local solution.

Example 5.5.2 We need to stress that Algorithm 5 is a method which finds global minimizer in
each iteration. To demonstrate this point, we design our experiment as follows. Let Y € R™*P
and Z € RP*™ with p < min{m,n} be two randomly generated nonnegative matrices. Define
A =Y Z which will be our target data matriz. We want to compare the objective values f(U, V)
per iteration with the popular Lee-Seung multiplicative update algorithm by starting from the
same initial value (Up, Vo).

Given a test case with m = 100, n = 50, and p = 5 in 100 iterations, Figure 5.6 demonstrates
that our algorithm consistently produces much closer approximation to A per iteration than the

Lee-Seung algorithm. We report two random cases. In the case on the left side of Figure 5.6, the
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Figure 5.6: Objective values f(U, V) per iteration by the Chu-Lin algorithm versus the Lee-
Seung algorithm.

objective value is reduced to 0.1909 by our method in comparison with 13.1844 obtained by the
Lee-Seung method, although these values continue to be improved with more iterations. In the
case on the right side of Figure 5.6, the objective value attained by our method is 3.3035 x 104
in comparison with 1.1989 achieved by Lee-Seung. In addition to these two experiments, we
consistently discover that our method always produces an impressive improvement by multiple

orders.

Example 5.5.3 To further demonstrate the effectiveness of our method compared with the
Lee-Seung algorithm, we randomly generate a 50 x 30 matriz Y of rank 20. We systematically
compute its nonnegative matriz approximation of rank p, p = 1,...,15, but allowing only 20
iterations. Each point in Figure 5.7 represents the objective value f(U,V') after 20 iterations
of the corresponding method. It shows that our method decreases the objective values f(U, V)
more rapidly than the Lee-Seung algorithm. Also, our method decreases the objective value as
p increases while the Lee-Seung method does not seem to be sensitive to p during the first 20
iterations.

Other than showing the results after 20 iterations, the continuous curve in the middle of
Figure 5.7 represents the objective values computed by the Lee-Seung algorithm after 100 itera-
tions. We choose not to draw the objective values obtained by our method after 100 iterations
because they are essentially the same as those after 20 iterations except the mild differences at

the second decimal digit. This experiment evidences that not only our method yields a better
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factorization than the Lee-Seung method, but also our algorithm converges more rapidly to an

optimal solution in its early iterations.

Objective Values in 20 Iterations per Rank
140 T T

120} . X

O Chu-Lin
*  Lee-Seung
Lee-Seung (100)

407

207

5 15 15
Rank of Factorization

Figure 5.7: Objective values f(U, V) in 20 iterations per specified rank by the Chu-Lin and
the Lee-Seung algorithms.

It is premature to conclude the complexity of our algorithm at this stage because we have not
yet fully exploited the implementation. Algorithm 5 is only a rough working code. Figure 5.8
depicts the CPU time per sweep in ADI of our algorithm. It seems to suggest consistently that
the complexity of our algorithm is exponential in p for the same 50 x 30 matriz Y of rank 20.
Recall that the essential cost in Algorithm 5 is the repeated calling of the routine SEKITANI. The
exponential growth of complexity in p seems to result from the recursive nature of the Sekitani
and Yamamoto algorithm. FEven though our algorithm could be sped up by parallelization and
vectorization, we could expect only either the downward shift or the decreasing slope of the curve,

but the exponential dependence on p should be the same.

Example 5.5.4 The “Swimmer” data set proposed in [56] is meant to be the exemplary and
ultimate test bed for any NMF algorithms. It consists of a set of black-and-white stick figures
satisfying the so called separable factorial articulation criteria. In particular, each figure, placed
in a frame of 32 x 32 pizxels, is made of a “torso” of 12 pixels in the center and four “limbs”
of six pizels. With limbs pointing towards one of four artificial directions, there are a total of

256 figures in the collection. A subset of these images from the Swimmer data set are depicted
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Figure 5.8: Complexity of the Chu-Lin algorithm measured in CPU time per sweep of the
alternating optimization.

in Figure 5.9 [140] .

To start with out test, we first vectorize each image into a column such that our target
matriz A is of size 1024 x 256. The original data matrix contains only two integer values, 0
and 255, which we convert without loss of generality to binaries. It should be stressed that the
numerical rank of A is only 13, but we shall decompose it with p = 17 with the hope of retrieving
the 17 standard parts. It has been speculated ever since the NMF concept has been conceived
that the NMF should be able to extract the standard parts embedded in an articulation model, so
it remains to see whether we can recover the 17 basic parts that make up these swimmers. The
effect of the overestimating the rank of A in the NMF is something that deserves further study.
This actually becomes the issue of nonnegative rank which will be discussed in Chapter 8.

Figure 5.10 depicts the 17 intrinsic “parts” obtained by our algorithm with only 10 iterations.
Observe that not all limbs are separated from the torso, but all positions are clearly identified.
The gray region indicates a drawback by using NMF in general for this type of data because
the calculation brings in fractional values whereas the model should involve only binaries. Note
that frame 16 contains entirely zero information, perhaps having something to do with the

overestimation of the rank in the NMF.
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Figure 5.9: 80 sample images from the swimmer database.
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5.6 Conclusion

Low rank factorization is another type of inverse problem where the information in the observed
data is to be reconstructed, approximated, or retrieved via simpler representations. It is often

the case that the low rank representations are structured, such as nonnegativity, which thus
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imposes difficulties. This chapter studies the NMFs from the viewpoint of geometric approxi-
mation.

For a given polytope in the first orthant, we propose the idea of pulling the polytope back
to the probability simplex. This action has the advantages of not only transforming polytopes
into a more manageable compact set but also facilitating the calculation of the proximity
map which identifies the unique nearest point on the polytope to an arbitrarily given point in
finitely many steps. Two kinds of low dimensional polytope approximations are investigated in
the discussion. The first focuses entirely on the probability simplex whereas the second on the
truncated simplicial cones.

Our main thrust in this investigation is to apply the low dimensional polytope approximation
to the nonnegative matrix factorization problem. We calculate the best approximation by using
the proximity maps to compute the unique global minimization on the desired polytope in each
alternating direction. Our derivation is driven by geometry whereas the theory is supported by
the Hahn-Banach separation theorem. Since the NMF is a nonlinear optimization to begin with,
there is no guarantee that our algorithm solves the original problem to its absolute optimality.
Numerical results, nonetheless, seem to suggest that our method produces much smaller residual
errors in the factorization than the popular Lee-Seung multiplicative updating scheme.

The main engine for computing the proximity map in our method is currently conducted on
a column by column basis. As such, the calculation is less competitive in speed with the Lee-
Seung algorithm which can be executed under matrix-to-matrix operations. We are currently
working on the prospects to compute the proximity map for multiple columns simultaneously.
It is is realizable, it would be an added power to our method. This would be a major topic

worthy for the next phase of study.

103



Chapter 6

Integer Matrix Factorization via

Rank-one Approximation

6.1 Overview

In Section 3.1 we have already explained the fundamental importance of matrix factorization in
modern sciences and technology. For that purpose, we investigate in this chapter the notion of
factorization with entries restricted to integers or binaries, where the “integer” could be either
the regular ordinal integers or just some nominal labels. When the entries are chosen from the
set Zy := {0, 1}, i.e., binaries, a non-orthogonal binary decomposition by recursive partitioning
has recently been proposed in [111]. The associated code PROXIMUS, written in the C' language
with considerable thoughts given to efficient data structure, storage, and movement within the
system, has been distributed widely in the field. In this research, we generalize principles to
general integer matrices.

Being discrete in nature, such a factorization or approximation cannot be accomplished by
conventional techniques. Built upon a basic scheme of rank-one approximation, an approach
that recursively splits (approximates) the underlying matrix into a sum of rank-one matrices
with discrete entries is proposed. The mechanism presented in this chapter can handle multiple
types of data. For demonstration purposes, the subsequent discussion concentrates mainly on
binary-integer factorizations. But the notion is readily generalizable with slight modifications
to, for example, integer-integer factorizations.

As is always the case in approximation, we need a metric d to measure nearness or similarity.
Because we could be dealing with a basket of different data types in a single application, the
metric itself might be a combination of disparate measures, one for each category in the data
array. For ordinal data, we also need to decide whether the spacing between the categorial values

signifies all levels of the variables or not. If the values are not equally spaced, using integers to
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represent these values has the advantage of numerically scaling in the spacing disparities. The
commonly used Hamming distance or Euclidean distance can be refined to reflect the different
situations. We limit our discussion in this study to these two metrics, although our concept
can easily be generalized to other means of measurement.

We shall demonstrate several interesting applications of the IMF in this presentation. But
more importantly, it is the details on the computational aspects of IMF that deserve our at-
tention. To make our approach effectual, we need to analyze several essential components
separately first before putting them to work in conjunction. We thus organize this chapter
as follows: We begin in Section 6.2 with a basic scheme that does ADI search for rank-one
approximation. We show that in each alternating direction an optimal solution is attainable
in closed form. This scheme serves as a building block by which we construct in Section 6.3 a
divide-and-conquer strategy that ultimately factorize the given matrix A. The method grad-
ually breaks down the data matrix to submatrices in a recursive way. Although it seems that
we are dealing with numerals, our method actually can handle categorical variables. The split-
ting mechanism is initially based a one-way comparison with a selected, but not necessarily
justified, representative. A suitable criterion for assessing the validity of the proposed splitting,
therefore, must also be addressed. A prototype code is sketched in Algorithm 8 to demonstrate
how these components should be assembled together. In practical application, the code might
need to be modified to reflect the different nature of the underlying data and the metric, but
the general concept is the same. Of particular interest and significance in our investigation is
the discovery of the ordering for rank one approximations which, in a sense, is the analogy for
discrete data to the ordering of singular values for continuous data. With such a perspicacity
in hand, a truncated low rank factorization (for discrete data) analogous to the truncated sin-
gular value decomposition is also obtained. We have experimented our method with quite a
few real-world data sets from cluster analysis and pattern discovery. We select to report only
a few in Section 6.4. Our numerical experiences seem to suggest that our approach is easy to
program, converges

considerably fast even with a large data matrix, and can handle multiple types of data.

6.2 Basic rank-one approximation

The optimal procedure in our IMF algorithm is made of a sequence of rank-one approximations
that minimize the difference of a rank-one matrix from a given matrix. In this section, we
discuss how such an approximation is achieved. Given a suitable metric d corresponding the
data type, the general idea for computing the rank-one approximation is to employ the notion
of ADI as in Algorithm 6.

Note that we consider only the case where u is binary. It is obviously that such iterations
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Algorithm 6: Rank-one approximation with general metric d

Input: Matrix A € Z™*" and initial vector v € Z*"
Output: Vectors u € 75! and v € Z*" that minimize d(A, uv)

6.1 begin

6.2 repeat

6.3 For the fixed v, find u € Z5"*! to minimize d(A,uv);
6.4 For the fixed u, find v € Z'*" to minimize d(4,uv);
6.5 until convergence ;

6.6 end

can start with an initial vector u € Zg’“, instead of v € Z'*™. Since Algorithm 6 is a descent
method by finding out an optimal solution at each step and there are only finitely many choices
for u, the procedure is supposed to terminate within finite iterations. The real issue at stake
is to derive a scheme to pick up the minimizer at each step. We analyze below the best choice

with respect to the two commonly used metrics.

6.2.1 Approximation with Hamming metric

The Hamming metric (Hamming distance) between two arrays of the same length is defined
as the minimum number of substitutions required to transform one array into the other. We
certainly can use the very same metric to count the difference between two matrices. For
convenience, we introduce three operators, match(x,y), zeros(x) and mode(x), to count the
number of matching elements between vectors x and y, the number of zero entries in the vector
x, and the most frequent entry of the vector x, respectively. Also, we adopt the notation A(3,:)
for the ith row of a matrix A. Given a vector v (or u), the following two results show that the
optimal solution u (or v) for minimizing d(A, uv) can be found in closed form with respect to

the Hamming metric.

Theorem 6.2.1 Given A € Z™" and v € Z'*", then among all possible u € Zg”l, the

measure d(A,uv) is minimized at u* whose ith entry u!, i =1,...,m, is defined by
ut e 1, if match(A(i,:),v) > zeros(A(i,:)), (6.1)
0, otherwise.
Proof. For any u € Z’Q”Xl, observe that
d(A,uv) = " d(A(i,:), uv). (6.2)
i=1
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Thus minimizing d(A, uv) is equivalent to minimizing each individual term d(A(4,:), u;v) for i =
1,2,--- ,m. From the relationships that match(A(i,:),v) = n—d(A(i,:),v) whereas zeros( A(i, :
)) =n —d(A(i,:),0), it is clear that the choice in (6.1) is optimal. 0

Theorem 6.2.2 Given A € Z™*™ and u € Zg”“ with u # 0, then among all v € Z'*™, the

measure d(A,uv) is minimized at v* whose jth entry vi,j=1,...,n,is defined by
v; = mode(Az(:, j)), (6.3)

where Ay is the submatriz composed of all A(i,:) whose corresponding u; is 1.

Proof. For a given vector u, we may assume without loss of generality that

u
u =
uz
with u; = [0, - -- 70]1TXS and ug = [1,--- ,1]Ix(m75). Accordingly, partition A into two parts
A
A=| 1
Ao

with A; € Z5%" and Ay € Z(m=$)xn_ For any vector v € Z'", observe that

d(A,uv) = d(A;,w1v) + d(A2,uzv)

n m-—s

= d(A1,0v) + ) ) d(As(i, ), v;),
j=1 i=1
Minimizing d(A, uv) is equivalent to minimizing » ;" * d(A2(i, ), v;) for each j =1,...,n.

The optimal choice for v; is certainly the most frequently occuring entry in the jth column of
As. O

Note that in both theorems above, the optimal solutions may not be unique if there is a
tie. For instance, assigning v = 0 instead of 1 when match(A(z,:), v) = zeros(A(i, :)) will not
affect the optimal objective value d(A,u*v) in Theorem 6.2.1. Likewise, multiple choices for
v happen in Theorem 6.2.2 when there are more than one most frequent entries in the jth
column of As,.

Equipped with the closed-form solutions characterized in Theorems 6.2.1 and 6.2.2, the rank-
one approximation with the Hamming metric is now taking shape in the form of Algorithm 7.
We name this algorithm VOTE because the choice of u (and v if A is a binary matrix) is a

matter of majority rule between the dichotomy of zeros and matches. A function similar to the
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Algorithm 7: Rank-one factorization with Hamming metric: [u,v] = VOTE(A)

Input: Matrix A € Z™*"
Output: Vectors u € Zg”d and v € Z'*" such that d(A, uv) is minimized

7.1 begin
7.2 initialization;
7.3 v « randomly selected from one row of matrix A;
7.4 z «— numbers of zeros in A per row;
7.5 repeat
7.6 vold « v;
7.7 m < numbers of matches between v and each row of A;
7.8 if m; > z; then
7.9 u; «— 1
7.10 else
7.11 u; — 0;
7.12 end
7.13 if v =0 then
7.14 v«—1;
7.15 else
7.16 ind — find(u);
7.17 v; < mode(A(ind,i));
7.18 end
7.19 until vold = v ;
7.20 end

command “find” in Matlab, where ind = find(x) locates all nonzero elements of array x and

returns the linear indices of those elements in the vector ind, proves handy in the coding.

It is interesting to note that, if A is a binary matrix, then the definition (6.3) v* is exactly
the same as (6.1).

Lemma 6.2.1 Given A € Zy" and u € 75!, then among all v € Z3*™, the measure

d(A,uv) is minimized at v* whose jth entry v} is given by

(6.4)

. { 1, if match(A(:,j),u) > zeros(A(:, 7)),
vi =

0, otherwise.
Proof. We present an alternative argument by bringing forth the relationships that

match(A(:,7),u) = match(A1(:,5),0) + match(A4a(:,7), 1),
zeros(A(:,j)) = zeros(Ai(:, 7)) + zeros(Aa(:, 7)),
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where obviously match(A;(:,j),0) = zeros(A1(:,75)). Thus the choice of mode(As(:,7)) in The-
orem 6.2.2 is again a majority rule between match(As(:,j),1) and zeros(Aa(:, 7)). O

We claim that our method VOTE generalizes the existent code Proximus [111]. In particular,
when applied to binary data, our selection mechanism is theoretically equivalent to the code
ProxiMus. To see the equivalence, recall that the basic rank-one approximation in PROXIMUS

is based on the idea of minimizing the Euclidean distance |4 — uv||%. Upon rewriting
1A —uv|E = [|AlF - 2u" AV + ul3]v]3,
we see that the functional
flu,v)=2u"Av’ — |lu3|lv]3 (6.5)

needs to be maximized. The rule adopted by Proximus is that, given a binary vector v, the

optimal entries u must be defined by

1, if 2(AvT); — [|v]]2 >
o [ 1AV VB >0, 66)
0, otherwise .
Similarly, given a binary vector u, the optimal entries v is given by
1, if 2(u"A); — [|ul? >
V; = » 1 (u ) HuH2 = Oa (67)
0, otherwise .
Observe that
match(A(i,:),v) — zeros(A(i,:))
= {0~ (v = A — AG)T) -~ {n - AG,)AG )T 65
=—vv +2A4(i,:)v’
=2(AvT); — |[v[3,
and
match(A(:,7),u) — zeros(A(:, 1))
- {m - (u - A(:7i>)T(u - A(,Z))} - {m - A(J)TA(7Z)} (69)

= —u'u+2uA®,:)
= 2(u’ A); — [[ul3.

Formulas (6.8) and (6.9) justify that VOTE and PROXIMUS are employing exactly the same pro-

cedure at each step in rank-one approximation when dealing with binary data. Note, however,
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that our method is computationally cheaper than PROXIMUS because VOTE avoids matrix-
vector multiplications needed in (6.6) and (6.7). Furthermore, our approach VOTE can handle

more general polychotomous data.

6.2.2 Approximation with Euclidean metric

In many applications, it is essential to differentiate the true discrepancies among variable values.
That is, the values that a variable takes signifies levels of priority, weight, or worth. If the data
are somehow represented in the Euclidean space, then the real distance between two points is
meaningful and makes a difference in the interpretation. Under such a setting, we discuss in
this section the rank-one approximation when the Euclidean metric is used as the measurement
for nearness.

Given v, even if it is not binary, the definition (6.6) for u remains to be the optimizer. For

completion, we restate the following theorem, but provide a slightly different proof.

Theorem 6.2.3 Given A € Z™*" and v € Z'*", then among all u € Z?Xl, the minimal value

of ||A — uvl||% is attained at u* whose ith entry is defined by

(6.10)

0, otherwise.

{ 1, if 2(AvT); —[[v[3 >0,
U; =

Proof. Since

m
2 _ . 2
1A = uv|F =) |AG,:) — uv|3,
i=1
it is clear that in order to minimize each individual term in the summation we should choose

. Loif JAG)I3 = AG,:) - VI3,
' 0, otherwise ,

which is equivalent to (6.10). O
Let round(x) denote the operator that rounds every entry of x to its nearest integer. Given
u, the next result nicely generalizes the selection criterion in PROXIMUS for general integer

vector v under the Euclidean metric.

Theorem 6.2.4 Given A € 7Z™*™ and u € Zg”(l with u # 0, then among all v € 71X, the

minimal value of |A —uv||% is attained at v* defined by

-
v* := round <uA> . (6.11)
[[ull2
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Proof. We rewrite (6.5) as

TAN (T4’
2T AT — a2z =S |~ [ul2 <w—(“ ) +( )
aIvIE=_ |~ Tl [l

%

(6.12)

It is now clear that the only option for v to minimize |4 — uv]||% while keeping v an integer
vector is the definition (6.11). O

Since it takes only a slight modification in the code VOTE to reflect the Euclidean metric,
we shall skip the particulars of the coding here. Be cautious though that if the data range is
restricted to only a subset of integers rather than Z, the operator round might return a value

outside Z. In this case, we can use (6.12) to define a proper value v; € Z that is nearest to
(UTA)i
lull2

We conclude this section with two remarks. Firstly, in the event that u = 0, we can simply

assign v arbitrarily, say, v = 1, without affecting the iteration. Secondly and most importantly,
the reason we insist on restricting u to Zanl is only for the purpose of establishing mutually
exclusive clusters, as we shall see in the next section. As a consequence, the resulting matrix U
automatically has mutually orthgonal columns. Our current emphasis is on the binary-integer
matrix factorization, but ideas in the proof of Theorem 6.2.4 certainly can be generalized to
u if u is to be an integer vector. In this event, the optimal integer vector u for minimizing

|A — uv]||% with a fixed v is given by

-
u* := round <Av > . (6.13)

1vll2

Continuing this way, we construct a sequence of integer rank-one approximations to A and

obtain a factorization with integer entries.

6.3 Algorithms of integer matrix factorization

We now describe the procedure for constructing the binary-integer factorization of a given
integer matrix A. The main idea is to assemble A via a sequence of rank-one approximations,
but the superposition is not done in the traditional sense of additive manner as we shall explain
in this section. Three essential issues must be resolved before we can move this idea forward.
These are — how to assess the quality of an approximation, how to recursively deflating the
matrix, and how to determine the optimal rank. We address each issue separately in the sequel.

For the convenience of reference, after a rank-one approximation uv for A is established,
we say collectively that those rows A(i,:) of A corresponding to u; = 1 are active and call the

corresponding v the pattern vector or representative of these active rows.
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6.3.1 Communal rule

Algorithm 6 guarantees the undertaking of the “global” minimizer at each iteration for each
fixed vector u or v. The outcome from the one-sided minimization does not necessarily give
rise to the global minimizer for the two-sided objective function. The quality of a rank-one
approximation A ~ uv depends highly on the initial value. This dependence limits the ADI to
find only local interpretable patterns. It is therefore reasonable to set up a checking criterion
to decide whether active rows are adequately represented by the pattern vector v.

So far the assignment of u; for each i = 1,...,m is solely on a comparison of A(z,:) individ-
ually with v. Since the differences between the pattern vector and corresponding active rows
of A might vary immensely, merely qualifying A(3, :) into the active group by self-justification
has the danger of dissimilarity among active rows. To remedy this situation, we must provide
some criteria to ensure the homogeneity within the collective of all active rows. Since v is not
necessarily the mean of all active rows, every single active row, though preliminarily counted as
active, could be far away from v. The conventional approach by fixing a neighborhood around
v is not effective to exclude outliers. Instead, we propose to check the communality of the
active rows more dynamically by using a simple statistical rule.

Firstly, let the vector r denote the collection of “distances” between active rows of A and

v, that is,
rj = d(A(ij, ), v), (6.14)

whenever u;; = 1. Secondly, we calculate the mean p and standard deviation o of r. For a

fixed B > 0, we adopt a communal rule that whenever

rj — ul > Bo, (6.15)

the membership of A(ij, :) is rejected from the cluster by resetting u;; = 0. It is possible that all
active rows will be rejected based on (6.15), leading to the so called cluster death and causing
the algorithm to break down. To avoid such a situation, we keep u;, = 1 whenever r, = minr.

The parameter 5 in (6.15) serves as a threshold which can affect the ultimate partitions of
data matrix. The larger the threshold 3 is, the more inclusive the cluster become, and the less
the number of partitions of A will be. For data with large noises, for instance, increasing g lead
to fewer representatives for the rows of A which, in turn, might rid of some of the unwanted
substances in the data. On the other hand, if pairwise matching is more important than pairwise
distance, we might decrease the 3 value to increase the uniformity. In our algorithm, the user

can adjust the parameter value 8 according to the need.
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Algorithm 8: Integer matrix factorization by VOTE: [U,V] = IMFVOTE(A, active, 3)

Input:
A = matrix in Z™*" to be decomposed
active = array of indices identifying submatrices of A being analyzed
Ié] = threshold for communal rule

Output: Matrices U € Z5"*P and V € ZP*" for some integer p such that A ~ UV

8.1 begin

8.2 A — A(active,:);

8.3 u,v — VOTE(A);

8.4 % Check the communality;
8.5 uactive «— find(u);

8.6 foreach row A(i,:) of A(uactive,:) do

8.7 if A(i,:) does not meet communal rule then
8.8 Uyactive; < 0;
8.9 end

8.10 end

8.11 % Keep decomposing matrix;

8.12 ZeroCheck — find(u = 0);
8.13 if ZeroCheck is not empty then

8.14 activel «— active(find(u = 1));

8.15 if actovel is not empty then

8.16 IMFVOTE(A, activel, 3);

8.17 end

8.18 activeQ «— active(ZeroCheck);

8.19 IMFVOTE(A, active0, 3);

8.20 else

8.21 Augment u and v in U and V as a column and a row, respectively;
8.22 end

8.23 end

6.3.2 Recursive decomposition

The most important objective of the rank-one approximation is to separate rows of A into two
mutually exclusive clusters according to innate attributes of each row while, in the meantime,

trying to find a representative for the active rows. The motive of a filtering procedure by the
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communal rule is to further refine the active rows to form a tighter cluster. These objectives

are repeatedly checked through the following divide-and-conquer procedure:
Step 1. Given a matrix A, assess a possible cluster u of active rows and its representative v.

Step 2. Based on available u, deflate the matrix A into two submatrices composed of all active

and inactive rows, respectively.

Step 3. Recursively apply Step 1 to each submatrix in Step 2 until no more splitting is possible

or a predesignated number of iteration is reached.

Step 4. Whenever an action in Step 3 is terminated, record the corresponding u and v as an extra

column and row in the matrix U and V, respectively.

Algorithm 8 sketches how a simple integer factorization A ~ UV can be executed through
VOTE without controlling the size p in the final output matrices U € Z;nXp and V € 7P L,
Strictly speaking, this is not the IMF we have defined in (1.4) because the ultimate p obtained
by Algorithm 8 could be exceedingly large. But, it does represent an exhaustive search for
factors. It is possible that in the extreme case that each cluster contains only one member, that
is, we have U = I and V = A, which of course is of little interest.

A few remarks about Algorithm 8 are worth noting. Observe that the splitting of A ac-
cording to u automatically guarantees that the resulting matrix U has mutually orthogonal
columns, which also means that each row of A is assigned to one and only one group. Observe
also that the code IMFVOTE invokes itself recursively. Such a feature, allowable in most modern
programming languages, makes the code particularly efficient. Finally, be aware of the selection
mechanism embedded in the code that determines the final membership u and representative

v through multiple levels of screening.

6.3.3 Optimal low rank approximation

In the application of low rank approximations, one of the most challenging issues even to this
date is the predetermination of the low rank k. Algorithm 8 calculates an approximation
A = UV without any restriction on the sizes of U € Z;’IXP and V € ZP*™, Suppose that such
a factorization is now at hand. It is natural to ask whether there is a way to pick up two
submatrices Uy € Zg”k and Vi, € ZF*" from U and V such that A ~ U;V;, and k < p. In
this section, we make an interesting observation on how to choose the best pair of submatrices

(Uk, Vi) so that d(A,UgV)) is minimal among all possible submatrices of compatible sizes.

LA properly selected low rank p is critically important in practice, but no theory about how this could be
done is available. In most case, the choice of p is done on an ad hoc basis. See Section 6.3.3 for our new theory
in this regard.
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Although this is a postscript to the main computation already done by Algorithm 8, it sheds a
remarkable insight into the optimal low rank approximation.

Denote the columns and rows of U and V' by
Vi
V2
U:[u17u27"'aup]7 V= . )

Vp

respectively. Note that these rank-one approximations u;v; are found, say, by Algorithm 8,

successively without any specific ordering. For £ = 1,...,p, define Sy to be the collection

sg::{(il,...,ig)ezf]d(A,Uil,,,,,iml,,..,i,,) = min d(AjUjl,..,,ijjl,...,jp)}a (6.16)

G
where
Viq
Vi
Uil:mvip = [uilvuiw T 7u73p] ) Vih“'vip = : ’
Vip
for some indices (i1, ..., ) and d is either the Hamming or the Euclidean metric and the ¢-tuple

(J1,---,7¢) is made of distinct indices from {1,...,p}. The folliwng nesting effect among S;’s

is rather surprising and of potential significance.

Theorem 6.3.1 Suppose that the matriz A € 7Z™*™ has been factorized into A ~ UV with
U e Zanp and V € 7P*™ by Algorithm 8. Then every element in Ss must appear as a segment

in some element of S;, if s < t.

Proof. It suffices to prove the assertion for the case s = 1 and t = 2. The following
argument can be generalized to other cases. Suppose that there exists an integer i1 € S; but

{i1,i2} & S, for any iz € {1,2,--- ,p}. Given any {ji,j2} € S2, we have

d (A, [, uj,] [ v D <d (A, i, g, [ v D : (6.17)

We want to prove that a contradiction arises.
Note that the numeral “1” appears at mutually disjoint positions within the vectors u;,, u;,

and uj,. Simultaneously permuting rows if necessary, we may assume without loss of generality

115



that rows of A have been divided into four blocks
(6.18)

where rows of Ay, Az and A3 correspond to 1’s in u;,, uj, and uj,, respectively, and Ay

corresponds to the common zeros of all u;,, u;, and uj,. Then it becomes clear that

d(A,u;, v, +1j,v5,) d(Ay,vi,) + d(A2,0)
) d(A1,0) + d(Az, vj,)
d(A,u;,vy) = d(A1,v,) +d(Az,0)
) ( )

= d(Aq, 0) + d(AQ,le

d(A,uj,vj, +u,vj,

d(A,uj, v,
Upon substitution, it follows from (6.17) that
d(A7 ujlvjl) < d(A7 ui1vi1)7

which contradicts with respect to the assumption that i; € S7. O
The preceding observation has an important consequence in that it enables us to assess and
gauge the quality of low rank approximations of A. The application is characterized in the

following theorem.

Theorem 6.3.2 Suppose that the matric A € Z™*™ has been factorized into A ~ UV with
U € Z?Xp and V€ 7ZP*" by Algorithm 8. Sort through the rank-one approrimations and

rearrange the rows if necessary, assume that
d(A,u1vy) < d(A,uava) < -+ < d(A,upvy). (6.19)

Then, fork =1,2,--- p, the product Uy Vi where Uy and Vi, are submatrices of U and V' given
by

Uy = [ug,ug, - ,ug), V= ] , (6.20)
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is the best possible approximation to A in the sense that the k-tuple (1,2,--- , k) is in S.

Proof. We prove the assertion by induction on k.

Obviously, the case kK = 1 is already done due to the rearrangement specified in (6.19).
Assume therefore that (1,2,--- ,k — 1) € Sp_1. We want to show that (1,2, - ,k) € Sk. The
following argument is essentially parallel to that in Theorem 6.3.1, except that we work on
blocks.

By Theorem 6.3.1, there exists an integer ¢ € {k,k + 1,---,p} such that the k-tuple
(1,2,--- ,k —1,q) is an element in Sg. If ¢ = k, then we are done. Assume, by contradic-
tion, that ¢ # k. Consider the pair of submatrices

Vi—1

Vq

Uk = [Uk_l,uq}, Vk =

Still, columns of Uy, are mutually exclusive. Because (1,2,--- ,k—1,k) & Sk, we know
d(A, U Vi) < d(A, UpVi),
which is equivalent to
d(A, Up—1Vi—1 +uyvy) < d(A,Ug—1Vi—1 + ugvy). (6.21)

Again, without loss of generality, we may partition A into blocks such as that in (6.18) where
rows of Ay, Ay and Az correspond to 1’s in U,_1, u, and uy, respectively, and A4 corresponds

to the common zeros of all U1, uy and u. Then, clearly we have the following expressions:

d(A, U1 Vi1 +ugvy) = d(Ar, Vi
d(A, Up—1Vi—1 + wpvy) (A1, Vi1
d(A,ugvy) = d(A1,0

) = d(A1,0

(A2, vg) + d(A3,0) + d(A4,0),
(A2,0) + d(As, vi) + d(A4,0),
d(Az,vq) + d(As,0) + d(A4,0),
d(As2,0) + d(As, vi) + d(A4,0)

)+d
)+d

Il
a

)+
)+

(A UrVve

It follows from (6.21) that
d(A,ugvy) < d(A,upvy),

which contradicts the assumption that
d(A,ugvy) > d(A, upvy),

forge{k+1,---,p}. |

Even though we still do not know how to find the overall optimal rank, the above discussion
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Algorithm 9: Low_Rank_Optimization: [U,V] = LOWRANKAPPROX (A, k)

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

Input: Matrix A € Z5"*" and integer k
Output: Low rank factors U € Z5”** and V € zF»
begin

U,V «— IMFVOTE(A, active, 3);
forall i from 1 to p do
r — [r;match(A,U(:, 1)V (i,:))];

end

index_rankings < sort(r);

U «— U(:,index_rankings(1 : k));

V — V(index_rankings(1 : k),:);
end

suggests that something meaningful can be done after we have “completely” factorize A as
A ~ UV. That is, by ranking the rank-one approximations as in (6.19), we can build some
lower rank approximations in a controlled way. This byproduct is interesting enough that we

summarize it in Algorithm 9.

6.4 Numerical experiments

In this section, we demonstrate some interesting applications of our IMF techniques. Our
test data are collected from requisitions in association analysis, cluster analysis, latent pattern
discover, and random simulation. Some of the data are too large to be listed in this presentation.

In that case, we give references of the sources where the data can be downloaded.

6.4.1 Association analysis

Many supermarkets, as well as companies that provide online content based on popular Web
searches, keep detailed records of their daily transactions not so much for the sake of financial
bookkeeping but more so for the hidden information about consumers’ shopping behavior. In the
interest of generating more profits, the merchants try to predict customers’ behavior by mining
some association rules and adjust their inventories accordingly. Demonstrated in Table 6.1
is a much simplified example of the so called market basket transactions which typically is a
huge database with many customers and available items. Like the discovery investigated in
[110, 111], we can convert the transactions into a binary matrix by associating each row with
one transaction and each column with one item. See Table 6.2. The value of an entry in the

matrix is 1 if the item is included in the transaction and 0 otherwise. Upon applying the IMF to
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Table 6.1: An transaction example with 5 transactions and 6 items

Ty || {Milk, Diapers, Eggs}
Ty || {Milk, Diapers, Eggs, Beer}
T3 || {Diapers, Eggs, Beer}
Ty || {Bread, Chips, Beer}
Ts || {Bread, Milk, Chips}

Table 6.2: A binary representation of the transaction example

Bread Milk Diapers Eggs Chips Beer
Ty 0 1 1 1 0 0
T 0 1 1 1 0 1
T 0 0 1 1 0 1
Ty 1 0 0 0 1 1
T5 1 1 0 0 1 0

the binary data in Table 6.2, we can approximate the original binary data by two representatives
[0,1,1,1,0,1] and [1,0,0,0,1,1] as follows

01110 0] 1 0
011101 10
011101
A=100 110 1|~=]|10 . (6.22)
1000 1 1
100011 0 1
1100 1 0| [0 1 |

The factorization (6.22) is a rank-two approximation, suggesting that the original five transac-
tions probably can be simplified by two representative transactions 7] and T4 defined in Table

6.3 and that three out of five customers are likely to go with the first kind of buying pattern.

Table 6.3: Two representative transactions 7] and T}

T} || {Milk, Diapers, Eggs, Beer}
T, || {Bread, Chips, Beer}

119



In mining for association rules, it is known that the number of rules grows exponentially
with the number of transactions [88]. Typically, the number of transactions are of very large
scale. This example typifies the significance of IMF application because now we can concentrate
analyzing the associate rules among the smaller approximate transaction set which may manifest
the information more easily. The IMF application clearly alleviate the load of performing
association analysis on large scale data. More importantly, the discovered patterns in the
original data might include some spurious results related to certain casual events. The IMF
serves a filter to screen out those casual or redundant events. Only a few representative patters
are sufficient to predict the market demand. Through this factorization, not only are we able
to characterize the main features in the original patterns, but we are also able to purify some

dubious correlations among them.

6.4.2 Cluster analysis

The general purpose of cluster analysis is to partition a set of observations into subsets, called
clusters, so that observations in the same cluster share some common features. The most
difficult part in cluster analysis is the interpretation of the resulting clusters. It is important
but not our primary purpose in this investigation to compare the performance of our method
with the many cluster analysis algorithm already developed in the literature. Rather, we merely
want to demonstrate that IMFvVOTE naturally produces clusters and their corresponding integer
representatives. If needed, we can also employ LOWRANKAPPROX to pick up the most relevant
low rank representation of original data set, which we think is an additional attraction of our
method.

We report experiments on two real data sets, mushroom and Wisconsin breast cancer (orig-
inal), from the Machine Learning Repository maintained by the Computer Science Department
at the University of California at Irvine [5]. To gauge the effectiveness of our algorithm, we
employ four parameters, RowErrorRate, CompressionRatio, Precision, and Recall whose meanings
are outline below [31].

RowErrorRate, defined by

d(A,UV)

RowErrorRate := ————, (6.23)
m

refers to the average difference per row between the retrieved data UV and the original data

A. This value reflects how effective row vectors in V' are representing the original matrix A.
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CompressionRatio [47], defined by

¢ of entries in matrices U and v

t of entrleéfn Ez )Illclatrlces A (6.24)
mn

CompressionRatio :=

measures how efficiently the original data A has been compressed by the low rank representation
UV. It is hoped that through the compression, less relevant data or redundant information is
removed.

Precision and Recall, defined by

Precision :— relevant dat'a N retrieved data’ (6.25)
retrieved data

Recall = relevant data N retrieved data, (6.26)
relevant data

computes the percentages of the retrieved data that are relevant and relevant data that are
retrieved, respectively. In the context of information retrieval, “relevant data” usually refer to
documents that are apposite to a specified inquiry. Since our task at present is simply to divide
observations into disjoint clusters based on innate attributes, we do not know the exact meaning
of each cluster. In other words, we do have at hand a representative for each cluster, but we do
not have an interpretation of the representative. Still, considering points in a cluster as retrieved
data relative to their own representative, it might be interesting to compare the corresponding
Precision and Recall with some known training data. In this way, a high correlation between
a particular cluster and the training data might suggest an interpretation for the cluster. We
have not pursued this direction in this investigation

Mushroom Data Set. This Agaricus and Lepiota Family data set consists of biological
for 8124 hypothetical species of gilled mushroom. Each species is characterized by 23 attributes
such as its cap shape, cap surface, odor, and so on. Each attribute has different nominal values.
For example, the cap shape may be belled, conical, convex, flat, knobbed, or sunken, while the
cap surface may be fibrous, grooved, scaly, or smooth. To fit into our scheme, we convert the
attribute information into a list of integer values. These integers should not be regarded as
numerals, but only labels. Since attributes are independent of each other, the same integer for
different attributes has different meanings. Our input data A is an 8124 x 23 integer matrix.
Of particularly noticeable is its first column which is dichotomous and indicates whether the
mushroom is edible or poisonous. The Hamming metric is more suitable than the Euclidean
metric for this problem.

In our first experiment, we simply want to investigate how different § values affect the
quantities of approximation. As is expected, a smaller § value would lead to a larger number

p of rows in the matrix V after a complete factorization. For mushroom data set, we find
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that corresponding to 6 = 1,2,3 the numbers of rows in V' are p = 1418, 15, 1, respectively.
For each 3, construct Vj, according to Theorem 6.3.2 after sorting the corresponding V. We
plot in Figure 6.1 the value RowErrorRate versus k. Note the rapidly decreasing behavior,
especially in the cases 8 = 1,2, suggesting that the sorting in LOWRANKAPPROX is capable of
identifying the first few most important clusters and their representatives. A comparison with
the CompressionRatio~ 0.0436k in this case is also worth noting. To achieve RowErrorRate=
9.6128, we just need one pattern vector with 8 = 3, but we will need many more representatives
with 8 =1 or 2. On the other hand, with 8 = 3 we cannot possibly improve the RowErrorRate,

but with more restrictive 8 values there is a chance to improve the RowErrorRate.
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Figure 6.1: Performance of algorithms on the mushroom data set

In our second experiment, we apply LOWRANKAPPROX to the 8124 x 22 submatrix after
removing the first column from A. Rather surprisingly, by deleting merely one column of A,
the resulting IMF behaves very differently. With g = 2, for example, the complete factorization
returns only three clusters with RowErrorRate= 9.4623. In an attempt to provide some meaning
to these clusters, we construct the so called confusion matriz in Table 6.4 with respect to
the attribute of whether the mushroom is edible or poisonous. As is seen, the first cluster
represented by vi contains large amounts of mushrooms in both kinds, resulting in relative
high Recall rates. But the Precision values by v; are about the same as the distribution rates
in the original data, indicating that the cluster by v; does not differentiate edible mushrooms
from poisonous ones. The exact meaning of these clusters is yet to be understood.

Wisconsin Breast Cancer Data Set. In a similar way, we experiment our method
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Table 6.4: Precision and Recall of edible or poisonous mushrooms

Retrieved data set

v va v3
Edible 4128 80 0
Poisonous 3789 119 8

Cardinality of v; [ 7917 [ 199 | 8 |
Precision of edible mushrooms 0.5214 | 0.4020 0
Recall of edible mushrooms 0.9810 | 0.0190 0
Precision of poisonous mushrooms | 0.4786 | 0.5980 1

Recall of poisonous mushrooms | 0.9676 | 0.0304 | 0.0020

the Breast Cancer Wisconsin Data. This data set A contains 699 samples, with 458 (65.5%)
benign and 241 (34.5%) malignant cases. Each sample is characterized by 11 attributes. The
first attribute is dichotomous with labels 2 or 4, indicating benign and malignant tumors. The
remaining ten attributes are of integer values ranging from 1 to 10, but some entries in this part
of A have missing values for which we assign the value 0 in our computation. It is commonly
known that aspects such as the thickness of clumps or the uniformity of cell shape affect the
prognosis. Thus the ordinal of values in attributes matters. It is more appropriate to use the
Euclidean metric.

Again, we try out three different communal rules by varying 3. With CompressionRatiox
0.1125k, meaning a reduction of 11% memory space per one less cluster, we plot RowErrorRate
versus k in Figure 6.2. It is seen for this breast cancer data that increasing & would improve
RowErrorRate only modestly. Since the RowErrorRate is already low to begin with, a low rank
IMF should serve well in approximating the original A.

We then apply LOWRANKAPPROX with 5 = 3 to the 699 x 10 submatrix by removing the
first column of A. A complete factorization returns 11 pattern vectors with most samples being
included in the first two clusters. We construct the confusion matrix with respect to the first
attribute of A in Table 6.5. Judging from the Recall and Precision values, we have high level of
confidence that the two patterns vi and vy should be good indicators of whether the tumor is
malignant or benigh, respectively. Such a classification of the original 699 samples into 2 major

indicators will be extremely useful in medical science.

6.4.3 Pattern discovery

Most modern image processing techniques treats monochromatic images as a two-dimensional
array composed of pixels. A digital image is an instruction of how to color each pixel. In a

gray scale image, for example, the instruction for every element is an integer between 0 and
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Figure 6.2: Performance of algorithms on Wisconsin breast cancer data set

255 (or a nonnegative decimal number between [0, 1] which requires more storage and often is
converted to integers) indicating the intensity of brightness at the corresponding pixel. In this
section, let A € Z™*™ denote a collection of n images each of which is represented by a column
of m pixels. Consider the scenario that images in this library are composite objects of many
basic parts which are latent at present. The factorization A = UV then might be suggested as
a way to identify and classify those “intrinsic” parts that make up the object being imaged by
multiple observations. More specifically, columns of U are the basis elements while each row of
V' can be thought of as an identification sequence representing the corresponding image in A
in terms of the basis elements. This idea has been extensively exploited by NMF techniques.
See the many references mentioned earlier. The point to make, nonetheless, is that the NMF
techniques cannot guarantee the resulting images to have integer-valued pixels whereas our IMF
can.

Needless to say, the same idea can be applied to an extended field of applications, such as
the quantitative structure-activity relationship (QSAR) discovery in chemoinformatics. Due to
space limitation, we shall illustrate the pattern discovery ability of IMF by using two special
data sets.

Swimmer Data Set. The “Swimmer” data set as described in Example 5.5.4 contains
17 basic parts that make up these swimmers. Taking everything into account, we should also
expect one additional part for the background. Such an expectation of U € Z%024X18 appears
to be problematic because the original matrix A has numerical rank of only 13. In this context,
the notion of “low” rank approximation to A really is not appropriate.

After using the Hamming metric and 5 = 0.5 in our code IMFVote to carry out a complete
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Table 6.5: Precision and Recall of benign or recall patients

Retrieved data set

Vi V2 V3 V4 Vs A\ v7 V8 Vo Vio Vi1
Benign 33 411 1 5 3 0 1 1 1 1 1
Malignant 225 13 0 0 1 1 1 0 0 0 0
Cardinality of v; ‘ 258 ‘ 424 ‘ 1 ‘ 5 ‘ 4 ‘ 1 ‘ 2 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘
Precision of benign cancer 0.1279 | 0.9693 1 1 0.75 0 0.5 1 1 1 1

Recall of benign cancer 0.0721 | 0.8974 | 0.0022 | 0.0109 | 0.0066 0 0.0022 | 0.0022 | 0.0022 | 0.0022 | 0.0022

Precision of malignant cancer | 0.8721 | 0.0307 0 0 0.25 1 0.5 0 0 0 0

Recall of malignant cancer | 0.9336 | 0.0539 0 0 0.0041 | 0.0041 | 0.0041 0 0 0 0

factorization, we reshape the 18 columns of the resulting binary U into 32 x 32 matrices. We
recover all 16 limbs, one torso, plus the background as depicted in Figure 6.3. Note that these
17 recovered “body” parts are completely disjointed from each other and suffer from no blurring
at all — a result that cannot be accomplished by NMF techniques. In fact, the factors U and
V returned from our IMF satisfy A = UV exactly.

Block Matrix Data Set. To demonstrate that our method can recognize patterns more
complicated than one-dimensional sticks, consider a 5 x 5 block matrix with each block of size
5 x 5. Randomly select 2 out of the 25 blocks and assign the value 1 to their entries while
keeping all other entries 0. Border this 25 x 25 matrix with 4 pixels on each side and call the
resulting 33 x 33 matrix an image. Totally there are 300 images. Collect these images into the
1089 x 300 binary matrix A with each column representing a vectorized 33 x 33 image. Apply
IMFvVOTE with Euclidean metric and # = 1 to A. The resulting complete factorization returns
27 clusters shown in Figure 6.4. It is interesting to note that the 25 basic patterns containing
exactly one 5 x 5 block are completely discovered. Additionally, one pattern representing almost

the entire border except the point on the upper left corner is found.

6.4.4 Random performance test

To further test the capability of the IMF in recovering random clusters or patterns, for a given
triplet (m,n, k) of integers we randomly generate W € Z?Xk and H € Zlfjn, where columns of
W are kept mutually exclusive and Z14 = {0,1,...,13}. Define A = WH and apply IMFVOTE
with Euclidean metric and 8 =1 to A.

Let (U,V) denote the pair of factors returned by our calculation. We wonder how likely
(U, V) would be the same as the original (W, H) after some permutations. When this happens,
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Figure 6.3: Basic elements recovered from the swimmer data set by the IMF.

we say that our method has reached its optimal performance. Recall that the basic rank one
approximation in our scheme is only a local minimizer. We expect that pushing our algorithm,
foredoomed just like most optimization techniques for nonlinear problems, to reach its optimal
performance would be an extremely challenging task.

For each given (m,n, k), we repeat the above-described experiment 1000 times and tally the
rate of success, denoted by OptRate, in reaching the optimal performance. We also measure
the CPU time needed for each experiment on a PC running Windows XP and Matlab R2009a
with Intel(R)Core(TM)2 Duo CPU T8300@2.4GHz and 3.5GB of RAM. The average CPU
time, denoted by AvgTime, then serves as an across-the-board reference for the computational
overhead. Test results for a few selected triplets are summarized in Table 6.6. It seems possible
to draw a few general rules from this table. For problems of the same size (m,n), larger k
means more complexity and deeper recursion which, in turn, reduce OptRate and cost more
AvgTime. For problems of the same (m, k), increasing n costs only AvgTime, but has modest
effect on OptRate. For problem of the same (n, k), increasing m also costs only AvgTime and
effects little on OptRate. The overall speed of our method seems reasonable, even though our
code is yet to be further polished for efficiency by taking into account data structure, storage,
and movement within the system.

Following from these results, we establish IMFVOTE as efficient tool for mining the inheritance

patterns of given large datasets.
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Figure 6.4: Bases elements recovered from block matrix data set by the IMF.

Table 6.6: Global convergence rate and average time per factorzation (in seconds) on randomly
generated data sets.

m 500 500 500 500 500 500 500 500 500 | 1000 1000 1000 | 1000 1000 1000
n 30 40 50 30 40 50 60 80 100 30 40 50 60 80 100
k 5 6 7 10 12 14 5 6 7 10 12 14 5 6 7

OptRate | .5530 0.3200 .1820 | 0.0480 .0110 .0010 | .5280 .3130 .1450 | .0470 .0100 .0020 | .5440 .3520 .1740

AvgTime | .0133 .0158 .0178 | .0167 .0196 .0224 | .0177 .0213 .0252 | .0468 .0524 .0575 | .0529 .0627 .0724

6.5 Conclusions

Matrix factorization has many important applications. In this chapter, we investigate the notion
of factorization with entries restricted to integers or binaries. Being discrete in nature, such
a factorization or approximation cannot be accomplished by conventional techniques. Built
upon a basic scheme of rank one approximation, we propose an approach that recursively splits
(or more correctly, approximates) the underlying matrix into a sum of rank one matrices with
discrete entries. We carry out a systematic discussion to address the various computational
issues involved in this kind of factorization. The ideas are implemented into an algorithm using

either the Hamming or the Frobenius metric, but using other types of metrics is possible.
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If the underlying data are binary, our idea is in line with the existing code PROXIMUS. But
our formulation is readily generalizable to other types of data. For application purposes we
have mainly concentrated on binary-integer factorizations, where the “integer” could be either
the regular ordinal integers or just some nominal labels. With little effort, we can modify the
mechanism to perform integer-integer factorizations.

Of particular interest is the result in Theorem 6.3.2 where we show how an optimal lower
rank can be selected after a simple sorting. We think, in a remote sense, the ordering in
(6.19) for discrete data is analogous to the ordering of singular values for continuous data.
Similarly, the truncated product UV} defined in (6.20) is analogous to the truncated singular
value decomposition.

Five different testing data are used to demonstrate the working of our IMF algorithm. We
hope that our discussion in this investigation offers a unified and effectual avenue of attack on
more general factorization problem. There is plenty of room for future research, including a
refinement of our algorithm for more efficient data management and a generalization to more

complex data types.
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Chapter 7

Nonnegative Rank Factorization via
Rank Reduction

7.1 Overview

The notion of “rank” for a matrix really should be dependent upon its ambient space, that is,
the fields, rings, or semirings where its entries come from. A fundamental issue in dealing with
the important class of nonnegative matrices is the difference between its algebraic rank over
the real numbers and nonnegative rank over nonnegative number, which is main concern in this
chapter.

Given any nonnegative matrix A € R™*" it is always possible to express A as the product
A = UV for some nonnegative matrices U € R™** and V' € RF*" with k& < min{m,n}. One
trivial choice is U = A and V = I,,. The smallest k& that makes such a factorization possible
is called the nonnegative rank of A. For convenience, the nonnegative rank of A is denoted by
rank (A). Note that the factorization A = UV can always be expressed as the sum of a series

of rank-one matrices
k
A= Z wv; (7.1)
i=1

where u; and V;r,i =1,---,k, are column and row vectors of matrices U and V', respectively.
Some theoretical discussion about estimating the nonnegative rank of A can be found in [44, 76].

In particular, we know
rank(A) < ranky(A) < min{m,n}. (7.2)

The challenge has been to determine the exact nonnegative rank for a nonnegative matrix. It
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is know that such an ascertainment is NP-hard [161].

Different from and more challenging than the conventional nonnegative matrix factorization,
NMF, that we have studied in Chapter 5, the task we are facing is a complete factorization
of matrix A with its product equal to A. In this chapter, our focus is on a special subclass of

nonnegative matrices,
R(m,n) := {A € RT*" | rank(A) = rank; (A)}. (7.3)

Note that we have assumed that the nonnegative rank is known for A € R(m,n). Our goal
is to determine two nonnegative matrices U and V of sizes m x rank(A) and rank(A) x n,

respectively, such that
A=UV.

We call this factorization a nonnegative rank factorization (NRF) of A. By representing the
matrix A as the sum of a series of nonnegative rank-one matrices, we notice a special feature in
that the residual after subtracting each rank-one matrix from A remains nonnegative but has
rank one less than that of the original A.

Every nonnegative matrix has a nonnegative factorization. But, not every nonnegative
matrix could be factorized in the form of NRF [44]. A few sufficient conditions for constructing
nonnegative matrices without NRF have been given in [102, 147]. The simplest and well studied

example is the 4 x 4 matrix

S O = o=
S = O =
_ O = O
_ = O O

which has rank(%¢’) = 3 and rank (%) = 4.

Needless to say, given any A € R"*" , the first question should be to determine whether
A € R(m,n), which we have already pointed out is an NP-hard problem. One of our con-
tributions in this work is to show that if it is known that rank;(A) = k, with probability
one we should have rank(A) = k. The converse is not true. Deciding the conditional prob-
ability of rank; (A) = k, given rank(A) = k is still an open question. On the other hand, a
necessary and sufficient condition for discerning whether a nonnegative matrix has an NRF is
given in [156], but the algebraic operations of checking this qualification for a given matrix are
numerically formidable. Other known results for checking the existence of an NRF are more

restricted to certain subclasses of matrices such as the weakly monotone nonnegative matrices
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[101], A-monotone [100], or matrices with nonnegative 1-inverse [25].

The main crux in our investigation is to develop a numerical procedure for computing the
NRF, if it exists. Certainly the precision of the resulting NRF is subject to the floating-
point arithmetic errors. A perturbation analysis for the NRF is itself an interesting subject
deserving further investigation, but no advance has been made thus far in the literature. Our
current destination is simply to provide a heuristic algorithm that can serve as an experimental
tool for studying the NRF. Our establishment is still preliminary, but we think our numerical
approach is innovative. To facilitate the subsequent discussion, we introduce two basic terms
below. First, any nonnegative matrix whose subtraction from a given nonnegative matrix A
remains nonnegative is called a nonnegative component (NC) of A. Second, any rank-one NC
of a nonnegative matrix A whose subtraction from A reduce the rank of A by one is called
a nonnegative element (NE) of A. The fundamental difference between an NC and an NE is

significant and could be illustrated through the following example.

Example 7.1.1 The matriz € defined in (7.4) has many NCs, but has no NE at all. Recall
that rank(¢) = 3 and rank, (¢) = 4. If there were an NE for Ay = €, then the residual
matriz A after its removal from Ay would be nonnegative and of rank 2. It follows from [44,
Theorem 4.1] that the matriz A would automatically have nonnegative rank 2, implying the

matriz € would have nonnegative rank 3. This is a contradiction.

In [122], Levin describes a numerical algorithm for computing the ”maximum” rank-one NC
of any given nonnegative matrix. However, the subtraction of the NC characterized in Levin’s
algorithm cannot guarantee to lower the rank of the resulting matrix. In other words, the NC
found by Levin is not an NE. Continuing this process might give rise to an infinite loop of
finding nonnegative rank one matrices, which totally deviates the minimal constraint on NRF.
We do not think Levin’s algorithm is capable of computing the NRF for a given matrix in
R(m,n).

Unlike Levin’s method, we propose an NRF algorithm based on the greedy rank-one reduc-
tion. Our idea is to gradually factorize A over a sequence of NEs each of which are not only
NCs, but will also reduce the rank by one. Our method is motived by the Wedderburn rank
reduction formula [35, 163]. This formula provides the unique recipe on reducing the rank by
one in each iteration. We modify the notion in our greedy method by finding one NE a time
in each iteration. If A € R(m,n), then using our method should be able to find the NRF in at
most rank(A) many iterations in exact arithmetic. On the other hand, a termination of our al-
gorithm with nonzero residual suggests, but only heuristically, that the underlying nonnegative
matrix is not in the class of R(m,n).

This chapter is organized as follows. In Section 7.2, we briefly review the fundamental

Wedderburn rank reduction formula. For our desirable rank-one reduction, we must take into
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account the nonnegativity constraints during the reduction process. In Section 7.3, we recast
the NRF as a constrained optimization problem and propose to solve the NRF by the available
optimization techniques. Our approach is readily generalized in Section 7.4 to the even harder
problem of decomposing the so called completely positive matrices where the two factors U
and V must satisfy U = V. We think this approach is new in this regard. In the case
A ¢ R(m,n), we propose the notion of maximal nonnegative rank splitting of a nonnegative
matrix in section 7.5. In Section 7.6, we outline a geometric meaning of the NRF which relate it
to the classical Sylvester’s problem. In Section 7.7, some empirical testing results are reported

by our algorithm.

7.2 Wedderburn rank reduction formula

The Wedderburn rank reduction formula appears as a modest statement in Wedderburn’s 1934
book [163] and is listed as an exercise in Householder’s 1964 book [94]. In the review article [35],
however, Chu, Funderlic, and Golub point out that perhaps all matrix factorizations can be ex-
pressed through this seemingly intuitive expression. In [97, Figure 2.1], Hubert, Meulman, and
Heiser chronicle an interesting timeline for the appearance of generalized rank reduction results
in the numerical linear algebra as well as the applied statistics and psychometrics literature.
We review two basic facts below.

The first theorem characterizes a necessary and sufficient condition for rank subtraction by

a rank-one matrix. This result plays a vital role in our application.

Theorem 7.2.1 Let u € R™ and v € R". Then the matrixz
B:=A—oc tuv’ (7.5)

satisfies the rank subtractivity rank(B) = rank(A) — 1 if and only if there are vectors x € R"
andy € R™ such that
u=Ax, v=A'y, o=y Ax. (7.6)

Cline and Funderlic [43] then generalize the rank-one reduction formula (7.5) almost ver-

bosely to simultaneous multiple rank reduction.

Theorem 7.2.2 Suppose U € R™** R € RF*F and V € R*™*. Then
rank(A — UR™'V ") = rank(A) — rank(UR™'V ")
if and only if there exist X € R™* and Y € R™** such that

U=AX, V=A"Y, and R=Y'TAX. (7.7)
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The formula (7.5) provides a clue to the factorization of a matrix as the sum of a series
of rank-one matrices. The basic idea is that starting with A; = A, define a sequence {A} of

matrices via the formula
Apir = Ay — (7, Apxi) " Arxpyy Ap. (7.8)

where x; € R™ and y,r € R™ are properly chosen so that y,;rAkxk # 0. Since rank(Ay) is
reduced by one at each iteration, the sequence {Ax} must be finite. The original matrix A is
thus broken down by the finite series of rank-one matrices. Different choices of x; and yj lead
to different matrix decompositions, such as LU, QR, or SVD, used in applications. Further
details of this discussion could be found in [35].

For our application, we want to break down a nonnegative matrix by taking away one NE
at a time. Hence both the rank-one matrix in the Wedderburn form (y,IAkxk)*lAkxky,IAk
and the resulting Ag1 must remain nonnegative for some properly chosen vectors x; € R™ and
yr € R™. If these nonnegativity constraints can be satisfied, the rank of Ay,1 is guaranteed to
be one less than that of Ax. We then repeat the process until either that the rank is reduced
to zero, implying that an NRF has been found, or that the process terminates prematurely,
implying that the original matrix might not have an NRF. (See Example 7.3.1.) If Ay is a
nonzero and nonnegative matrix, then nonnegative rank-one matrices in the Wedderburn form
are easy to find. A premature termination thus means that it is impossible to keep the residual
A1 nonnegative by any nonnegative rank-one reduction. There are two probable causes for
this to happen. One is that the matrix A itself is not a matrix in 8(m,n). This leads to
the notion of maximal nonnegative rank splitting of A. The other is that some bad initial
points for the optimization process overshoot the subtraction and inadvertently shut down the
branching activity for A;. A possible remedy for the latter cause is to restart the problem. In
either cases, because we only have a heuristic algorithm in hand, we must carefully assess the

situation before come to a conclusion about whether A has an NRF or not.

7.3 Nonnegative rank factorization

We now explain how to recast the Wedderburn rank reduction formula for the NRF application.

Note that the rank-one matrix uv '

is nonnegative if and only if all entries of u and v have
same signs. Since the the scalar y;—Akxk in the Wedderburn formula (7.8) is either positive or
negative, we may assume without loss of generality that Agx; > 0, y;—Ak >0, and y;Akxk > 0.
Furthermore, we can scale the vectors such that y,IAkxk = 1. These conditions are referred to
as our “nonnegativity constraints”. If these constraints are satisfied, then Akxky;Ak serves as

a candidate of nonnegative rank-one matrix to be subtracted from Ax. The concern is whether
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Algorithm 10: NRF [U,V,p,Iflag] = NRF (A, ¢, Gmazx, Lmax)

Input:
A = matrix in R to be factorized
€ = threshold for machine zero
Gmaz, Lmax = maximal allowable numbers for retries
Output:
P = an integer, is the numerical rank, (A) if Iflag = 0
Ifla B 0, An NRF is found with ||[A—UV||r <e
& B 1, Failed to find an NRF

UeRY " and V € RE*"

10.1 begin

10.2

Gstart «— 0; B «— A;

initialization

10.3  Gstart < Gstart + 1; Lstart < 0; U < [|; V < []; p < 0;
104 if ||B||F > € then
10.5 if Gstart < Gmax then
10.6 x,y <« feasible random starting points;
10.7 [x,y,ObjValue| < Solve (7.9) with respect to B by available optimization routines;
10.8 if ObjValue > 0 then
10.9 pe—p+1;U«[UBx);V«|[V;y'B]; B+~ B— Bxy'B;
10.10 else
10.11 if Lstart < Lmax then
10.12 Lstart < Lstart 4+ 1; Go to line 10.6;
10.13 else
10.14 Go to line 10.2;
10.15 end
10.16 end
10.17 else
10.18 Report that an NE is not found after retries; Iflag = 1; return;
10.19 end
10.20 else
10.21 Iflag = 0;
10.22 end
10.23 end
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this nonnegative rank-one matrix can serve as an NE for Ay.
To search for a rank-one NE of A, we formulate a maximin problem as follows:

. T
max min | Ay — Apxry, Ag
xi ER™ )y ER™ [ yk :| ’

subject to  Axxy >0, (7.9)
y;—Aka = 17

where the minimum is taken over all entries of the matrix. By nonnegativity, Ay — Akxky,;rAk
is always less than or equal to Aix. The maximizer of min [Ak — AkxkyIIA] always exists.
A nonnegative optimal value of (7.9) implies that Ai41 > 0. We have the rank-one matrix
Akxky;Ak is intrinsically as a feasible NE for A; and we can repeat the process to search for
the next NE of Agy1. The prototype of our NRF calculation is sketched in Algorithm 10.
Since (7.9) is a nonlinear problem, most maximin algorithms are only able to find a local
solution. But a local solution is enough for our application, if a nonnegative optimal value is
obtained. In this event, a valid NE has been found. On the other hand, a negative optimal value
indicates only that an NE has not been found yet. In this case, we can remedy this situation
by trying another starting value with the hope that maybe another nonnegative optimal value
could be found. Such a strategy has been applied twice in Algorithm 10. Line 10.12 is to restart
the optimization solver with the current A; and Line 10.14 is to restart the entire NRF process
with Ag. At present, we do not have any smart tactics for initiating the starting points, so
we terminate the iteration after a fixed number of failures. Strictly speaking, our algorithm
is inconclusive when it fails. But when it does perform the NRF, as we have experienced for

matrices in R(m,n), our method seems to be the first of its kind to actually find the factorization.

Example 7.3.1 Consider the 4 x 5 matriv A = [€;c|, where ¢ is a randomly chosen non-
negative vector from IRi such that this matriz A is of full row rank and rank(A) = rank(A).
This particular matrix A does have an NRF as we only need to factorize A corresponding to
its rows. On the other hand, if we start with these specific initial values X = [0,0,0,0,1]" and
y = [a,—a,—a,a]", where o = 1/(c; — c2 — c3 + ¢4), it can be checked that (X,y) is already
a local mazimizer to (7.9) and the nonnegative rank-one matriz A := AXy T A == [04,c] is an
NE. But, the remaining nonnegative matric A — A = [€¢;0], which is of rank 3, does not have
an NRF anymore as we have proved in Example 7.1.1. In other words, starting from these
initial values (X,y), the matriz A would be the first NE extracted by our algorithm. But then
our iteration would be stranded at a “dead end” because there is no more NE contained in € .
This situation is what we referred to earlier as “overshooting the subtraction and branching into

the wrong direction”. For circumstances like this, we suggest in Algorithm 10 by Line 10.1/4 to
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restart the process entirely and it does fix the problem.

The above example indicates that a “bad” NE can causes a break-down for Algorithm 10,
even if the NRF does exists. With the built-in restart mechanism, we generally achieve an NRF
for generic matrices in (m,n). Our extensive numerical experiments seem to validate that
Algorithm 10, despite the fact that the accuracy of the numerical results depends highly on the
stopping criteria set out in the underlying optimization solver, is generally robust.

For computation, Algorithm 10 is sufficient as a working procedure for the construction of
a nonnegative rank-one approximation. From a theoretical point of view, Theorem 7.2.2 brings
forth the idea of reducing multiple ranks of the matrix A simultaneously in one iteration.
Again, the role of the matrix R~! in Theorem 7.2.2 is immaterial. A natural generalization of

the optimization problem (7.9) is in the form

max min [Ak - AkaYkTAk] s
Xke[Rer’Yke[Ran
subject to Ap Xy >0, (7.10)
YT A, >0,

Vi ApXy = Lscr,

where I, is the identity matrix of rank r.
The following theorem describes an interesting fact that if the rank of the matrix Az can be
reduced by r in one iteration via (7.10), then the same result could be achieved via r rank-one

reduction steps through (7.9).

Theorem 7.3.1 If a nonnegative matriz has a nonnegative rank-r reduction, then it must have

r nonnegative rank-one reductions.

Proof. Suppose the nonnegative matrix A has a nonnegative rank-r reduction. By Theo-

rem 7.2.2, we know there are matrices X € R™*" and Y € R"™*" satisfying
AX >0, Y'A>0, YTAX =TIy,

and making the matrix B := A — AXY " A nonnegative with rank(B) = rank(A) — r. Denote

the columns of X and Y as

X =[x1,..,%), Y :i=[y1,...,¥r)
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then we have

1, ifi=j,

Ax; > 0, TA>o0, ZTAX':
=0 Yif=T Vi {0, if i .

We now show that each pair (x;,y;), i = k,...,r, has the desirable effect of rank-one reduction
on Ay defined successively by (7.8), starting with A; = A, and that A, = B.

The case k =1 is trivial. It is obvious that for 1 < i,j < r, we have
T T T T 1, iti=yj,

Aixi =A% 20, y; Ai=y; A>0, y; Aixj =y, Ax; = e
0, ifi#j.

Assume the statement that

1, ifi=j,

Apxi >0, yl Ay >0, yl Az =
kX = Y Ak = Yi AkZ; {O, if i+ g,

is true for all k£ < 4,5 < r. Recall that Ay = A — Akxky,;rAk. It follows that for all
k+1<14,7<r, we have

Apiixi = (Ap — Apgxpy) Ap)xi = Aga; > 0,
Vi Apsr =y (Ax — Apxayy Ap) =y Ay >0,
1, ifi=j,
Vi Apix; =y (Ak — Apxeyp Ap)x; =y, Apxj = .
0, ifi##j.

By the mathematical induction, we conclude that the very same matrix B can be achieved by
r rank-one reductions via the sequence of vectors {(xx,yx)}j_q- O

Theorem 7.3.1 delivers an important message that no matrix can have a nonnegative rank-r
reduction by a rank-r matrix without first having a nonnegative rank-one reduction by a rank-
one matrix. Additionally, nonnegative rank-one reduction is preferable from the standpoint of
computational complexity. For rank-one reduction, it involves n 4+ m variables in the problem
(7.9) and need to solve the optimization problem repeatedly r times (if no restart). For rank-
r reduction, it involves r(n + m) variables in the problem (7.10), but it only need to solve
the problem once. As r grows larger, the complexity involved in solving the optimization
problem (7.10) even by the same optimization solver would grow far more rapidly than the

total complexity of r applications to the problem (7.9).
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7.4 Completely positive matrices

A nonnegative semi-definite matrix A € R*" is said to be completely positive (CP) if and only

if A can be factorized as
A=BBT, (7.11)

where B is nonnegative [15]. The matrix B is not necessarily square. The smallest number of
columns of B satisfying the factorization (7.11) is called the cp-rank of the matrix A, denoted
by ranke,(A). If A is CP, then clearly rank;(A) < rank.,(A). There has been considerable
interest in the CP matrices and their properties. An upper bound estimate for the cp-rank, for

example, can be found in [8, 84],

rank(A)(rank(A) + 1)

ranke,(A) < 5

_17

provided rank(A) > 1. Some sufficient conditions under which rank.,(A) = rank(A) can be
found in [149]. Of particular intrigue is the case that if A is generated by a Soules matrix,
then rank,(A) = rank(A) [150]. General properties and some applications of CP matrices are
discussed in the book [15].

The determination of whether a given nonnegative semi-definite matrix is CP is an open
question. Computing the CP factorization of a CP matrix is another very challenging task [14].
The symmetric form demanded in (7.11) seems to make the CP factorization more difficult than
the NRF problem It turns out that with slight modification our NRF algorithm can determine
heuristically whether rank.,(A) = rank(A) and, if it is affirmative, we can compute the factor
B numerically.

It is almost obvious how the Wedderburn formula should be modified to assure symmetric
rank-one reduction. In order to satisfy the symmetric condition, we choose the vector x to
be the same as y in the rank reduction formula [36]. Starting with A; = A, the optimization
problem in (7.9) is reformulated as follows:

max min [Ak — AkaX;Ak]
xp €R™

(7.12)
subject to  Apxy > 0

X;—Akxk =1

with Agyq1 = Ag — AkxkkaAk. If the optimal value at a local maximizer is nonnegative, then
a symmetric NE has been found for the matrix A;. Otherwise, a treatment similar to the NRF

problem can be applied to the CP problem until no more symmetric NE could be found. Since
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the rank is reduced by one in each step, the process could only be repeated at most rank(A)
iterations in exact arithmetic. In the event that rank.,(A) = rank(A), our algorithm offers a

numerical procedure to discover the nonnegative factor

B = (AIXL ce 7Arank(A)Xrank(A))

heuristically. Our approach perhaps represents only a modest advance toward the CP problem,
but so far as we know, there is no other way capable of computing the factorization of CP

matrix in the literature.

7.5 Maximal nonnegative rank splitting

Due to the rank reduction nature, our process cannot extract more than rank(A) rank-one NEs.
To our knowledge, currently there is simply no techniques to handle nonnegative rank factor-
ization for the cases rank(A) > rank(A) (or cp-rank factorization for the case rankg,(A) >
rank(A)). Still, we can employ our algorithm to address one interesting issue on the so called

maximal nonnegative rank splitting (MNRS) defined below.
(MNRS): Given a nonnegative matrix A, find a splitting

A=B+C, (7.13)
where both B and C' are nonnegative matrices satisfying

rank(B) = rank (B),
rank(A) = rank(B) + rank(C),

and rank(B) is maximized.

If A € B(m,n), then trivially B = A and C = 0. Considering A ¢ R(m,n), we know that A
has no NRF. However, it is plausible that A still has a few NEs. Repeatedly apply our method
until it has to be terminated (after many retries), say, at Ag. If we trust that A; has no more
NE, then B := A — A and C := Ay, form an MNRS for A.

We mention few examples to demonstrate the notion of MNRS.

Example 3. The matrix ¢ defined in (7.4) has zero B component in its MNRS.
-
Example 4. Consider the 8 x8 nonnegative matrix A := [W, H], where W := [ €T 04 } €
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R*>*8 and H € R¥* is made of the product H = HyH, with

H1 =

[ 0.2917
0.4665
0.9439
0.0943
0.0119
0.3723
0.3542

| 0.0820

0.3109
0.2558
0.1048
0.2903
0.4985
0.8205
0.3074
0.7715

0.2026
0.9396
0.2107
0.9670
0.6356
0.4252
0.2262
0.9325

and Hy :=

0.7426 0.2143 0.0907 0.1922
0.5133 0.8007 0.8121 0.0639
0.5417 0.6280 0.0968 0.4969

Since 3 = rank(H) < ranky (H), it is clearly that rank(H) = rank; (H) = 3. Hence, rank(A) =
6. Does A have an NRF, or can we retrieve an MNRS of A?
Apply Algorithm 10 to the matrix A. The farthest we can go is a splitting A = B+ C with

and

r
S O O O O o o O

O O O O O O = =

o O O O O o o o
o O O O o o o o
S O O O O o o O

S O O O O = O
O O O O = O = O
O O O O = = O O

0.17825
0.56400
0.38505
0.14403
0.60902
0.92796
0.54335
0.96204

0.30770
0.42271
0.48382
0.59883

0

0
0
0

0.36892
0.47683
0.33387
0.42702
0.80086
1.00378
0.46409
1.22092

0.06976
0.41803
0.08464
0.43291

0

0
0
0

0.29782
0.34027
0.19112
0.33791
0.46744
0.74126
0.30366
0.72424

0.00073
0.00073

0
0
0
0
0
0

0.08302
0.18382
0.16500
0.09387
0.34997
0.33527
0.20012
0.52842

0.09358 |
0.38908
0.12781
0.42331

0

0
0
0_

where for the ease of running text we have displayed all numerals in 5 digits only. Since the

result is derived from the Wedderburn rank reduction process, it is guaranteed by theory that
rank(B) = ranky (B) = 3 and rank(C') = rank(A) — rank(B) = 3. However, the special matrix
¢ is still embedded at the upper left corner of C'. This forces the fact that rank,(C) = 4 and

that C' has no more NE. Hence, this splitting is an MNRS of A.
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7.6 Geometric meaning of nonnegative rank

This section is to briefly investigate a geometric meaning of the nonnegative rank. This meaning
not only relates the notionof NRF to the classical Sylvester’s problem, but also brings forth an
interesting conclusion on the conditional probability of the NRF.

For a given matrix A € R"*", denote its columns by A = [a;,...,a,]. Assume that the
matrix A can be factorized as A = UV, where U € R["" and V € R*". Following the
discussion in Section 5.2, let

I(A) := Ao (A)™, (7.14)

with
o(A) = diag{[|ail1,. .., [[an[l1}, (7.15)

denote the projection of A onto the probability simplex D,,. Assume without loss of generality,
that o(U) = I,. Then, we have

Consequently, we have the following result immediately.
Lemma 7.6.1 Given a nonnegative matric A € R™*", then rank, (A) = ranky (¥(A)).

Proof. Suppose that rank; (A) = p, without lose of generality, we might factorize A as the

sum of p rank-one matrices, u7;viT for vectors u; € R™, v; € R and ¢ = 1, - - - p such that
P
A=Y uw] (7.18)
i=1

We know that A = ¢#(A)o(A). Hence

Ac71(A) = ( P uiv;r)o'_l(A)
= Yiw(v/o(4) (7.19)
= 9(A)

Following from formula (7.19), we get that rank,(9¥(A)) < rank;(A). In a similar way, we
could prove the other direction of the inequality. O
It thus suffices to consider the geometric meaning of rank (J(A)) on the simplex D,,. By

the relationship (7.16), we have the following interpretation of the nonnegative rank.

Lemma 7.6.2 The integer rank, (A) represents the minimal number of vertices on Dy, so that

the resulting convex polytope encloses all columns of the pull-back 9(A).
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In other words, a nonnegative matrix A has an NRF if and only if the matrix J(A) could
be enclosed by the the minimal convex polytope with exactly rank(A) many vertices on D,y,.
Using this notion, we are now able to explain why the matrix ¢ in (7.4) does not have an NRF
by geometry.

Since each point a = [a, ag, as, a4]T € Dy satisfies a1 +as+az+as = 1, it suffices to represent
the 4-dimensional vector a by its first three entries [a1, as, as]". Through this transformation,
the probability simplex Dy can easily be visualized through the unit tetrahedron S in the first
octant of R?. In particular, columns of ¥(%’) can be interpreted as points Ay, As, Az, A4 depicted
in Figure 8.2. Also, the four points A, A, A3, A4 are coplanar because rank(J(%)) = 3. On

D:Convex hull determined by 6(Qu4)

S:Unit Tetrahedron /A4

Figure 7.1: A geometric representation of the matrix ¥(%).

the other hand, these four points of the convex hull D sits on four separate “ridges” of the
tetrahedron, which cannot be enclosed by any three-vertex convex set in the tetrahedron. The
minimum number of vertices for a convex set in the unit tetrahedron to enclose D is four,
hence rank, (¢’) = 4. The point to make is that the columns of % are sitting at very strategic
positions in the unit tetrahedron. An interesting question to ask is how often this can happen.
Or, to put it differently, we might want to ask the following two questions about geometric
probability:

(R2R ;) : Given an arbitrary nonnegative 4 by 4 matrix of rank 3, what is the

probability that its nonnegative rank is 37
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(R4+2R) : Given an arbitrary nonnegative 4 by 4 matrix of nonnegative rank 3, what
is the probability that its rank is 37

To answer R2R, it suffices to consider matrices in the set
¢ :={Ae Ry |rank(4) =3, A=9(A)}.

For A € €, the four corresponding points obtained from deleting the last row of A must be in a
plane that intersects the unit tetrahedron. Hence there are two mutually exclusive cases for this
R2R, . First, the cross-section of the plane in the unit tetrahedron is a triangle. Naturally this
triangle encloses the four points. In this case, the matrix has nonnegative rank 3. Then what is
the probability of a randomly selected plane in the unit tetrahedron to have a triangular cross-
section? Second, the cross-section is a quadrilateral. Then what is the conditional probability
that the four points representing A in the unit tetrahedron are enclosed in a triangle within the
quadrilateral?

Both questions are not easy to be answered. Especially, we must reconcile the first question
concerning the basic geometric probability with how the plane cuts through the unit tetrahedron
[109]. It is known that for this question alone, different definitions of randomness will lead to
different answers. For the second question, it is related to the well known Sylvester’s four-point
problem which asks for the probability, denoted by p(4, K), of four random, independent, and
uniform points from a compact set K such that none of them lies in the triangle formed by the
other three [7]. Hence, the conditional probability of the event that rank (A) = 3, given A € &
is in some compact quadrilateral K, is greater than or equal to 1 — p(4, K). Nevertheless, it is
a well known story that p(4, K) itself has a number of different answers [141]. Thus far, no one
could proclaim an exact solution for this problem and Sylvester has to proclaim in [155] that,
“This problem does not admit of a determinate solution!” For this reason, we currently do not
have a definitive answer to the seemingly simple problem R2R, .

The flipped side question of R2R. is also interesting. It turns out we have a surprising

answer even for the general cases. We think this result is important and new.

Theorem 7.6.1 Given k < min{m,n}, let R (k) denote the manifold of nonnegative matrices
in RPY™ with nonnegative rank k. Then the conditional probability of rank(A) = k, given
A€ Ry(k), is one.

Proof. Since rank(A) = rank(9(A)) and ranky(A) = ranky (9(A)), we may, without loss
of generality, assume A = ¥(A). Note that the subspace orthogonal to columns of A is of
dimension m — rank(A) and the column sum for A is always 1. Together, columns of A satisfy
m — rank(A) + 1 independent linear equations. Thus these vertices should reside on an affine

subspace of dimension rank(A) — 1.
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If A e Ry(k), then ranky(A) = k. It is known that the probability of k distinct points in
R™ to be in an affine subspace of dimension strictly less than k—1 is zero. Hence the conditional
probability of rank(A) < k, given rank, (A) = k, is zero. That is, if rank, (A) = k, then with
probability one we have rank(A) = k. O

7.7 Numerical experiments

In general, a nonnegative matrix may not have an NRF. In this case, we have already described
in Section 7.5 how to calculate the MNRS. In this section, we demonstrate the working of our
algorithm by computing the NRF of a few nontrivial matrices. For illustration purpose, we
employ the MATLAB routine FMINIMAX as our optimization solver in all our computation and
choose € = 10719 as the threshold for machine zero in Algorithm 10.

To ensure a given m X n matrix to be in R(m, n), we rely on Theorem 7.6.1 to generate test
data.

Example 7.7.1 Randomly generate two nonnegative matrices W &€ [RiXS and H € RiX5

[ 0.9708 0.2140 0.4120 | [ 0.6833 02071 04514 ]
0.9901 0.6435 0.7446 0.2126 0.6072 0.0439
W= 0.7889 0.3200 02679 |, H= | 0.8392 0.6299 0.0272 | |,
0.4387 0.9601 0.4399 0.6288 0.3705 0.3127
| 0.4983 0.7266 0.9334 | | 0.1338 0.5751 0.0129 |

and define A = WH. By construction, the matriz A clearly has an NRF. Then we use our
method to discover a new NRF for the matric A = UV such that

[ 0.02556251462152  0.00563995049828 0.05020141897100 |
0.02170073447446 0.00833461311952 0.10441556394589
U= | 0.01809150541560 0.01018126666230 0.05049608516928
0 0.01848758106428 0.11124821245836

| 0.00844625518446 0 0.11504734974715

and

[ 22.65196335171072 0 6.26680882859984
2.42501879200814  7.93355352839419 4.93382971188032
V = | 21.86596055059507 15.79385557484764 6.22840681607381 ;
18.88971723342108  4.21210726740658 6.21364289968766

0 7.37487007847031 4.31631898597720
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where, for convenience, we have transcribed all digits of the computed result.

Example 7.7.2 To demonstrate the NRF of a CP matriz, we randomly generate a nonnegative

matric W

and define A= WW . By construction, A is CP. Our algorithm shows that the matriz A has

[ 0.3840
0.6831
0.0928
0.0353
0.6124
| 0.6085

0.0158 0.6315 0.3533
0.0164 0.7176 0.1536
0.1901 0.6927 0.6756
0.5869 0.0841 0.6992
0.0576 0.4544 0.7275
0.3676 0.4418 0.4784

a nonnegative decomposition A = BB with

[ 0.58354630329629
0.58153426004785
0.67910036260539

0
0.45303579486590
| 0.28134324531544

Example 7.7.3 For a general matriz R with negative entries, it cannot be guaranteed that the
product RR" has an NRF. However, if R is a Soules matriz, by definition, the product RDR"

is nonnegative and rank.,(RDR") = rank(RDR") for every nonnegative diagonal matriz D

0.35203758768455
0.21962336143449
0.70358647639519

0.91741547294584

0.65652500722113
0.66368746544619

0.44908808470853 0.07198556063105
0.78677873223851 0
0.14987548760103 0.04842113133372

0 0

0.57125648786549 0.38921284477200
0.63911349062806 0.03680601340055

with nonincreasing diagonal elements [150]. The matriz

[ 0.1348  0.1231  0.1952  0.3586  0.8944 |
0.2697  0.2462  0.3904  0.7171 —0.4472
R= 04045 0.3693 0.5855 —0.5976 0
0.5394 0.4924 —-0.6831 0 0

| 0.6742 —0.7385 0 0 0 |

has negative entries, but is a Soules matriz [58]. With this R and with

D = diag([0.7,0.5,0.4,0,0]),
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We can define a nonnegative matriz

[ 0.035537749 0.071084934 0.106614875 0.027868556 0.018162837 |
0.071084934 0.142188747 0.213258065 0.055774870 0.036372868
A=RDR" = | 0.106614875 0.213258065 0.319849520 0.083670750 0.054535705
0.027868556 0.055774870 0.083670750 0.511545776 0.072745736
| 0.018162837 0.036372868 0.054535705 0.072745736 0.590873073

By theory, A is a CP matrixz. Also, because of the two zeros in D, we know that rank(A) = 3.
By using our method, we find rank.,(A) = 3 as is expected and obtain a decomposition
A= BB with

[ 0.18851458564260 0 0
0.37707922576755 0.00005556024891 0.00003751809670
B = | 0.56555239286434 0.00006079293882 0.00008502728571
0.14783235952195 0.07671246735655 0.69556205102811
| 0.09634711785325 0.76262068283226 0

7.8 Conclusion

Different from the NMF where the factorization is done approximately, the NRF insists on the
holding of equality to the original matrix by the product of its factors. The NRF is a much
harder problem both in theory and in computation. Our contribution in this investigation is
to propose a numerical method that is able to detect whether a given nonnegative matrix does
have an NRF and find such a factorization, if it exists. Although at present our method is still
heuristic and can break down, empirical results seem to strongly suggest that our algorithm
can handle the situation reasonable well for generic nonnegative matrices. Even for a matrix
without NRF, we can also study its MNRS. Our method also can be applied to explore the CP
factorization for a CP matrix. All of these would have been extremely difficult, if not possible,
in the literature.

The most important feature in our algorithm is the employment of the Wedderburn rank
reduction formula. At each iteration, we uncover an NE that not only reduces the rank by one,

but also maintains a nonnegativity residual.
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Chapter 8

On the Nonnegative Rank of

Euclidean Distance Matrices

8.1 Overview

This short chapter exemplifies the rich field of many unanswered questions relevant to our
study. We have pointed out earlier that generically a matrix A with rank; (A) = k should have
rank(A) = k. But what are the exceptions? In this chapter we study the analysis of the non-
negative rank of a very important class of nonnegative matrices, the so called Fuclidian distance
matrices (EDM). The notion of distance geometry, initiated by Menger and Schoenbeng in the
1930s, has been an area of active research because of its many important applications, includ-
ing molecular conformation problems in chemistry [48], multidimensional scaling in behavioral
sciences [53, 129], and multivariate analysis in statistics [130]. The article [74] is an excellent
reference that expounds the framework of Euclidean distance geometry in general. More exten-
sive discussion on the background and applications of distance geometry can be found in [48].
Our contribution here is to show via a geometric argument that while the EDMs always have
low algebraic ranks, their nonnegaive rank usually is full. Specifically, we show that the EDM
of n distinct points in R has nonnegative rank n and conjecture that same is true for points in
higher dimensional spaces. In short, the EDMs have no NRF in general. This work represents
perhaps only a modest advance in the field, but it should be of interest to confirm the precise

rank and nonnegative rank of a distance matrix.

8.2 Rank condition and standard form

We first briefly review the rank condition of EDMs. For this particular of nonnegative matrices,

we also introduce the notion of standard form of matrix factorization Corresponding to any given
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0 289 130

Q(p1,p2,p3) = | 289 0 153
130 153 0

\

Figure 8.1: Euclidean matrix of three points in R?.

n points pi, ..., Pn in the space R", the EDM is an n X n symmetric and nonnegative matrix

Q(P1,---,Pn) = [gi;) whose entry g;; is defined by

¢j = lpi—pil%, i,5=1,...,n, (8.1)
where || - || denotes the Euclidean norm in R”. That is, the EDM in R™*™ is an exhaustive
representation of the relative distance between any two points of {p1,...,p,} in R". An example

for the case n = 3 and r = 2 is sketched in Figure 8.1. It is easy to see that this matrix is
symmetric with zero diagonal.

Among the many properties of EDMs, perhaps the following rank condition of Q(p1,...,Pn)
is most peculiar. There are many different ways in the literature to establish this result.
For the sake of connecting the matrix factorization, we adopt the following constructive and

straightforward proof whose simplicity is worth noting.

Theorem 8.2.1 Suppose p1,--- ,pn € R". Then for any n > r + 2, the rank of Q(p1,...,Pn)

is no greater than r + 2 and is generically r + 2.
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Proof. It is true that [10]

[ pall® 1 —2p] ]
: : 1 .1 L 1
QP1,.-.,pn) = | [pill” 1 —2p/ lp1]? el - lpall® |- (8.2)
: : P1 pPj Pn
L [lpal? 1 —2p, | v
U

where U € R™*(*+2) and V € R+2)*" Hence, the rank of matrices U and V are generically
equal to r 4+ 2 unless the points p1, ..., p, satisfy some particular algebraic conditions such as
lpell =1 forall £ =1,...n. O

It is important to note that the rank of an EDM is independent of the number n of points
given, but depends only on the dimension of the ambient space. In other words, the size of
an EDM can be arbitrarily large, but its rank remains very low and generically is a constant.
The rank deficient property of the EDM implies that many entries in the matrix are redun-
dant and could be replaced by the other entries. It is nature to ask the question of whether
rank (Q(p1,...,Ppn)) has similar property. The two factors U and V in the decomposition
certainly cannot be nonnegative simultaneously. The (minimum) nonnegative factorization of
Q(p1,-..,Pn) is yet to be analyzed.

Suppose that a given nonnegative matrix A has two nonnegative factorizations, A = BC
and A = F'G, We say that these two factorizations are equivalent if there exist a permutation
matrix P and a diagonal matrix D with positive diagonal elements such that BDP = F' and
PTD™1C = G [10]. With this notion in mind, we can rewrite every nonnegative factorization

of an EDM into the following “standard form”.

Lemma 8.2.1 Given n distinct points p1,...,Pn 0 R" with n > r+ 2 > 3, then any nonneg-
ative factorization of Q(p1,...,Pn) s equivalent to the form
[ 1 0 % x% 1T 0 *x + x 1
0 = + 0 * =*
QP1,---»pPn)=| 0 *x 1 % ... * + 0 x (8.3)
x % ok % x % k%

where x stands for some undetermined nonnegative numbers and + stands for three undeter-

mined positive numbers.

Proof. Let Q(p1,...,Pn) = UV be a nonnegative factorization with Q(p1,...,pPn) = [,
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U = [ui;] and V = [v;4]. Since p; and p3 are distinct (i.e., ¢g13 > 0), there must exist an index
1 < k1 < n such that ujg, vi,3 > 0. Place ugg, at the (1,1) position and vi,3 at the (1,3)
position by permuting both the first and the k;-th columns of U and the first and the k;-th
rows of V' simultaneously. This permutation will not affect the product. After scaling ux, to
unit, rename without causing ambiguity the permuted matrices as U and V, respectively. As
q11 = 0, the corresponding v1; in the new V must be zero.

Since p; and pg are distinct (i.e., g12 > 0), there must exist an index 2 < k2 < n such
that wog,vg,1 > 0. Similarly, place wugg, at the (2,2) position and wvg,; at the (2,1) position
by permuting the second and the ko-th columns of U and the second and the ko-th rows of V
simultaneously. It follows that the permutation will neither affect the product nor alter the first
column of U or the first row of V. Again, after scaling ugy, to unit and renaming the permuted
matrices as U and V. Since g33 = g22 = 0, it must be ug; = v9o = 0.

Finally, since py and ps are distinct (i.e., ga3 > 0), there exists an index 3 < k3 < n such
that ugg,vk,2 > 0. Permuting the third and the k3-th columns and rows and scaling usg, to
unit will give rise to the structure specified in the lemma. O

It is important to note that the procedure described above cannot be continued to the fourth
or other rows or columns. With this in mind, we refer to (8.3) as the standard nonnegative

factorization of Q(p1,...,Pn)-

8.3 Nonnegative rank factorization for linear Euclidean dis-
tance matrices
In a recent paper [10], it is shown that for a nonnegative matrix of rank 3 to have nonnegative

rank 10, we would need a matrix of order at least 252. The result is this section clearly indicates

that the actual order could be much lower. We use linear EDMs to make our points.

To begin this, given a permutation 7 of the set {1,2,...,n}, define the permutation matrix

P, = [51»7(]»)] where d, denotes the Kronecker delta function. It is easy to see that
PIQ(p1,---.Pn)Pr = Q(Pr(1):- - - Pr(n))s (8.4)
since the matrices P and P, permute the rows and the columns of the matrix Q(p1,...,Pn),

respective. It follows that any two EDMs constructed from the same set of n given points are
orthogonally equivalent to each other by permutation matrices. In particular, they have the

same nonnegative rank.

In one dimensional case (i.e., r = 1), we may assume, after permutations if necessary,
that the point are arranged in ascending order, p; < ... < pp. Define s; = p;+1 — pi,
i =1,...,n — 1. Entries in the linear EDM are arranged in a special ordering pattern— be
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complexed when radiating away from the diagonal per column and row, i.e.

0 (st (sitsats)? ]
s 0 s3 (52 + s3)2
Q(p1,---,Pn) = (514 $2)? 53 0 s3 e (8.5)
(514 s24s3)% (s2+ s3) 53 0

Such a specific ordering could provide us with an illuminating insight into the nonnegative rank
of the EDM. Unless mentioned otherwise, the subsequent discussion is for the case r = 1. Since
the reference to the points pi,...,ps, is not crucial, for convenience, we express Q(p1,.-.,Pn)
as Qn.

We start the analysis of the nonnegative rank condition with the case n = 4. This is the
case where we can actually ”see” the nonnegative rank. The insight thus obtained will be
generalized to draw general conclusions. Denote the columns of Q4 by Q4 = [q1,...,q4]. By
Lemma 7.6.1, it suffices to consider the pull-back ¥#(Q4) on the probability simplex D4. Recall
that the probability simplex D4 can easily be represented via the unit tetrahedron Ss in the
first octant of R3. Columns of 9(Q4) are represented by points q1, 2, 43, G4 in S3. Assume the
generic condition that rank(@Q4) = 3. Then the four points qi, Q2, 3, Q4 are coplanar.

A simple layout is sketched in Figure 8.2. It can be argued that this common plane is either

parallel to the y-axis or has the y-intercept gaiven by

5152
s152 — s3(s1+ 52+ s3)

which is either negative or positive with value greater than 1. In any of these cases, the
plane intersects the tetrahedron as a quadrilateral. The first three points reside on three
separate “ridges” of the quadrilateral and hence cannot be enclosed by any triangle within the
quadrilateral except the one with vertices at these three points. Clearly, if rank; (Q4) < 4,
then q4 must be inside this triangle and hence be a convex combination of qi,qq, s, which
deduces that the vector q4 must be a nonnegative combination of q1, q2,qs. This, of course, is
impossible because g4 = 0. Thus ranky (Q4) = 4.

Similarly, for the case n > 4, identify any n-dimensional vector x € D,, by its first n — 1
entries [z1,... ,xn_ﬂ—r. Columns of ¥(@,,) are represented by qi,...,q, as n points residing
within the unit polyhedron S,_; in the first orthotant of R®~!. The geometry related to

nonnegative rank property of (4 could be generalized as follows:
Theorem 8.3.1 Suppose that the linear EDM Q,, is of rank 3. Then rank,(Q,) = n.

Proof. Because rank(Q,,) = 3, its columns reside on a 3-dimensional subspace of R”. The pull-
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Common plane determined by
Qi,i = 1727374

S3 : Unit tetrahedron
>

Figure 8.2: A geometric representation of the matrix ¥(Q4) when r = 1.

back map ¥ can be considered as the intersection of this subspace and the hyperplane defined
by > %, x; = 1. Columns of ¥(Q,,) therefore are “coplanar” whereas by their common plane
we refer to a 2-dimensional affine subspace in R”. Identifying any n-dimensional vector x € D,
by its first n — 1 entries [x1,...,2,_1]", we thus are able to “see” columns ¥(qy),...,9(q,) as
n points residing within the unit polyhedron S,_; in the first orthotant of R»~!. These points
remain to be coplanar. (Indeed, the 2-dimensional affine subspace can be identified by a fixed
point, say, ¥(q), and two coordinate axes, say, vi := ¥(qz) — ¥(q1) and vy := ¥(qs) — Hqy),
where all points in the 2-dimensional affine subspace can be represented as ¥(q;) + a1vi + aava
with scalars a; and ag. The drawing in Figure 8.2, therefore, is still relatively instructive.)
Now we show that each point q; could not be a nonnegative combination of the others. For
1 <4 < n—1,itis clear that q; cannot possibly be a convex combination of any other q;
because of the unique zero at its ith entry. We claim further that q, cannot possibly be in the

convex hull spanned by qi,...,Qqn—1. Assume otherwise, then we would have
n—1
Qn = Z Cifh'
i=1

for some ¢; > 0 with 37" ¢; = 1. Note that ||qn|/1 = 1. However, || 327" ¢;ql1 < 1 because
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Table 8.1:

Standard nonnegative factorizations of Qy.

U %4
I 1 0 # (81 +82+83)2 i - .
53 0 0 (s1+ 82)2 0
2
Giisa)? 1 0 (s2 + s3)° 5120 0 0
0 (oatea)® 1 542 0 592 0 0
532 (s14s2+s3)?  (s2+s3)? 0 L 0 0 0 L]
L (81+82)2 512 s92 J
(s1+s2)sa(s1452+53) [ 2 s3si(sitsa) i
1 0 0 A :szég — 0 S1 S2+53 0
0 1 0 597 51° 0 0 e
0 BRI ! 0 Lupamlatats) g2 0
53(52+53) (s2+s3)(s1+s2+53) (s2+s3)(s1+s2+53)
(s1+s2)s1 0 (s1+s2)s2 0 | 0 0 1 ) (21-1—;2)82 )
1 0 0 517 0 0 82(81+S§2)$;;82+83) (s1+ 524 s3)*
s2(s2+53)
(s1+s2)(s1+s2+s3) 1 0 0 517 0 0 %
+
o gm0 : stumli o
(s2+s3)(s1t+s2+s3)  s3(s2+s3)s1 s3(s1+s2)
0 0 (81+82)S2 S1+82 L 0 1 (224—183);1 0
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|ail[1 < 1 after chopping away the last row of ¥(@Q,). This is a contradiction. The smallest
number of vertices for a convex hull to enclose qu, . . ., qn, therefore, has to be n, implying that
ranky (Qp) = n. O

The expression @4 = UV in the standard form (8.3) contains a polynomial system of 22
equations in 23 unknowns whereas one of the nonzero unknowns can be normalized to unit.
Other than the trivial factorization Q4 = I4Q4 where I, is the identity matrix, it can be shown
that this nonlinear system contains only three nontrivial nonnegative factorizations which we
list in Table 8.1. Clearly, the first set of factorization in the table is equivalent to Q4I4. The
last two sets of factorizations correspond to the four vertices of the quadrilateral depicted in
figure 8.2. This observation also shows that @4 is not prime [13, 147].

There is a subtle difference between the standard nonnegative factorization of 4 and that
of @, when n > 5. Except for the trivial factorization, both factors U and V in Table 8.1 for

Q4 are of rank 3. This is not the case in general.

Lemma 8.3.1 Assume that rank(Q,) =3 andn > 5 and Q, = UV is a standard nonnegative

factorization for the matrix Q,. Then U and V' cannot be of rank 3 simultaneously.

Proof. Observe first that since @, is symmetric, rank(Q,,) = 3 and n > 5, we can partition

Qn as
Q3 Q3P

Qn = (8.6)

®TQ; | 2TQs®

where ® € R**("=3) is uniquely determined. Indeed, if we write ® = [¢,, ... ¢,], then it can be

shown that

(Zz 2sf)(zé 335)
s1(s1+s2)

P = (Zz 1 50) (055 5¢) , J=4,...,n. (8.7)

5182

(Xizy 50) (i, 5)

s2(s1+s2)

Note that the second entry in ¢, is always negative.
Assume by contradiction that both U and V of Q,, are of rank 3. As U and V appear in

the standard form (8.3), their 3 x 3 leading principal submatrices U1 and Vi are nonsingular.

154



Thus similar to (8.6), we can partition the nonnegative factors into blocks

Ui U110 Vit Vil

Qn = ’ (88)

AUy | ATUHO ATV | ATV

where ©, A,T" and A are real matrices of compatible sizes. Upon comparing (8.8) with (8.6),
we see that A = ® = I". Taking a closer look at the product ATUj;, we find that the signs of

its entries are given by

—
—= O

AU, =

jes}
*

+ - + * [+

where, again, * indicates some undetermined nonnegative numbers, + some undetermined pos-
itive numbers, and [J some nonnegative numbers which can further be determined. Similarly,

the signs for entries of V111" are given by

0 *x -+ + ... + * .. *
Villl= | + 0 =« - ... — =1+ ... +
* + 0 + ... + CJ J

Since the diagonal entries of @),, are zero and entries of U and V are nonnegative, it follows that
u;vj; = 0 for all indices ¢ and j. Accordingly, the +’s in the middle row of V111" must cause
the [0’s in the middle column of ATUj; to become zeros. This implies that the very same uso
would have to satisfy the equalities
i—1 j—1 i—1 i—1
(Zizl Se) ( —3 84) (ZLl Sf) ( =2 86)

- + U3z = 07
5189 s2(s1+ s2)

for all j =4,...n, which is genetically impossible if n > 5. O
The computation of the nonnegative factorization of @, for n > 5 is considerably harder.
The case n = 5, for example, involves a polynomial system of 39 nonlinear equations in 41

unknowns two of which can be normalized. From a geometric point of view, we might want to
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generate two nontrivial matrix factorization of )5 based on the factorization of Q4. Write

with c5 € R**!. Consider the submatrix [Q4,c5] only. In Theorem 8.3.1 we have shown
that vectors q, ..., Qs are coplanar and, hence, q5 is a point in the interior of the quadrilateral
drawn in Figure 8.2. In particular, if Q4 = UV is one of the two nontrivial standard nonnegative
factorizations of Qy, i.e., columns of ¥(U) (or 9(V 7)) are the four vertices of the quadrilateral,
then cj is a nonnegative combination of columns of U (or V' 7). In this way, two of the nontrivial

standard nonnegative factorizations of ()5 are given by

U |0 Vv W5 U Cy V10
Qs = = : (8.10)
o' |1 cl | 0 zd | 0 0" |1

respectively, where wy and zs5 are some nonnegative vectors satisfying Uws = VTz5 = c5. This
procedure can be generalized to higher n, but there might be other nonnegative factorizations

which are not of this particular form specified in (8.10).

8.4 A conjecture for higher dimensional Euclidean distance ma-

trices

In higher dimensional vector spaces, points pi,..., P, cannot be completely arranged in as-
cending order. Thus, for r > 1 and n > r + 2, the EDM will not enjoy the intrinsic structure
indicated in (8.5). However, if we denote p; = [p;;], the matrix Q(p1, ..., pn) could be expressed

as

Q1. Pa) = > Qpits - Din).
i=1

It has been shown earlier that generically rank, (Q(pj1,...,pin)) = n for each 1 <1i < r. Note
that these r linear EDMs are essentially independent. If we want to get a reduction of rank via
the summation (of nonnegative entries) of these r linear EDMs, they must satisfy some delicate
algebraic constraints. We thus conjecture that rank, (Q(p1,...,Pn)) = n generically for all r.

It might be informative to reexamine the geometric representation of the matrix Q4 when

r > 1. In contrast to the setting in Figure 8.2, columns of Q)4 are not coplanar while rank(Q4) =
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Common plane determined by
qi, 492,93

Tt

Unit tetrahedron

Tetrahedron determined by

0(Q4)

Figure 8.3: A geometric representation of the matrix ¥(Q4) when r > 1.

r+2>4.
The relationship of q1, qo, 43, and g4 could be depicted as that in Figure 8.3. The vertex qq

resides on the simplex D3. How the base plane determined by vertices qi, qo, and qg intersects
the axes characterizes the zero structure of nonnegative factors. Different from the case r = 1,
there are several possibilities and there is simply no general rules here. The one shown in

Figure 8.3 implies that the corresponding ()4 is prime, which is another interesting contrast to

the case when r = 1.
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Chapter 9

Future Work

In the course of our research into the inverse problem of matrix data reconstruction, we have
made several major breakthroughs and resolved several problems that have been regarded as
difficult in the literature. But we also have discovered many additional issues that deserve
further investigation. These interesting questions arise out of either theoretical rumination or
practical consideration. Some of them are serious enough that would impact various parts
of our current investigation, while others are more for mathematical inquisitiveness. In this
section, we list without further elaboration some of the most intriguing problems that we have

identified in our study.
1. Impact of eigenvalue structure

e In Chapter 2, we propose an IMP approach to the IEPs. In that setting, we point
out that only the structure of eigenvalues are needed for the IMPs whereas the
actual eigenvalues could be arbitrary. We have numerical evidence, but would like
to investigate whether and why an IMP is solvable for arbitrary splitting in the
number of real and complex eigenvalues n = t + r and the distribution of prescribed

eigenvectors k = 2kc + kp + ky < kmag-

e We point out in Section 2.5 that eigenvalues of an IMP with real, symmetric, and pos-
itive semi-definite (M, C, K') must satisfy the condition that the matrix X J2H 1 X T
is negative semi-definite. In this case, the completion process for the eigenvectors
and the eigenvalues cannot be done individually. Standard optimization could be
employed to solve the model built in (2.31). But we have an idea that the numerical
techniques introduced in Chapter 3 and 4 might also be applicable to carry out this
task. We think this connection or even some theoretical generalization in this regard

is worthy of future research.

2. Ezpansion of library modules for IEPs via the truncated QR method
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e In Chapter 3, we have developed a software package Opt4QIEP that employs the
notion of the truncated QR method to solve QIEPs with sparsity pattern and in-
exact data. Our idea is to build a consistent linear inequality system while taking
the sparsity pattern embedded in the original system directly into account in the
construction process. We believe that this automated structure generation and error
correction approach should have significant impact in applications and should be
generalized to include as many critical dynamical systems as possible. Module by

module, we continue to expand the library according to various physical laws.

3. Improvement of IEPs via the SDP techniques for IEPs

e In Chapter 4, we have demonstrated how the SDP approach can be employed with
little effort to tackle various very difficult structured systems IEPs. However, most
current general-purpose SDP software suffers from memory limitation on handling
large scale problems. The culprit is the interior point method which usually is aimed
at solving the primal problem. Our QIEPs under the framework of the SDP is in
the dual form. It thus is possible to develop special-purpose numerical approach,
solely for the dual problem, for our QIEPs. With the power that SDP methods
have already manifested, this achievement would be a boost to our ability in solving
QIEPs.

4. Vectorization and parallelization Parallel computation in solving NMF

e Currently our numerical procedure for solving NMF is contingent upon the calcu-
lation of the proximity which is being carried out column by column. Despite its
yield of a better approximation, the employment of such a strategy make the com-
putation less efficient and competitive than the Lee-Seung algorithm which allows
BLAS3 implementation. We have already pointed out in Chapter 4 that the iterative
steps are embarrassingly parallelizable, which makes the transporting to a parallel
computing environment a very easy task. We are also investigating multi-tasking by
vectorization within the current framework, which will allow us to employ BLAS3

implementation as well.
5. Gneralization of the IMF

e The notion in our IMF formulation proposed in Chapter 6 is meant to handle discrete,
multivariate datatypes in matrix form. Numerical techniques developed in this dis-
sertation seem to be able to tackle different applications with the same stratagem.
Our next approach is to generalize this method by considering composite-integer

cases and multi-category applications.
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6. Perturbation analysis for NRF
Our primary goal in Chapter 7 is simply to propose a numerical procedure that might
serve as a computational tool for the exploration of the very hard NRF problem. We
have not studied any backward stability analysis of our algorithm nor the perturbation
analysis for the general NRF. We repeat the two important questions already raised in
Chapter 7.

e Given a nonnegative matrix A which has an NRF, under what condition will the

perturbed nonnegative matrix A 4+ E still have an NRF?

e Given a nonnegative matrix A which has an NRF, let U and V be the nonnegative
factors found by some numerical computation, say, our Algorithm 10, so that UV is
a numerical NRF of A. Is UV the exact NRF of some perturbed nonnegative matrix
A+ E?
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Appendix A

QR Factorization with Column

Pivoting

In this appendix we briefly review some basic concepts of QR factorization. Numerical details
of computing QR factorization are referred to [72]. Consider a matrix A € R™*" with m > n,

factorized into
A=QR (A.1)

where Q € R™*™ is an orthogonal matrix and R € R™*" is an upper trapezoidal matrix with
zero rows from the n + 1-th row on. This factorization is called the QR factorization of the
matrix A.

If rank(A) = n, the first n columns of @) form an orthonormal basis for the vector space
range(A). Then, the construction of the QR factorization could be thought of as finding out the
orthonormal basis for range(A). On the other hand, if rank(A4) = s < n, the QR factorization
does not guarantee to produce an orthonormal basis for range(A). For example, consider the
QR factorization of the matrix A such that

A=[a1 a2 qg (A.2)

o O =
o O =
_ = =

Then rank(A) = 2 but range(A) is not equal to span{qi, g2}, span{qi,qs}, or span{qs,qs}

174



Algorithm 11: QR factorization with column pivoting

Input: Matrix A € R™*" and rank(A4) = s

Output: Orthogonal matrix @ € R™*™ upper trapezoidal matrix R € R"*", and
permutation matrix P € R™*"

11.1 begin
11.2  Initialize Q =1, R=A=Ro, P=1
11.3 fori« 1to sdo

11.4 Let p be the smallest index of the column of Rso with the greatest 2-norm
11.5 Swap the columns ¢ and ¢ +p — 1 in R and in P
11.6 Employ a suitable transformation H;, for example Householder matrices or Givens

rotations, that triangularizes the first ¢ columns of R such that
Ri1 Rao i
R = 0 R22 n—1
T m-—1

11.7 Q — QQ?, R~ QZTR
11.8 end
11.9 end

[72]. However, we still can obtain a factorization of the form

Ri1 Ria 5
QTAP = 0 0 m-—s , (A.3)
S N—S

where Q € R"™*™ is orthogonal and Ri; € R**° is a nonsingular upper triangular matrix
with diagonal elements arranged in terms of non-increasing absolute values by the permutation
matrix P. This factorization is called the QR factorization with column pivoting of the matrix

A. This factorization can be constructed by Algorithm 11.

With this in mind, we can generate a reduced version of the QR factorization (A.3) as

follows:

Remark A.0.1 Assume A € R™*", with m > n, and rank(A) = s < n. Then formula (A.3)

of the QR factorization with column pivoting of A could be rewritten as

A=Q { Ri1 Roo } (A.4)

where Q1 = Q(1 : m,1 : s) has orthonormal vector columns. We call this reduced factorization
of A compact QR factorization of A.
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It is easy to know that Algorithm 11 can also be used while rank(A) = n. In such case,

R
0

n

n
m-n (A.5)

QAP =

where Q € R"™™ is orthogonal and Rj; € R**° is a nonsingular upper triangular matrix
with diagonal elements arranged in terms of non-increasing absolute values by the permutation

matrix P.
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