Preface

Mathematical models are obtained from first principles (natural laws, interconnec-
tion, etc.) and experimental data. Modeling from first principles is common in
natural sciences, while modeling from data is common in engineering. In engineer-
ing, often experimental data are available and a simple approximate model is pre-
ferred to a complicated detailed one. Indeed, although optimal prediction and con-
trol of a complex (high-order, nonlinear, time-varying) system is currently difficult
to achieve, robust analysis and design methods, based on a simple (low-order, lin-
ear, time-invariant) approximate model, may achieve sufficiently high performance.
This book addresses the problem of data approximation by low-complexity models.

A unifying theme of the book is low rank approximation: a prototypical data
modeling problem. The rank of a matrix constructed from the data corresponds to
the complexity of a linear model that fits the data exactly. The data matrix being full
rank implies that there is no exact low complexity linear model for that data. In this
case, the aim is to find an approximate model. One approach for approximate mod-
eling, considered in the book, is to find small (in some specified sense) modification
of the data that renders the modified data exact. The exact model for the modified
data is an optimal (in the specified sense) approximate model for the original data.
The corresponding computational problem is low rank approximation. It allows the
user to trade off accuracy vs. complexity by varying the rank of the approximation.

The distance measure for the data modification is a user choice that specifies the
desired approximation criterion or reflects prior knowledge about the accuracy of the
data. In addition, the user may have prior knowledge about the system that generates
the data. Such knowledge can be incorporated in the modeling problem by imposing
constraints on the model. For example, if the model is known (or postulated) to be
a linear time-invariant dynamical system, the data matrix has Hankel structure and
the approximating matrix should have the same structure. This leads to a Hankel
structured low rank approximation problem.

A tenet of the book is: the estimation accuracy of the basic low rank approx-
imation method can be improved by exploiting prior knowledge, i.e., by adding
constraints that are known to hold for the data generating system. This path of de-
velopment leads to weighted, structured, and other constrained low rank approxi-
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mation problems. The theory and algorithms of these new classes of problems are
interesting in their own right and being application driven are practically relevant.

Stochastic estimation and deterministic approximation are two complementary
aspects of data modeling. The former aims to find from noisy data, generated by a
low-complexity system, an estimate of that data generating system. The latter aims
to find from exact data, generated by a high complexity system, a low-complexity
approximation of the data generating system. In applications both the stochastic
estimation and deterministic approximation aspects are likely to be present. The
data are likely to be imprecise due to measurement errors and is likely to be gener-
ated by a complicated phenomenon that is not exactly representable by a model in
the considered model class. The development of data modeling methods in system
identification and signal processing, however, has been dominated by the stochas-
tic estimation point of view. If considered, the approximation error is represented
in the mainstream data modeling literature as a random process. This is not natural
because the approximation error is by definition deterministic and even if consid-
ered as a random process, it is not likely to satisfy standard stochastic regularity
conditions such as zero mean, stationarity, ergodicity, and Gaussianity.

An exception to the stochastic paradigm in data modeling is the behavioral ap-
proach, initiated by J.C. Willems in the mid-1980s. Although the behavioral ap-
proach is motivated by the deterministic approximation aspect of data modeling, it
does not exclude the stochastic estimation approach. In this book, we use the behav-
ioral approach as a language for defining different modeling problems and present-
ing their solutions. We emphasize the importance of deterministic approximation in
data modeling, however, we formulate and solve stochastic estimation problems as
low rank approximation problems.

Many well known concepts and problems from systems and control, signal pro-
cessing, and machine learning reduce to low rank approximation. Generic exam-
ples in system theory are model reduction and system identification. The principal
component analysis method in machine learning is equivalent to low rank approx-
imation, which suggests that related dimensionality reduction, classification, and
information retrieval problems can be phrased as low rank approximation problems.
Sylvester structured low rank approximation has applications in computations with
polynomials and is related to methods from computer algebra.

The developed ideas lead to algorithms, which are implemented in software.
The algorithms clarify the ideas and the software implementation clarifies the al-
gorithms. Indeed, the software is the ultimate unambiguous description of how the
ideas are put to work. In addition, the provided software allows the reader to re-
produce the examples in the book and to modify them. The exposition reflects the
sequence

theory + algorithms — implementation.

Correspondingly, the text is interwoven with code that generates the numerical ex-
amples being discussed.
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Prerequisites and practice problems

A common feature of the current research activity in all areas of science and engi-
neering is the narrow specialization. In this book, we pick applications in the broad
area of data modeling, posing and solving them as low rank approximation prob-
lems. This unifies seemingly unrelated applications and solution techniques by em-
phasising their common aspects (e.g., complexity—accuracy trade-off) and abstract-
ing from the application specific details, terminology, and implementation details.
Despite of the fact that applications in systems and control, signal processing, ma-
chine learning, and computer vision are used as examples, the only real prerequisites
for following the presentation is knowledge of linear algebra.

The book is intended to be used for self study by researchers in the area of data
modeling and by advanced undergraduate/graduate level students as a complemen-
tary text for a course on system identification or machine learning. In either case,
the expected knowledge is undergraduate level linear algebra. In addition, MATLAB
code is used, so that familiarity with MATLAB programming language is required.

Passive reading of the book gives a broad perspective on the subject. Deeper un-
derstanding, however, requires active involvement, such as supplying missing justi-
fication of statements and specific examples of the general concepts, application and
modification of presented ideas, and solution of the provided exercises and practice
problems. There are two types of practice problem: analytical, asking for a proof
of a statement clarifying or expanding the material in the book, and computational,
asking for experiments with real or simulated data of specific applications. Most of
the problems are easy to medium difficulty. A few problems (marked with stars) can
be used as small research projects.

The code in the book, available from

http://extra.springer.com/

has been tested with MATLAB 7.9, running under Linux, and uses the Optimization
Toolbox 4.3, Control System Toolbox 8.4, and Symbolic Math Toolbox 5.3. A ver-
sion of the code that is compatible with Octave (a free alternative to MATLAB) is
also available from the book’s web page.
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