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Abstract

This thesis addresses problems which require low-rank solutions under
convex constraints. In particular, the focus lies on model reduction of posi-
tive systems, as well as finite dimensional optimization problems that are
convex, apart from a low-rank constraint.

Traditional model reduction techniques try to minimize the error be-
tween the original and the reduced system. Typically, the resulting reduced
models, however, no longer fulfill physically meaningful constraints. This
thesis considers the problem of model reduction with internal and exter-
nal positivity constraints. Both problems are solved by means of balanced
truncation. While internal positivity is shown to be preserved by a symme-
try property; external positivity preservation is accomplished by deriving a
modified balancing approach based on ellipsoidal cone invariance.

In essence, positivity preserving model reduction attempts to find an
infinite dimensional low-rank approximation that preserves nonnegativity,
as well as Hankel structure. Due to the non-convexity of the low-rank
constraint, this problem is even challenging in a finite dimensional setting.
In addition to model reduction, the present work also considers such finite
dimensional low-rank optimization problems with convex constraints. These
problems frequently appear in applications such as image compression,
multivariate linear regression, matrix completion and many more.

The main idea of this thesis is to derive the largest convex minorizers of
rank-constrained unitarily invariant norms. These minorizers can be used
to construct optimal convex relaxations for the original non-convex problem.
Unlike other methods such as nuclear norm regularization, this approach
benefits from having verifiable a posterior conditions for which a solution to
the convex relaxation and the corresponding non-convex problem coincide. It
is shown that this applies to various numerical examples of well-known low-
rank optimization problems. In particular, the proposed convex relaxation
performs significantly better than nuclear norm regularization. Moreover, it
can be observed that a careful choice among the proposed convex relaxations
may have a tremendous positive impact on matrix completion.



Computational tractability of the proposed approach is accomplished in
two ways. First, the considered relaxations are shown to be representable
by semi-definite programs. Second, it is shown how to compute the proximal
mappings, for both, the convex relaxations, as well as the non-convex prob-
lem. This makes it possible to apply first order method such as so-called
Douglas-Rachford splitting. In addition to the convex case, where global con-
vergence of this algorithm is guaranteed, conditions for local convergence
in the non-convex setting are presented.

Finally, it is shown that the findings of this thesis also extend to the
general class of so-called atomic norms that allow us to cover other non-
convex constraints.



Acknowledgments

First and foremost, I am most grateful to my supervisor Anders Rantzer,
who supported me in pursuing a PhD at this wonderful department. He
never seems to be out of ideas, and in our many discussions I had the
privilege to learn a lot about research, and probably even about myself. He
created opportunities for me to visit other universities, as well as to meet
inspiring people. But the greatest gift that I received from him was his un-
conditional and constant confidence. With the same amount of gratefulness,
I would like to thank my co-supervisor Pontus Giselsson. He has only super-
vised me for about a year, but his role in this thesis cannot be overstated.
Working with him was pure fun, motivation, and inspiration. Together we
had the unique opportunity to start exploring a new research area, side
by side. I am also thankful to have worked with my second co-supervisor
Andrey Ghulchak, who was another great source of new viewpoints and
ideas.

Among the many inspiring people that I have met abroad, I would like
to give a special mention to Armin Zare and Mihailo Jovanovié. Thank you
Armin for the countless Skype calls, and the many pleasant discussions.
The same applies to my Master’s thesis supervisor and collaborator Tobias
Damm. He has always had a sympathetic ear for mathematic problems, and
provided me with his help whenever possible.

The department of Automatic Control was always more than just a
working place. I consider myself very lucky to have been a member of it.
I would like to thank all the current and former staff for their interest,
support, and time. Especially, I would like to express my gratitude to the
heart(s) of this department, Eva Schildt, Eva Westin, Ingrid Nilsson, Mika
Nishimura, and Monika Rasmusson. You make this department run, and,
because of you, this department has a unique pleasant atmosphere. I would
also like to thank my office neighbor Fredrik Magnusson for never being
too busy to listen to my mathematics problems. This helped me a lot to sort
out my thoughts.



The thesis would be far worse to read without the helpful comments from
Giulia Giordano, Luc Muhirwa, Michelle Chong and Carolina Lidstrom. I
am especially grateful for the help of Jochen Kall. He was not only a
proofreader, but has also helped me with all my ITEX-problems. At the
same time I would like to thank (King) Richard Pates for taming the "beast
paper" and Leif Andersson for all his support.

Even though it is already 10 years since I left, I am constantly thankful
for having been a student of Helmut Blauth. In all stages of my university
career, I have benefited from many great people. However, none of that
would have happened without the fun and encouragement that I received
from you in our mathematics classes together.

Finally, I thank my family for supporting me during my undergraduate
years, which eventually made it possible to come to Sweden. I also appreciate
that you have never asked a lot about what I am actually working with.



Contents

Preface
Contributions of the Thesis . . . . . . . . ... ... .......

1. Positivity Preserving Balanced Truncation
1.1 Basic Control Theory. . . ... ... ... ... .......
1.2 Nonnegative Matrices . . ... ... ... ..........
1.3 Positive Systems . . . .. ... ... L.
1.4 Balanced Truncation . . . . . ... ... ... ........

2. Convex Optimization
21 Convex Sets . . . . . . . . . i i e
2.2 Convex Functions . . . . . ... ... ... ..........
2.3 Optimality . . . .. ... ... ... ... .. ... .. ...,
2.4 Duality Theory . .. ... ... ... .. .. ... ...,
2.5 Douglas-Rachford Splitting Algorithm . . . . ... ... ..
Bibliography
Paper 1. A Symmetry Approach for Balanced Truncation of
Positive Linear Systems
Introduction . . . . . ... ... ... oL
Preliminaries . . . .. . ... ... ... ... .. ......
Balanced Truncation to Order One . . . . . . .. ... ...
The Positive Realization Problem . . . . . .. ... ... ..
Symmetric Balanced Truncation . . ... ... .......
Examples . . ... .. .. .. ... .. .. ...
Conclusion. . . . . ... ... .. ... ... ..0.....
References . . . . . . . . . . . .. .. ...

Sy O LW N

-3

Paper II. Modified Balanced Truncation Preserving
Ellipsoidal Cone-Invariance
1 Introduction . . . . . ... ... ... ... ...
2 Preliminaries . . . .. .. .. ... .. ... ... ......
3 Central Theory . . . ... ... ... ... .. ........

13
13
18
19
21

27
27
30
31
33
34

37

43
44
45
46
47
48
51
55
55

59
60
61
63



Contents

4 Positive Systems . . . . . ... ... L. 67
5 Discussion . . . . . . ... ... .. ... 69
6  Examples & Comparison. . . . ... ... .......... 71
7 Conclusion. . . . ... ... ... ... ... ... 0..... 74
References . . . . . . . . . . ... ... 74
Paper III. Low-Rank Optimization with Convex Constraints 79
1 Introduction . . . . . ... ... ... ... ... ..., 80
2 Background . . ... ... ... ... ... .. 81
3 The r+-approach . . . ... ... ... .. .. ........ 84
4 Computability . . . .. ... ... ... ... ... .. ..., 92
5 Other Approaches . . .. ... ... ... .......... 98
6 Non-negative low-rank approximation . . . .. .. ... .. 102
7 Matrix Completion . . . . .. ... ... ... ........ 104
8 Hankel matrices . . ... ... ... ... .......... 114
9 Multivariate Reduced-Rank Regression . . . .. ... ... 115
10 Discussion and Future Developments . . . ... ... ... 117
A  Appendix . ... ... ... 118
References . . . . . . . . . . ... ... 127
Paper IV. Low-Rank Inducing Norms with Optimality
Interpretations 133
1 Introduction . . . . . . ... ... ... 134
2 Preliminaries . . . ... ... ... ... ... ........ 136
3 Low-Rank Inducing Norms . . ... ............. 138
4 Optimality Interpretations . . ... ... ... ....... 142
5 Computability . . . ... ... ... ... .. ......... 145
6  Examples: Matrix Completion . . . . ... ... ....... 148
7 Extensions. . . . . .. .. .. ... ... ... 155
8 Conclusion . . . . . . . . . .. ... e 163
A Appendix . ... . ... e 163
References . . . . . . . . . . . .. .. ... 177



Preface

Contributions of the Thesis

The thesis consists of two chapters and four papers. The chapters provide
mathematical background that is needed to understand the papers. This
section describes the content of each chapter and the contribution of each

paper.

Chapter 1 — Positivity Preserving Balanced Truncation

The first chapter consists of material relevant for the publications covered
in Papers I and II. Basic control concepts, nonnegative matrices, positive
systems and balanced truncation are covered, as far as they are needed in
the context of positivity preserving balanced truncation. Based on that, the
main challenges that arise from positivity preserving model reduction are
discussed and linked to the contributions in Papers I and II.

Chapter 2 — Optimization
The second chapter covers some basic concepts in convex optimization, which

form the basis for Papers III and IV. Further, Berge’s maximum theorem
as well as the Douglas-Rachford splitting algorithm are introduced.

Paper |

Grussler, C. and T. Damm (2012). “A symmetry approach for balanced trun-
cation of positive linear systems”. In: §1st IEEE Conference on Decision
and Control (CDC), pp. 4308-4313.

This paper considers model order reduction of stable internally positive
linear systems. It is shown how a symmetry characterization can be used in
order to preserve positivity in balanced truncation. As a result, the reduced
model has the additional feature of being symmetric. In contrast to other
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methods, this approach works even in the absence of a positive state-space
realization. Specifically, it is proven that balanced truncation to order one
always preserves internal positivity. This also supplies a tractable necessary
condition for the existence of an internally positive realization.

This paper is part of the first author’s Master’s Thesis. The topic has
been suggested by the co-supervisor Anders Rantzer. All ideas are contribu-
tions of the first author, and have been derived in part under the supervision
of the second author.

Paper Il

Grussler, C. and A. Rantzer (2014). “Modified balanced truncation preserv-
ing ellipsoidal cone-invariance”. In: 53rd IEEE Conference on Decision
and Control (CDC), pp. 2365—-2370.

The paper addresses model order reduction of stable linear systems that
leave ellipsoidal (second-order) cones invariant. It is shown how balanced
truncation can be modified to preserve ellipsoidal cone-invariance. Further,
a numerically tractable method for verifying external positivity on a large
class of systems is provided. As a consequence of these results, external
positivity preserving model reduction can be performed within this class.
The paper is the first of its kind in the sense that none of the problems has
been addressed in the literature without involving internal positivity.

As part of a discussion of unpublished work, the second author has
pointed out to the first author that invariance with respect to ellipsoidal
cones is numerically verifiable. The rest of the paper is entirely the first
author’s contribution.

Paper Il

Grussler, C., A. Rantzer, and P. Giselsson (2016). “Low-rank optimization
with convex constraints”. arXiv: 1606.01793.

The problem of low-rank approximation with convex constraints is con-
sidered. Given a data matrix, the objective of this paper is to find a low-rank
approximation that meets rank and convex constraints while minimizing the
distance to the data matrix in the Frobenius norm. It is proposed to use
the largest convex minorizer (under-approximation) of the squared Frobe-
nius norm and the rank constraint as a convex proxy, which can be combined
with other convex constraints to form an optimal convex minorizer of the
original non-convex problem. Unlike other approaches such as nuclear norm
regularization or alternating minimization methods, this approach has the

10
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advantage of having easily verifiable a posteriori conditions under which
the solutions to the convex relaxation and the original non-convex problem
coincide. The paper demonstrates that this is the case for several numeri-
cal examples of well-known low-rank optimization problems. In particular,
the proposed convex relaxation consistently performs better than the nu-
clear norm heuristic and indicates tremendous benefits for the problem
of matrix completion. Furthermore, the paper discusses why the proposed
approach can also be considered as a regularization method.

The expressibility and computational tractability is of great importance
for a convex relaxation. A closed-form expression for the proposed convex
relaxation is provided, in addition to its representation as a semi-definite
program. In order to deal with problems of large size, the so-called Douglas-
Rachford splitting algorithm is applied to the convex relaxation as well as
to the original non-convex problem. While in the convex case the algorithm
is known to converge, there is no such guarantee in a non-convex setting.
Nevertheless, if the proposed convex relaxation has a unique solution, it is
shown that the convex and non-convex Douglas-Rachford iterations locally
coincide. In particular, it is shown by an analytically tractable example
that scaling the cost function in the non-convex Douglas-Rachford helps in
finding solutions where the convex relaxation fails.

The work on this paper started with the observation of the first author,
that good nonnegativity preserving low-rank approximation can be found
using alternating minimization methods. These methods outperform non-
negative matrix factorization, as well as nuclear norm regularization. This
motivated the second author to apply Lagrange duality, yielding the r*-
norm relaxation. The rest of the paper has been derived by the first author
as a result of discussions with the third author. The write up of the paper,
as well as the applications and numerical examples, are entirely the work
of the first author.

Paper IV

Grussler, C. and P. Giselsson (2016). “Low-rank inducing norms with opti-
mality interpretations”. Preprint.

The paper considers rank constrained problems and introduces a fam-
ily of low-rank inducing norms and regularizers of which the celebrated
nuclear norm is a special case. A posteriori guarantees on solving an under-
lying rank constrained optimization problem with these convex relaxations
are provided. In order to demonstrate the benefits that come with these
new regularizers, three matrix completion problems are evaluated. In all
examples, the nuclear norm heuristic is outperformed by convex relaxations

11
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based on other low-rank inducing norms. In particular, for two of the prob-
lems, it can be proven that there exist low-rank inducing norms that succeed
in recovering the partially unknown matrix, while the nuclear norm fails.
Both of these low-rank inducing norms are shown to be representable as
semi-definite programs and have cheaply computable proximal mappings.
The latter makes it possible to solve also problems of large size with the
help of scalable first-order methods. Finally, it is proven that these findings
extend to the more general class of atomic norm problems. In particular,
this allows us to solve corresponding vector-valued problems as well as
problems with other non-convex constraints.

This paper has been jointly derived by both authors. The numerical
examples were proposed by the first author, who has also carried out the
write up for most of the parts.

Additional Publications

Grussler, C. and A. Rantzer (2015). “On optimal low-rank approximation
of non-negative matrices”. In: 54th IEEE Conference on Decision and
Control (CDC), pp. 5278-5283.

Grussler, C., A. Zare, M. R. Jovanovic, and A. Rantzer (2016). “The use
of the r* heuristic in covariance completion problems”. In: 55th IEEE
Conference on Decision and Control (CDC).
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1

Positivity Preserving
Balanced Truncation

This chapter provides background material on positive systems and bal-
anced truncation. In the context of positivity preserving model reduction,
the main challenges are discussed, and linked to Papers I and II.

1.1 Basic Control Theory

In this section, basic concepts of linear control theory are recalled, which
can be found in standard text books, such as [Zhou et al., 1996; Datta, 2004;
Antoulas, 2005].

Linear Systems

Let A € R, B € R*™", C € R*" and D € R*™ define a linear
time-invariant continuous-time system

x(t) = Ax(¢) + Bu(t),

y(t) = Cx(t) + Du(t), )

where x is the state, u the input, y the output and n the order of the system.
The solution to system (S) can be explicitly computed as

t
#(t) = eA*x(0) + f A=) Bu(r)dr, (L)
0

where x(0) is the initial state and t > 0. Since x depends on A and B only,
x is also referred as the state to (4, B).

13



Chapter 1. Positivity Preserving Balanced Truncation

Transfer Function and System Realization

The transfer function of the system (S) is given by G(s) = C(sI —A)"'B+ D
and (A, B, C, D) is referred to as a realization or state-space representation
of G. There is no unique realization, because for any invertible 7' € R™*" it
holds that

G(s)=C(sI—A)'B+D=CT(sI - T 'AT)"'T"'B + D.

Hence, also (T~1AT, T~1B, CT, D) is a realization of G. In particular, if two
realizations of G are driven by the same input with zero initial states, then
their outputs coincide.

The realization (A, B, C, D) is called a minimal realization if G does
not have a realization (A;, By, Cj, D;) such that A; € R with I < n.
Otherwise, (A, B, C, D) is said to be non-minimal. If (A, B, C, D) is said to
be a realization of the system (S), it refers to the corresponding transfer
function.

Controllability and Observability

The system (S) or (A, B) is said to be controllable if for any x(0), x € R*
and £ > 0, there exists a (piecewise continuous) input u such that x(¢) = %.
Otherwise, it is said to be uncontrollable.

ProrosiTiON 1.1—[ZHOU ET AL., 1996]
The following are equivalent:

i. (A, B) is controllable.
ii. The controllability matrix
¢:=(B AB --- A"!B)e RV™
has rank n.
iii. For all £ >0 ;
W, (t) := fo e*"BBTe4 "dr € RV
is non-singular. o

In particular, im(%) is called the controllable subspace of (A, B), where
im(K) and denotes the image of a matrix K. Further, it holds for all £ > 0
that

im(%€) = im(W,(¢)).

Hence, if (A, B) is controllable, then im(%) = R". The orthogonal comple-
ment to im(%) is called the uncontrollable subspace.

14



1.1 Basic Control Theory

The system (S) or (4, C) is said to be observable if for an arbitrary > 0
the initial state can be reconstructed from knowing u(¢) and y(¢) on the
interval [0, f]. Otherwise, it is said be unobservable.

ProrosiTiON 1.2—[ZHOU ET AL., 1996]
The following are equivalent:

i. (A, C) is observable

ii. The observability matrix

has rank n.
iii. For all £ > 0 ;
W,(t) := f e 7CTCerdr € R
0
is non-singular. O

The subspace defined by ker(&) is called the unobservable subspace of
(A, C), where ker(K) is the kernel of a matrix K. Further, it holds for all
¢ > 0 that

ker(0) = ker(W,(t)).

Thus, if (A, C) is observable, then ker(¢) = {0}. The orthogonal comple-
ment to im(&) is called the observable subspace.

Kalman decompositions
Let r, := rank(%). Then there exists T' € R"*" such that

A:=T'AT = <A&1 22) B=T"'B= (%1>, C=CT=(C, (),

where Aj; € R*™, B; € R**™ is a controllable pair (see e.g. [Zhou et al.,
1996]). A realization of this type is said to be in Kalman controllability

form. If & = (& 322T)T is the state to (4, B) with %; € R”, then %, cannot
be influenced by « and the controllable subspace of (A, B) is given by

{(f)l) ER": % € R’C}.

15



Chapter 1. Positivity Preserving Balanced Truncation

In particular, if the initial state of (A, B C, D) equals zero, then %y is zero
and so the term Co%o gives no contribution to the output. Hence, %s is
not needed for a realization of (S). Indeed, if r. < n, then (A, B,C, D)
is non-minimal and (Aj;, By, Cy, D) is a realization of (S). Note that
(Au, By, G4, D) is obtained by projecting onto the controllable subspace in
the sense that #; = P% is the state to (413, B1) and

(A1, By, Cy, D) = (PAPT, PB,CPT, D),

where P := (I 0) € R™*" with identity matrix I € R™>".
Similarly, let r, := rank(&). Then there exists T' € R**" such that

. A 0 _ B N .
. m—1 _ 11 _—m-lp _ 1 . _
A=T MH«31~H>BFT B_@J,C_CT_wlm,

where A; € R™*, €1 € R**"c is an observable pair. A realization of this

type is said to be in Kalman observability form. If & = (92{ 322T)T is the

state to (A, B) with &, € R, then % does not influence the output j = C#%
and the observable subspace of (4, C) is given by

((5)emmem}

This implies that (411, B, C1, D) is a realization of (S) and (A, B, C, D)
is non-minimal if r, < n. The observable realization (Aj;, By, C1, D) is
obtained by projecting onto the observable subspace in the sense that £, =
P# is the state to (A;1, B;) and

(A, By, Cy, D) = (PAPT, PB,CP?, D)

with P := (I 0) € R*" and I € R™*™.

Since these decompositions can be applied successively, it follows that
(A, B, C, D) is a minimal realization if and only if it is both controllable
and observable.

Arnoldi lteration

Assuming that (S) has a single input, the so-called Arnoldi iteration (see
below) can be applied to im(%). The resulting unitary transformation V
puts (VTAV, VTB, CV, D) into Kalman controllability form. Similarly, if
the system has a single output, the Arnoldi iteration to im(&7) gives a
unitary matrix that transforms the system into Kalman observability form.

The Arnoldi iteration is a variant of the Gram-Schmidt iteration, tailored
to compute a particular orthogonal basis of the linear span of vectors

{b, Ab, ..., A"b} C R™.

16



1.1 Basic Control Theory

If this basis is collected in the columns of V € R™*", then it holds that
VT AV is an (upper) Hessenberg matrix, i.e. it is zero below the first subdi-
agonal. Further, VTb = ||b|le; with e; and || - | denoting the first canonical
vector in R” and the Euclidean norm, respectively. If A is symmetric, then
Arnoldi iteration is equivalent to the so-called Lanczos algorithm (see [Tre-
fethen and Bau III, 1997] for both methods).

Lyapunov Equations
Given A, @ € R™*",

ATX +XA+Q=0 (1.2)

is called a Lyapunov equation with the solution X € R"*". Let the spectrum
of A € R™ " be denoted by o(A).

LeEMMA 1.1—[ZHOU ET AL., 1996]
There exists a unique solution X € R™"*" to (1.2) if and only if A, + 4; # 0
for all 4;, 4; € o(A). O

For a (symmetric) positive definite P € R"*", we write P > 0 and P > 0 if
it is positive semi-definite. Then

ATX + XA+Q<0

is said to be a Lyapunov inequality with solution X.

Inertia

The inertia of a matrix A € R™*" is the triplet In(A) = (p(4A), 2(A), n(A))
consisting of the number of eigenvalues with positive, zero and negative
real part, respectively, counting multiplicities. Sylvester’s law of inertia
(see [Horn and Johnson, 2012]) states that if P € R™*" is non-singular,
then

In(A) = In(PTAP).

PropositioN 1.3—[ANTOULAS, 2005]
Let A, @ € R™" with @ > 0 and (A, @) observable. If there exists a
symmetric X € R™” such that

ATX +XA+Q=0,
then In(A) = In(—X) and z(A) = 0. |

If In(A) = (0,0,n), then A € R™" is called Hurwitz or stable. If A in
(S) is Hurwitz, then (S) is also said to be stable. The eigenvalues of A are

17



Chapter 1. Positivity Preserving Balanced Truncation

also called the poles of a system. In particular, if the real part R(-) of an
eigenvalue coincides with the spectral abscissa

A) =
1(A) fe‘},%ii)%(’”’

it is referred to as a dominant pole.

Controllability and Observability Gramian

LemMmA 1.2—[ZHOU ET AL., 1996]
Given a stable realization (A, B, C, D), the following holds:

i. The controllability Gramian L. := lim;_,., W,(¢) fulfills
AL.+L.A" + BB" =0
and (A, B) is controllable if and only if L. > 0.
ii. The observability Gramian L, := lim;_,., W,(t) fulfills
A"L,+L,A+C"C=0

and (A4, C) is observable if and only if L, > 0. O

Notice that for invertible T € R**", the Gramians to (T~1AT, T~'B, CT, D)
are obtained by

T-'L.T" and TTL,T

where T-T denotes the inverse of the transpose of T.

1.2 Nonnegative Matrices

A matrix N = (n;;) € R™™ is called nonnegative if all its elements are
nonnegative, i.e. n;; > 0 for all i and j. We use the abbreviation N € R%5™.
By the Perron-Frobenius Theorem (see e.g. [Meyer, 2000]) it holds that the
spectral radius
N) := max |4
P(N) AGU(N)I |

of N € RLY" is an eigenvalue of N with corresponding nonnegative eigen-
vector.

18



1.3 Positive Systems

Metzler matrices
A matrix M € R"*" is said to be Metzler if there exists an « € R such that

M + oI € RLy™

Note that M is Metzler if and only if e is nonnegative [Haddad et al., 2010].
Moreover, it holds that u(M) € o(M) with corresponding nonnegative
eigenvector.

ProrosiTioN 1.4—[BERMAN AND PLEMMONS, 1994]
Let M € R™" be Metzler, then the following are equivalent:

i. M is Hurwitz.
ii. There exists a diagonal D > 0 such that MD + DMT < 0.
iii. There exists £ € R, such that —M& € RY,.

iv. M is non-singular and —M~! € RZ§". O

1.3 Positive Systems

In the following the classes of externally and internally positive systems
are introduced. The state (input, output) of the system (S) is said to be
nonnegative if it is nonnegative for all ¢ > 0.

Internal Positivity

A system (S) is called internally positive if x and y are nonnegative, when-
ever the initial state x(0) and u are nonnegative. This is equivalent to the
matrix A being Metzler and B, C, D being nonnegative (see [Luenberger,
1979]). Thus internal positivity requires a certain realization which is not
necessarily minimal. Since A is Metzler, it follows that internally positive
systems have a dominant real pole.

Internally positive systems frequently appear in areas such as bio-
medicine, economics, data networks and many more, where y is the partial
observation of a state x that represents nonnegative quantities of drugs,
goods or bytes (see [Luenberger, 1979; Brown, 1980; Shorten et al., 2006;
Haddad et al., 2010; Farina and Rinaldi, 2011]). Even though internally pos-
itive systems have been studied over the past decades [Luenberger, 1979;
Ohta et al., 1984; Anderson et al., 1996; Son and Hinrichsen, 1996; Ben-
venuti and Farina, 2002], this class has only recently received significantly
more attention (see e.g. [Tanaka and Langbort, 2011; Ebihara et al., 2012;
Briat, 2011; Rantzer, 2015]). One of the main reasons for that lies in Propo-
sition 1.4, which allows us for instance
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Chapter 1. Positivity Preserving Balanced Truncation

¢ Stability verification in a scalable way, i.e. A € R™*" being Metzler
requires to determine n variables to verify stability, instead of n2
(see [Rantzer, 2015]).

e H,-control with structured feedback controllers (see [Tanaka and
Langbort, 2011; Lidstrém and Rantzer, 2015]).

External Positivity

A system (S) is called externally positive if y is nonnegative whenever the
initial state x(0) = 0 and u is nonnegative. This is equivalent to the impulse
response Ce4! B+ D being nonnegative for all ¢ > 0 (see [Farina and Rinaldi,
2011]). Apart from the requirement that D € Ré}j’", external positivity
is only an input-output property, which does not depend on a particular
realization. Consequently, internal positivity implies external positivity, but
not vice versa. The property that the system has a dominant real pole also
transfers to externally positive systems. (see [Farina and Rinaldi, 2011]).
In general, verification of external positivity is known to be NP-hard
(see [Blondel and Portier, 2002]). A computationally tractable (i.e. in poly-
nomial time) sufficient condition for external positivity is derived in Pa-
per II. Recently, the notions of internal and external positivity have been
generalized in [Rantzer, 2012; Sootla and Mauroy, 2015; Altafini, 2016] to
systems that only partially capture the properties of positive systems.

Positive Realization

Due to the significant benefits of internal positivity (see [Tanaka and Lang-
bort, 2011; Ebihara et al., 2012; Briat, 2011; Rantzer, 2015]), it is natural
to ask whether a given transfer function admits an internally positive real-
ization. The following is a brief discussion on the computational difficulties
that arise from this question. We restrict ourselves to the single-input-
single-output (SISO) case, i.e. k. =m = 1 in (S).

Given any minimal realization (A, B, C, D) of the SISO system (S), the
reachable cone K, is defined as the smallest closed convex cone containing

{eAB:t>0}.
The observable cone is given by
K, :={x:Ce?x >0 for all t > 0}.

Given Q C R”, a matrix T' € R™*" is said to leave S invariant if Tw € Q
for all w € Q. Thus, K, and K, are left invariant by e?? for all ¢ > 0. It can
be shown that (S) is externally positive if and only if

K, CK, and D >0,
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1.4 Balanced Truncation

see [Ohta et al., 1984]. Internal positivity can be characterized similarly.
To this end, let a convex cone K, C R" be called polyhedral if there exists
a matrix P € R"* such that K, = {Py:y € RL,}.

ProrosiTioN 1.5—[OHTA ET AL., 1984]

Let (A, B, C, D) be a minimal realization to the SISO-system (S) with D > 0.
Then the system admits an internally positive realization if and only if there
exists a polyhedral convex cone K, such that

i. K, is left invariant by e4! for all ¢ > 0.
i. K, C K, C K,. =

The first requirement is equivalent to A + I leaving K, invariant for some
v > 0 (see [Ohta et al., 1984]). Thus testing whether a given K, fulfills
the first requirement of Proposition 1.5 is possible via linear programming.
However, finding K, = {Py:y € ]Rl>0} remains a numerically intractable
problem, because neither I nor » are known. In particular, only if the
state dimension is lower than three, it is possible to show that [ = 2
and every externally positive system admits a minimal internally positive
realization (see [Farina and Rinaldi, 2011; Grussler, 2012]). Otherwise,
[ may be arbitrarily large even if a minimal realization of an externally
positive system has a state of dimension three only (see [Farina and Rinaldi,
2011]).

This implies that verifying external via internal positivity can be arbi-
trarily difficult even for simple systems. In Paper II, a sufficient test for
external positivity is provided by replacing K, with a so-called ellipsoidal
or second-order cone. The advantage is that finding an ellipsoidal cone K,
which fulfills the same two conditions as in Proposition 1.5, usually only
requires the solutions to a few semi-definite programs.

1.4 Balanced Truncation

(Cyber-)physical systems are described by mathematical models in terms
of differential equations such as (S). Under various assumptions, e.g. dif-
ferent initial conditions or control strategies, these models can be used to
simulate the behavior of the system. These simulations can help get a bet-
ter understanding of the system as well as save resources where otherwise
experimental trials need to be performed.

Due to the complexity of a system, the corresponding models often in-
volve large number of differential equations, which leads to computational
demanding simulations. This is especially evident in a growingly intercon-
nected world with models that describe power systems, Internet traffic,
transportation networks and many others.
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Chapter 1. Positivity Preserving Balanced Truncation

A systematic way of dealing with this curse of dimensionality is to apply
so-called model reduction techniques. Given the system (S), the goal of model
reduction is to find a linear system with a similar input-output behavior,
but a lower dimensional state. For this purpose, many methods have been
developed (see [Moore, 1981; Glover, 1984; Gugercin and Antoulas, 2004;
Antoulas, 2005; Gugercin et al., 2008]) of which the most popular are based
on linear subspace projection.

Among the most widely used projection methods is the so-called bal-
anced truncation method (see [Moore, 1981; Gugercin and Antoulas, 2004]).
The advantages of this method are the existence of a simple error bound,
the need for few computational steps and its intuitive interpretation in
terms of energy functionals. The latter two advantages are some of the
reasons why balanced truncation is part of many undergraduate textbooks
(see e.g [Johansson, 1993; Glad and Ljung, 2000; Dullerud and Paganini,
2013]). Unfortunately, given a system (S), the computational effort of bal-
anced truncation is determined by the complexity of solving a Lyapunov
equation, which is typically of magnitude O(n?). If n is very large, it is
possible to apply large-scale methods such as [Gugercin et al., 2008] to
reduce the system to a size where balanced truncation is applicable. The
main ideas and computational steps of balanced truncation are outlined in
the following.

Minimal realization via Gramians

In Section 1.1 it is shown that the Kalman decompositions can be used
to compute a controllable realization by projecting on the controllable sub-
space. The same can be done by using the controllability Gramian.

Assume (A, B, C, D) is a stable realization of (S) with block diagonal
controllability Gramian L, = blkdiag(X;, 0), where X£; € R’**"* is positive
definite. Let

A Agp B
A= , B= , C=(C,y C
<A21 Agp By (€1 )
be partitioned such that A;; € R™". Then the controllable subspace is

given by
im(L,) = {(%1) ER":x; € ]R’e}

and the projection onto the controllable subspace (A1, By, C1, D) is a con-
trollable realization of (S). Note that there always exists a unitary matrix
U,ie. UTU = UUT = I, such that L, = UTAU, where A > 0 is diagonal.
Thus, A is the controllability Gramian to the system

(UTAU,UTB, CU, D)
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1.4 Balanced Truncation

and the assumption that L. is blockdiagonal can always be met. Analogous
considerations can be made for the observability Gramian, which allows us
to obtain a minimal realization.

Energy functionals

Assuming that (4, B, C, D) is a stable minimal realization to (S), the fol-
lowing discussion gives an intuitive measure on what other state equations
can be removed without changing the output behavior too much.

For a (piecewise continuous) function u : R>o — R™ the Lg-norm is

defined by
t
lulle = Jim [ te) P .

The Ly norm can be considered as a measure for the energy content of u.

Let the controllability Gramian L. be non-singular. If the initial state is
zero and we wish to steer to & over the time interval [0, co), then a control
input » with minimal Ly-norm is given by u(¢) = BTeA L% and

lully = 27 L',

see [Zhou et al., 1996]. The interpretation of this result is that states ¥ which
need a small amount of energy are easy to reach from 0. In particular, if L.
is diagonal with decreasingly sorted diagonal entries, then x = e, is hardest
to reach. Therefore, the influence of inputs u on x, can be considered to be
small. However, truncating x,, as with the projection onto the controllable
subspace, may still give a bad approximation, because x, could have great
effect on the output.

If the observability Gramian L, is non-singular, x(0) = x¢ and u = 0,
then y(t) = CeAlxq and

1113 = 5 Loxo.

The states x¢ that provide a small contribution to the energy of y can
be interpreted as being hard to observe. For diagonal L, with decreasingly
sorted diagonal entries, xo = e, is the hardest to observe and its influence on
y may be neglected. Again, truncating x, may still give a bad approximation,
because x, could be significantly influenced by u.

Unlike projections onto observable and controllable subspaces, only
states that are both hard to reach and hard to observe can safely be ne-
glected.
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Chapter 1. Positivity Preserving Balanced Truncation

Balanced Realization

Given a stable realization (4, B, C, D) with Gramians L., L, > 0, the goal
of balancing is to find a non-singular T such that the equivalent system
(T7'AT, T~'B, CT, D) has diagonal Gramians that coincide. This transfor-
mation can be found as follows.

Let an eigenvalue decomposition of L. be given by L. = UA.UT with
diagonal A > 0 and unitary U. Then there exists a unitary matrix V such
that

UA:L,A2UT = VE, VT,

where X ., > 0 is diagonal and A? is the matrix square root of A, i.e.

(e

2= A

_1 1 1
Letting £.,” denote the inverse of L&, it follows that T := UAzX.’ is
non-singular and

L1 7'=%,=T"L,T

Hence, (T'AT, T7'B, CT, D) has diagonal Gramians X, and is called a
balanced realization. With such a realization, states are equally difficult to
reach and to observe. The eigenvalues of X, are called the Hankel singular

values. Note that the squared Hankel singular values coincide with o (L.L,),
because X2 = T-'L.L,T.

Truncation and Error Bound

If (S) is a stable system with transfer function G, then the so-called
H,-norm of G is defined as

[Glleo := sup [|G(iw)]|,
weER

where || - || denotes the spectral norm. Assuming that (S) has zero initial
state, the H,,-norm can be expressed as

[Glloo = sup [ly]le,
Jullo<1

where y is the output of (S) with input u. This norm can be used in order
to measure the error between the original system and its approximation.
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1.4 Balanced Truncation

ProrosiTioN 1.6—[ZHOU ET AL., 1996]
Assume (A4, B, C, D) is a balanced realization of a stable transfer function
G with Gramians L. = L, = X, = blkdiag(Xy, ¥3) > 0 such that

X, = blkdiag(o11s,,..., 0:1p,) and Xo = blkdiag(cr+1lk, ..., ONIky),

where 07 > -+ > on > 0 and I, € R* for all i. Let

A Ap B,
A= , B= , C=(C; C
<A21 Azz) <32> ( ! 2)

be partitioned such that A;; € R**%k where k := er k;. Then
(A11, By, Cy1, D) is a balanced, minimal and stable realization of G, that
satisfies

16 -Glle <23 o
i=1
O

In [Beck et al., 1996; Sandberg and Rantzer, 2004] it has been shown that
the error bound in Proposition 1.6 also holds if the system is balanced with
respect to the so-called generalized Gramians L. and L, satisfying

AL.+ L.AT + BBT <0,
ATL,+ L, AT +CcTc <.

The reduced system G, remains stable but (A;;, By, C1, D) may not be min-
imal. Furthermore, the corresponding generalized Hankel singular values,
i.e. 0(L.L,), cannot be smaller than the Hankel singular values (see Pa-
per D).

Singular Perturbation
Assume (A, B, C, D), G and G, are as in Proposition 1.6, then

lim G(s) = lim G,(s) = D.
§—00 §=00
It can be shown (see [Liu and Anderson, 1989]) that also the reduced system
(A11 — A12A55 Agy, By — A1pAgy By, C1 — CoAgy Agy, D — C5 Ay By)
with transfer function G,(s) fulfills the error bound in Proposition 1.6 and
li_l)% G(s) = 131—13 G, (s).

This variant of balanced truncation is referred to as singular perturbation
balanced truncation.
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Chapter 1. Positivity Preserving Balanced Truncation

Positivity Preservation

Approximating a positive system with a lower dimensional positive system is
a valid desire, since negative values in the output of the reduced system may
lack interpretability in terms of the original system dynamics. Furthermore,
internal positivity is required, if the intention is to apply tools, such as
in [Tanaka and Langbort, 2011; Briat, 2011; Rantzer, 2015], to the reduced
system.

Commonly used model reduction methods such as balanced truncation,
however, do generally neither preserve internal nor external positivity. The
reason for this is threefold:

i. Necessary transformations, such as balancing a system, usually destroy
internal positivity.

ii. A priori, it is unknown whether the truncated system is externally
positive.

iii. Internally positive realizations can be high-dimensional compared to
the corresponding minimal realization.

In particular, a transformation matrix 7' € R"*" leaves RL}" invariant if

and only if T = PD, where P € R™*" is a permutation matrix and D > 0 is
diagonal. If T is a balancing transformation with respect to the generalized
Gramians L. and L,, then

T'L.L,T=D'PTL.L.PD

being diagonal implies that L.L, is diagonal. In [Reis and Virnik, 2009] this
observation is utilized, because Proposition 1.4 indeed guarantees the exis-
tence of diagonal L. and L,. Thus reduced internally positivity preserving
approximations can be obtained while having an a priori error bound. Sim-
ilar ideas based on Proposition 1.4 are used in [Sootla and Rantzer, 2012].
The problem that arises from such approaches is that T is essentially just
a permutation, which often yields conservative errors in the H.,,-norm.

In Paper I an alternative method is suggested which is based on a
symmetry property of balanced realizations, allowing to preserve internal
positivity. Further, the work in Paper II is the first of its kind that relaxes
this requirement by preserving external positivity, only. As a consequence,
it is possible to perform generalized balanced truncation steps on externally
positive systems without requiring an internally positive realization to begin
with.

Finally, note that there exist non-linear optimization methods such as
[Feng et al., 2010; Li et al., 2011; Li et al., 2014] that intend to preserve
internal positivity. Unfortunately, they are computationally intractable and
are not guaranteed to converge (see [Grussler, 2012]).
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2

Convex Optimization

This chapter provides background material on convex optimization which
can be found in standard text books, such as [Luenberger, 1968; Rockafel-
lar, 1970; Hiriart-Urruty and Lemaréchal, 1996; Bauschke and Combettes,
2011].

2.1 Convex Sets

In the remainder of this chapter, it is assumed that all Hilbert spaces are
real, finite-dimensional and equipped with an inner product (-, -) and norm
I -]l = +/{, ). In particular, it is assumed that all sets are subsets of the
Hilbert space H if not otherwise stated.

Convex Set
Given x1,...,xr € H, a point of the form
k 3

Z o;x; with Z o, =1 and o; >0 for all i,

i=1 i=1
is said to be a convex combination of x4, ..., x;. Geometrically, the set of all
convex combinations of x; and xy is the line segment between x; and xs.

A set C is called convex if
ax;+(1—a)xg € C

for all x1, x9 € C and all a such that 0 < a < 1.

Convex Hull and Extreme Points

Given a set S, the convex hull conv(S) is defined as the smallest convex set
containing S. In particular,

k k
conv(S) = {Zocixi:k>0, Zocizl, x €S, a >0 for alli}.

i=1 i=1
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Chapter 2. Convex Optimization

Let cl(S) denote the topological closure of S, then
cl(conv(S))
is called the closed convex hull of S. Notice, in general
cl(conv(S)) # conv(cl(S)).

LemMma 2.1—[Hir1ART-URRUTY AND LEMARECHAL, 1996]
If S is bounded (compact), then conv(S) is bounded (compact). a

Let C be convex, then e € C is said to be an extreme point of C, if there does
not exist x1, xo € C\ {e} such that e is a convex combination of x; and x,.
The set of all extreme points of the convex set C is denoted by ext(C).

LemMmA 2.2—[HiriaArRT-UrRRUTY AND LEMARECHAL, 1996]
If C is a compact convex set, then

C = conv(ext(C)). O

LeMMA 2.3—[ROCKAFELLAR, 1970]
Two closed convex sets C; and Cs coincide if and only if

sup(x, y) = sup(x, y).
x€Cq x€Csy

forally e H =

Cone
A set K is said to be a cone if

ax € K
for all x € IC and all a > 0. Thus, K is a convex cone if
a1x1 + agxg € IC

for all x4, x9 € K and all oy, ag > 0.

Convex Conic Hull

The convex conic hull of a set S is defined as the smallest convex cone
containing & and therefore

k
cone(S) = {Z ox; k>0, x; €S, a; >0 for all i}.

i=1

A cone is said to be solid if it contains an interior point.
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Affine Subspace
Given x1,...,x; € H, a point of the form

k
Z o;x; with o; € R for all i

i=1

is said to be a linear combination of xy,..., x;. Geometrically, the set of all
linear combinations of x; and x5 forms the line through x; and xs.
A set L is said to be a linear subspace if

aix1 + agxg € L

for all x1,x9 € L and all o, as € R. If x1,...,x, € L is the smallest
number of non-zero elements such that

k
L= {Zaixi:ocie R for alli},
i=1

then % is called the dimension dim(L) of the linear subspace L. In partic-
ular, if £ = {0} then dim(L) = 0.

A shifted linear subspace A is called an affine subspace or linear variety,
i.e. for all xy € A it holds that

A={x+x:x€ L(A)},
where
L(A) :={ai(x1 — x0) + az(xe — x0) : x1, x2 € A, a3, ag € R}
is a linear subspace that is parallel to .A. The dimension of A is defined as
dim(.A) := dim(L(.A)).
The affine hull aff(S) of a set S is defined as the smallest affine subspace
containing & and therefore
k k
aff(S) = {Zocixi k>0, ZOQ =1, €S8, o € ]Rforalli}.
i=1 i=1

Relative Interior

The relative interior of a convex set C is defined as
ri(C) := {x € aff(C) : 36 > 0 such that aff(C) N Bs(x) C C},
where Bs(x) :={x € H : x| < S}.
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Carathéodory’s Theorem on the Convex Hull

Let C be a convex set such that dim(aff(C)) = %, then Carathéodory’s
Theorem on the Convex Hull (see [Hiriart-Urruty and Lemaréchal, 1996])
says that

k+1 k+1
C= {Zaixi:Zoci =1 x;€C o ZOforalli}.

i=1 i=1

In particular, if C is compact, then

B+l k+1
C= {Z oGx; Z a; =1, x; € ext(C), oy >0 for all i}.

i=1 i=1

2.2 Convex Functions

In the following, let the effective domain of a function f : H — R U {oo} be
defined as
dom(f):={x € H: f(x) < c0}.

If dom(f) # @, then f is called proper. In the remainder it is assumed that
all functions are proper.

Convex Function
A function f : H — R U {co} is called convex if

flax;+ (11— a)xz) < af (x1) + (1 — a)f(x2)

for all x1, xo € dom(f) and all « with 0 < o < 1. If —f is convex, then f is
called concave. The effective domain of a convex function f is convex and f
is continuous on ri(dom(f)).

Strictly Convex Function

A convex function f : H — R U {co} is called strictly convex if
flax:+ (11— a)x) < af (x1) + (1 — @)f(x2)

for all xy, x2 € dom(f) with x; # x2 and for all o with 0 < o < 1.

Strongly Convex Function

A function f : H — R U{oo} is said to be strongly convex with parameter
m > 0 if m
% £(2) = ol

is convex.
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2.3 Optimality
Closed Function
A convex function f : H — RU{co} is said to be closed if the epi-graph of f
epi(f) :={(t, x) e RxH : f(x) <t} (2.1)
is a closed set.

Conjugate Function
The conjugate function to f : H — RU{oco} at x* € H is defined as

7 (x*) == sup[{x, x*) — f(x)]
Subdifferentials
Let f : H — R U{oo} be a convex function, then
Of (x0) :=={x5 € H : f(x) > f(x0) + {x — x0, x5) for all x € H}

is called the subdifferential of f at x.
Note that if g : H — R U {co} is another convex functional such that
ri(dom(g)) Nri(dom(f)) # @, then

A[f (x0) + g(x0)] = 0f (x0) + 9g(x0),
where the addition is taken with respect to the Minkowski sum, i.e.

9f (x0) + 0g(x0) :={x +y: x € 9f(x0), ¥y € 0g(x0)}-

2.3 Optimality

An optimization problem is said to be convex if it can be written in the form
minimize f(x) (2.2)

where f : H — R U {00} is convex.

Minimum and Maximum
Let f: H — RU{co} and xo € H be such that there exists § > 0 with

f(x0) < f(x) forall x € Bs(xo) N dom(f). (2.3)

Then f(xo) is called a local minimum with local minimizer x,. If (2.3) is
fulfilled for all § > 0, then f(xo) is a global minimum of f with global
minimizer xo. Analogously, one can define local (global) maximum and
maximizer if the reversed inequality in (2.3) holds.
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Chapter 2. Convex Optimization

Global Optimality
The following is a summary of some well-known properties of the solutions
to (2.2).

ProrosiTioN 2.1—sEE [HIRIART-URRUTY AND LEMARECHAL, 1996]
Let f : H — R U {co} be convex and x := inf, f(x), then

i. The solution set ¥ := {x : f(x) = u} is convex.
ii. x* is a local minimizer of f if and only if x* is a global minimizer.
iii. f(«*) = p if and only if 0 € 9f (x*).
iv. If f is strictly convex, then ¥ is either a singleton or the empty set.
v. If f is strongly convex, then ¥ is a singleton.

vi. If dom(f) is compact, then f has a global minimum. m]

Berge’s Maximum Theorem

In the following, let P(#) denote the power set of H, i.e. the set of all
subsets. For ® C R, a multivalued function (correspondence) F : ® — P(H)
is said to be upper hemicontinuous at 6 € 0, if for all open sets ¥V C H
with F(6) C V, there exists § > 0 such that

Fy)CcVforall ye (6—46,0+38)NO.

Further, F is called lower hemicontinuous at 6 € O if for all open sets
YV C H with VN F(xo) # @, there exists § > 0 such that

Fy)NV#¢@forall ye (6—6,6+38)N6.

If F is both upper and lower hemicontinuous at 6, then F is simply called
continuous at 6. Finally, F is said to be compact-valued (convex-valued) at
0 € O if F(0) is a compact (convex) set.

The so-called Berge’s Maximum Theorem (see [Berge, 1963; Sundaram,
1996]) provides conditions for the continuity of a parameter-dependent con-
cave function and the so-called upper hemicontinuity of its set of maximiz-
ers.

Proprosition 2.2—BERGE’s MaxiMmum THEOREM UNDER CONVEXITY
Let S C ‘H and ® C R. Assume F : ® — P(H) is continuous, compact- and
convex-valued on ® and f : S x ® — H is (jointly) continuous. Let

£7(0) .= max{f(x,0) : x € D(6)},

F*0):={xe€ FO):f(x,0)=7"(0)}
Then f* is continuous and F* is upper hemicontinuous on . Furthermore,
F* is convex-valued on @ if f(-, 8) is concave on ©. a
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2.4 Duality Theory

2.4 Duality Theory

Optimization problems are often not formulated as minimizing just a single
function. If the cost function f in the primal problem (2.2) is split into
several parts, it may be beneficial to consider the so-called corresponding
dual problem, which can be easier to solve than the primal problem. There
are several notions of duality such as Fenchel, Lagrange or Gauge duality
(see [Rockafellar, 1970; Freund, 1987]). Here, the former two concepts are
discussed.

Lagrange Duality

The following notational conventions are needed to introduce Lagrange
duality. Let Y be a Hilbert space containing a solid cone IC C Y. The cone
IC induces an ordering in the sense that if x, y € IC then

x=<xy ifandonlyif x—ye€e K.
An operator G : Q — Y is said to be convex, if Q C H is convex and
G(chl + (1 - oc)xg) <K ocG(xl) + (1 — a)G(xg)

for all x1, xo € € and for all o with 0 < a < 1. Let Z be a Hilbert space,
then A : H — Z is called a linear operator if

A(oc1x1 + (ngg) = alA(xl) + OSQA(JCQ)

for all x1, xo € H and for all oy, ag € R.
A primal problem in Lagrange duality is commonly stated as

pi = xlé% fo(x)
st. G(x) <k 0
A(x) =

where fo : H - RU {0} and G : Q@ — Y are convex, A : H — Z is linear
with yo € Z and D := dom(f) N Q. The associated Lagrange dual problem
is

d;:= %i;é xlél}; [fo(x) + (A, G(x)) + (P, A(x) — y0)].

It can be shown that p; > d and p; — d; is referred to as the duality gap.

ProPOSITION 2.3—SLATER’S CONDITION
Assume that p; > —oco and that there exists xo € ri(D) with

G(x0) = 0 and A(xo) = yo,
then p; = d;. O
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Fenchel Duality
A primal problem in Fenchel duality is usually stated as

py = inf [£(x) + g(x)], (2.4)
and its corresponding Fenchel dual problem is given by
df = —min [f*(x") + " (==")],

where f, g : H — R U {oo} are closed and convex. It holds that p; > dy
and ps — dy is called the duality gap.

ProrosITiON 2.4—FENCHEL’'S DUALITY THEOREM
Assume that py > —oo and

ri(dom(f)) Nri(dom(g)) # @, |

then pPr = df.

In [Magnanti, 1974], it is shown that Fenchel duality is equivalent to La-
grange duality, i.e. Proposition 2.3 can be proven by Proposition 2.4 and
vice versa.

2.5 Douglas-Rachford Splitting Algorithm

In numerical convex optimization, many solvers are so-called interior point
methods (see e.g. [Boyd and Vandenberghe, 2004; Nocedal and Wright,
2006]). An advantage of these methods is that they usually exhibit fast
convergence. However, this comes at the cost of having computationally de-
manding iterates (see .e.g [Toh et al., 1999; Peaucelle et al., 2002]), which
grow unfavorably with the number of decision variables.

In order to maintain computability for large optimization problems, one
can apply so-called proximal splitting algorithms (see [Combettes and Pes-
quet, 2011; Parikh and Boyd, 2014]). Among these algorithms is the cele-
brated Douglas-Rachford Splitting Algorithm (see [Douglas and Rachford,
1956; Lions and Mercier, 1979; Eckstein and Bertsekas, 1992; Bauschke
and Combettes, 2011; Combettes and Pesquet, 2011]), which is discussed
here.
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2.5 Douglas-Rachford Splitting Algorithm

Proximal Mapping

The proximal mapping of a closed convex function f : H — R U {co} is
defined as

1
prox,(z) := argmin (f(x) + —|jx— z||2),
x 2'}’
where 7 > 0. Note that by Proposition 2.1 it holds that

z—x" € Oyf(x"),

where x* := prox,(2).

Douglas-Rachford lteration

Assume that the optimization problem is split as
min [£(x) + g(x)] 2.5)

where f, g : H — R U {co} are close and convex, and that there exist a
solution to (2.5). Then the Douglas-Rachford iteration is given by

xF = prox;,f(zk_l), (2.6a)
yk = prox79(2xk — 2k, (2.6b)
2" =2 4 p(yF — xF), (2.6¢)

where ¥ > 0 and p € (0,2). A special instance of the Douglas-Rachford
splitting algorithm is the so-called alternating direction method of multi-
pliers (see [Glowinski and Marroco, 1975; Gabay and Mercier, 1976; Boyd
et al., 2011]).

Fixed Points

In the following, it is explained why a limit point to (2.6a) is also a minimizer
to (2.5). Rewriting (2.6a)—(2.6¢) as

2F = F(z" ) (2.7)
with
F(z) := 2 + pprox, ,(2prox,;(z) — z) — pprox,(2) (2.8)

shows that the Douglas-Rachford method is a fixed-point iteration. For any
of these fixed-points z* € H with

X" := prox,¢(2"),

Y= prox?,g(Zproxyf (") —2%),
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it holds that
25— x" € Oyf(x"), 2x"—z"—y" € yg(y"),
and x* = y*. This is implies that
0€ dy(f(x") + g(x7)),
thus x* is a solution to (2.5). Conversely, if a solution x* to (2.5) fulfills
—w € Oyf(x*) and w € dyg(x"),

then z* = x* — w* is a fixed point to (2.7).
Under the given assumptions on f and g the operator F' is known to be
firmly nonexpansive, i.e. for all x, y € H it holds that

(F(x) = F(y), x—y) 2 |F(x) — F(y)|*

This is the key property for showing that Douglas-Rachford iteration al-
ways converges (see [Douglas and Rachford, 1956; Lions and Mercier, 1979;
Eckstein and Bertsekas, 1992]).
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Paper I

A Symmetry Approach for Balanced
Truncation of Positive Linear Systems

Christian Grussler Tobias Damm

Abstract

We consider model order reduction of positive linear systems and
show how a symmetry characterization can be used in order to preserve
positivity in balanced truncation. The reduced model has the additional
feature of being symmetric.

© 2012 IEEE. Reprinted, with permission, from Proceedings of the 2012
IEEE 51st Annual Conference on Decision and Control (CDC), Maui, USA,
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1. Introduction

Mathematical modeling of biological, chemical and physical systems often
leads to complex high-dimensional models, which are hard to analyze and
simulate. Approximating high-order models by ones of reduced order is the
central goal of model order reduction in control and has received consider-
able attention e.g. in [Moore, 1981; Fernando and Nicholson, 1983; Safonov
and Chiang, 1989; Sandberg and Rantzer, 2004; Gugercin et al., 2008]. Here
we consider linear time-invariant systems

. {x(t) = Ax(t) + Bu(t), W

y(¢) = Cx(¢) + Du(2),
with state vector x € R”, input u € R™ and output y € R?, for small m, p
and large dimension n. Our goal is to approximate (1) by a system of the
same structure with the same m and p, but with smaller order r < n. For
this purpose different methods have been developed, the most popular of
which are based on linear subspace projection, such as balanced truncation
[Moore, 1981] or Krylov subspace methods [Antoulas, 2005], [Gugercin et
al., 2008].

In practice, one often deals with so called (internally) positive systems
(see [Farina and Rinaldi, 2011]) whose output and state variables are non-
negative, whenever the input and initial states are confined to be nonnega-
tive. Such systems occur, e.g. within the discretization of partial differential
equations [Saad, 2003], transport models or compartmental systems [Lu-
enberger, 1979]. It is desirable that the reduced system also is positive.
Unfortunately, positive systems are defined on cones instead of linear sub-
spaces [Ohta et al., 1984; Berman et al., 1989; Farina and Rinaldi, 2011],
and therefore methods based on linear subspace projection typically do not
preserve positivity. As a consequence, new methods have been developed
in [Reis and Virnik, 2009; Feng et al., 2010; Li et al., 2011]. However, with
rather conservative results regarding the H,-error and the computational
effort.

In this paper we present several new results related to positivity pre-
serving model order reduction. First, we show that balanced truncation
to order one always gives a positive approximation. Then, for single-input
single-output (SISO) systems, a symmetry condition for computing positive
realizations is derived. Since any balanced realization of a SISO-system can
be shown to be sign-symmetric with respect to the entries in A, B and C
(see [Moore, 1981; Fernando and Nicholson, 1983]), we can describe a pro-
cedure to compute a positive reduced order model of a SISO-system, by just
comparing signs in the sign-symmetric realization. In the worst case, this
procedure only allows for the scalar approximation mentioned above, but
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2 Preliminaries

in practical examples, it also yields positive approximations of higher order
with acceptable errors. These approximations have the additional property
of being symmetric, which is desirable for instance, in case of linear net-
works with reaction-diffusion structure [Ishizaki et al., 2010].

2. Preliminaries

Throughout this paper we use the following notation for real matrices and
vectors X = (x;;). We say that X is positive, X > 0, if all its entries are
positive (x;; > 0 for all i, j). It is called nonnegative, X 2 0, if all entries
are nonnegative (x;; > 0 for all 4, ). By |X| = (|x;j|) = 0 we denote the
entrywise absolute value of X.

A square matrix X is reducible, if there exists a permutation matrix
P = [Py, Py] so that PTXP; = 0. Otherwise, it is irreducible (see [Berman
and Plemmons, 1994]). By o(X) we denote the spectrum of X.

If X is square and symmetric, then we write X > 0, or X > 0 if X is
positive definite, or nonnegative definite, i.e. o(X) C [0, oo[. We also use
these notations to describe the relation between two arbitrary elements, e.g.
A > B is defined by A — B > 0. A real vector valued function u(¢) € R” is
called nonnegative if and only if u(¢) = 0 for all .

ProrosiTioNn 1—PERRON-FROBENIUS [LUENBERGER, 1979; MEYER, 2000]
If A > 0 is irreducible, then there exist a real 49 > 0 and a vector xy > 0
such that

1. Axo = /10960.
2. Ao > A, VA€ o(A).
3. The algebraic multiplicity of A¢ is one.

If A = 0 is reducible, then there exists a real 4o > 0 and a vector x¢o > 0
such that

1. Axg = Agxyo.
2. Ao > A, VA€ o(A).
Moreover, there exists a permutation matrix sr, such that
By % *
7l Arr = x|
By,

where each B; is irreducible or equal to zero. In particular, if A is diago-
nalizable and Ay has multiplicity m, then A has m( linearly independent
nonnegative eigenvectors. O
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Next, let us define positive systems (see [Farina and Rinaldi, 2011]).

DerFiNiTiION 1—EXTERNAL PosiTiviTy

A linear system (A, B, C, D) as in (1) is called externally positive if and only
if its output, corresponding to a zero initial state, is nonnegative for every
nonnegative input. O

DEeriniTiON 2—INTERNAL PosiTiviTy

A linear system (1) is called (internally) positive if and only if its state and
output are nonnegative for every nonnegative input and every nonnegative
initial state. ]

To characterize a continuous positive system, one needs the notion of a
Metzler matrix (or Z-matrix) [Berman and Plemmons, 1994]. A matrix
A € R™™" is Metzler if there exists an o € R such that A+ oI, = 0, where
I, is the n x n identity matrix. If A is Metzler then e4 > 0 for all ¢ > 0
[Luenberger, 1979].

ProprositioN 2—[FArRINA AND RINALDI, 2011]
A continuous linear system (1) is positive if and only if A is Metzler and
B,C,D = 0. a

3. Balanced Truncation to Order One

In the following we consider asymptotically stable positive systems
(A, B,C, D) as in (1). We assume the reader to be familiar with the concept
of standard balanced truncation (see e.g. [Antoulas, 2005; Reis and Virnik,
2009]). In general, balanced truncation does not return a positive system —
unless the system is reduced to the order r = 1.

TueEoREM 1—PosiTive OrRDER-1 BaLaNceED TrRUNCATION

If (A4, By, Cq, D;) is the reduced system of order 1, obtained by standard

balanced truncation of (A, B, C, D), then it has a positive, asymptotically

stable realization (Aj, |Bil, |C1|, D1) of order 1. O

Proof Let P and @ be the Gramians of (4, B, C, D), implicitly given by
AP + PAT = —BBT, ATQ+QA=-C"cC, 2)

or in their explicit form by

P= f eA'BBTeAdt, Q = f At CT Cetdt. &)
0 0

46



4 The Positive Realization Problem

Obviously, P and @ are nonnegative and thus P, too. Balancing the system
via a state-space transformation x = T¢ yields

T'PQT = blkdiag (071s,, ..., ox Iz, 0)

with Hankel singular values o7 > - -+ > oy and corresponding multiplicities
k1i,..., kn (see[Zhou et al., 1996]). Hence, the columns of T' are eigenvectors
of PQ and by Theorem 1 there exists a nonnegative right-eigenvector vy to
the largest eigenvalue o7, i.e.

PQuy = oqv1 with T = (vl, cees vn).

Analogously, there exists a nonnegative left-eigenvector w; such that
T1 = (wl,...,wn)T. If 21 = 1, the asymptotic stability of the reduced
system of order one leads to

A =wlAv; <0, Bi=wi!B>0, C;=Cv; 20, D;=D2>0.

If k1 > 1, it could happen that A; = 0. But since the reduced system of
order k; (belonging to all o7) is asymptotically stable, there must exist at
least one asymptotically stable first order approximation. By Theorem 1
we conclude the reducibility of PQ and the positivity of each first order
approximation. In both cases Theorem 2 concludes the proof.

Balanced truncation can also be performed by using —v; and —w;. In
this case we substitute B; and C; by their elementwise absolute values. O

In general, Theorem 1 does not transfer to singular perturbation balanced
truncation (see [Reis and Virnik, 2009]). Further, Theorem 1 gives a neces-
sary condition on the positivity, independent of its realization. By numerical
experiments, we can observe that this is a strong condition. Many of the
non-positive systems fail at this point.

4. The Positive Realization Problem

From the proof of Theorem 1 we can deduce that even in case of an ap-
proximation to order one, balanced truncation does not necessarily return
a positive realization. However, it is straightforward to see, that every first
order externally positive system has a positive realization of the same di-
mension. The same is true for second order SISO-systems (see [Ohta et
al., 1984]). But higher-order externally positive systems do not necessarily
admit an internally positive realization of the same dimension — even if
they possess only real poles (see [Ohta et al., 1984] again). Knowing that
balanced truncation always results in a minimal system, the positive re-
alization problem and its connection to balanced realizations becomes the
major obstacle beside the actual positivity preservation.
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We call a linear system quasi-symmetric if A = AT and C = kBT for
some k£ > 0. If £ = 1 the system is said to be symmetric (see [Liu et al.,
1998])).

THEOREM 2—POSITIVITY OF SYMMETRIC SYSTEMS
Every quasi-symmetric SISO system possesses a symmetric positive mini-
mal realization, which can be computed by Arnoldi’s (or Lanczos’) algorithm

Proof Let (A, B, C, D) be a quasi-symmetric system with Gramians P and
Q. Then from (3) it follows that @ = k2 P. Diagonalization of kP gives

EP =TTLT
PQ=FP2=TTY2T = T7'PQT

with T = ﬁT. Obviously, T is a balancing transformation matrix and the
balanced system is given by

(T~*AT, T7'B, CT) = (TT AT, VE(BT)", VkBT).

Thus, it is always possible to find a symmetric minimal realization of a
quasi-symmetric system. Arnoldi’s algorithm (see [Trefethen and Bau III,
1997; Antoulas, 2005]) yields a unitary transformation matrix

v~ (i )
Bl )
such that VT AV is upper Hessenberg with positive elements on its lower
diagonal. If A = AT and C = B”, this means that VT AV is Metzler and

CV=(B"V)=(|Bllz 0 - 0).

Positivity now follows from Proposition 2. m]

5. Symmetric Balanced Truncation

If balanced truncation of a SISO system results in a symmetric reduced
model, then (by Theorem 2) we are able to compute its positive realization.
To this end we recall the following important result of balanced SISO-
systems (see also [Moore, 1981; Fernando and Nicholson, 1983]).

ProrosiTioN 3

Let G(s) be the transfer function of an arbitrary SISO-system. Then there
exists a balanced realization (A, B, C, D) of G(s), such that (A, B, C, D) is
sign symmetric, i.e. |A| = |AT| and |B| = |C7|. |
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5 Symmetric Balanced Truncation

Proof Let (A, B, C, D) have simple Hankel singular values {oy,..., 0, }. By
definition of a balanced system, its Lyapunov equations can be written as

AY + YA = —BB" ¢ a;0;+ gia;; = —bb,,
ATy 4+ 3A=-CTC & a;jo0; + 0;a; = —c;Cj, 4)
fori,j=1,...,n and X := diag(oy,..., 6,). In particular it holds for i = j :
2a,0; = —b; = —c} = b = *c;. 5)

If i # j we can deduce from (4) and (5)

g; 0 aij\ bibj _ bibj
o; 0j a ;i - CiCj - :Ebibj ’

Solving for (a; a ji)T yields

a;; _ bibj 0; F 0;
aji) o — o \E(0; F 07)

and hence a;; = t+aj;.
In case of multiple Hankel singular values we can assume w.l.o.g.

Y = diag(o11p,, 09, ..., 0,) for k1 > 1. By partitioning A = (il :) and

B = (B::) correspondingly to 011, we can write 01(A; + AT) = B;BT.

Diagonalizing
BB =U"diag(4,0)U with >0

gives
01(UAUT + UATUT) = UBBIU” = diag(4,0)

and it follows for A := UA,U7, that &;; = —d;;. By T := diag(U, I) we
define a balanced sign symmetric realization

(4, B,C, D) := (TAT?, TB,CT", D).
O

Note that b;b; = —c;c; if and only if a;; = —aj;. Hence, balanced truncation
returns a k-th order symmetric approximation as long as ¢; = b; for all
i=1,...,k. From Theorem 1 we know that & > 1.

Theorems 1-3 provide the basis of the following Symmetric Balanced
Truncation Algorithm (SBT).
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AvrcoriTHM 1—SYMMETRIC BALANCED TRUNCATION ALGORITHM
Let G be a given linear system as in (1), then:

1. Compute a balanced realization (A, By, Cp, Dp).

2. Compare the entries of B, and C} in order to identify the smallest &,
where ¢, # b;.

3. Perform the truncation of (A;, By, Cp) to obtain a reduced symmetric
system G, of the order r < k.

4. Obtain a positive realization of G, with the help of Lanczos Algorithm.
O

Due to the symmetry constraint the reduced models possess only real eigen-
values. Thus, we can expect to approximate a system well, only if its dom-
inating poles are real. Such systems often occur in the context of sparse
large-scale systems, i.e. n > 1000. For such high dimensions balanced trun-
cation may not be applicable and therefore a pre-approximation is required.
In [Gugercin et al., 2008] it is shown empirically, that the Iterative Rational
Krylov Algorithm (IRKA) gives comparable good results as balanced trun-
cation. The same can be said about the size of the symmetric part after
balancing a reduced model, which is obtained by IRKA. This makes IRKA
an advisable pre-approximator for our method.

The applicability to large-scale systems and the general independence of
a specific state-space representation can be considered the main advantages
of SBT. This method is often preferable to those presented in [Reis and
Virnik, 2009; Feng et al., 2010; Li et al., 2011], for the following reasons.
The methods in [Feng et al., 2010] and [Li et al., 2011] have the common
goal of satisfying the Bounded Real Lemma [Zhou et al., 1996] for the error-
system, i.e. between the original and the reduce model. Both are using an
iterative linearization approach and consequently do not have a convergence
guarantee. The linear matrix inequalities (LMIs), which need to be solved,
are usually very expensive to solve (see [Peaucelle et al., 2002]).

The method in [Reis and Virnik, 2009] is based on LMIs, consisting only
of 2n variables. In the following we refer to this method as Generalized
Balanced Truncation (GBT). It generalizes the idea of balanced truncation
by using diagonal solutions P > 0 and @ > 0 of the LMIs

AP+ PAT < —BBT, ATQ+QA<-CTC. (6)

Such solutions exist, since A is Metzler (see [Berman and Plemmons, 1994]).
Balanced truncation based on the generalized Gramians P and @ preserves
the error formula [Beck et al., 1996], but the bound is more conservative,
as the following proposition shows.

50



6 Examples

ProprositioN 4

Let (A, B, C, D) be a minimal system, 4; > --- > 4, be the eigenvalues of
PQ given by (2), and A1 >+ > 4, be the eigenvalues of P@ as defined in
(2). Then 4; < A; foralli=1,...,n. O

Proof By subtracting equations (2) from the inequalities (6) it follows by
the stability of the system [Zhou et al., 1996], that P— P > 0, or equivalently
that P > P > 0. In the same way we obtain @ > @ > 0. It holds, that

5(PQ) = o(P~:(PQ)P*) = 5(RQR)

where R = P2. Analogously, o(PQ) = o(RQR) with R > R > 0. Since

it follows by @ > @, as well as Q?RQ: > Q>RQ:, that RQR > RQR.
The inequalities for the eigenvalues now follow from the Courant-Fischer
theorem [Lancaster and Tismenetsky, 1985]. O

From a geometric point of view this is clear, since balancing with respect to
the generalized Gramians does not project the system onto the controllable
and observable subspace. In particular, standard balanced truncation with
diagonal Gramians is essentially a permutation of the states followed by
truncation.

In contrast, SBT inherits the good H,-error behavior of balanced trunca-
tion. For that reason even a small symmetric part often yields good results.
In Section 6 we compare SBT and GBT numerically. Since GBT can also be
used for singular perturbation balanced truncation, we always present the
error of the better one.

6. Examples

We discuss some properties of SBT and compare it with the method in [Reis
and Virnik, 2009].

6.1 Water Reservoirs

We start with the same water reservoir example as in [Reis and Virnik,
2009]. As schematically shown in Fig. 1, we consider a system of n connected
water reservoirs. All reservoirs Ry, ..., R, are assumed to be located on the
same level. Base area and fill level of reservoir R; are denoted by a; and
h;, respectively. Further, R; and R; are connected by a pipe of diameter
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Figure 1. System of n water reservoirs.

d;j =dj; > 0, resulting in a flow f;; from R; to R;, where f;; is assumed to
be linearly dependent on the pressure difference at both ends. The external
inflow to reservoir R serves as the single input of the system. The output is
the sum of all outflows f,; of R; through a pipe with diameter d,;. According
to Pascal’s law the system flows are described by

i) =di - k- (hi(2) — Ry(2))
foi(8) = d2; - k- (Ri(t) — Ry(2)),

where % is a constant representing gravity as well as viscosity and density
of the medium. Thus, the fill level A; of R; is subject to the differential
equation

h; = aﬁ( —d2hi(t) + zn:d?j(hj(t) - hi(t))) + %%-u(t),

where 8;; = 1 if i = 1 and zero otherwise. Writing these equations as a
linear state-space system results in a SISO-system (A, B, C, D) given by

B=(20,..., O)T, C=Fk(d2, --- d2,)andasymmetric A with entries

2 n 2 L.
a;j ;= k { 2do,i Zm:l dim’ l _J with dii = 0.
a; | dj; i #
In [Reis and Virnik, 2009] the system is supposed to consist of two sub-
structures of five reservoirs each. In both substructures each reservoir is
connected to every other by a pipe of diameter 1, i.e d;; = 1 for i # j and
,j=1...,5and i,j = 6,..., 10, respectively. The connection of the sub-
structures is established by a pipe of diameter d; 190 = d10,1 = 0.2, between

52



6 Examples

reservoir 1 and 10. For simplicity, a; = 1 and & = 1. One can show that the
transfer function is just G(s) = 5.

Applying SBT to this system yields an exact realization of G. In contrast,
since GBT does not return a minimal realization, we get G(s) = siso.?(’)gg’ with
a relative H -error of 0.5014.

Now we modify the system to get a minimal example with unsymmetric
A. First, we set d,; = 0.01-7 to get minimality. Further assume that the first
substructure admits a flow from R; to R;, but not vice versa, i.e. d;; = 0 for
J=2,..., 5. For 50 water tanks per substructure, SBT gives a symmetric
model of order 2

A, — (—0.1305  0.0914 B, _ (0.0457
271 00914 -—02676) 27 0o )

Cy = (0.0457 0), Dy =0,

with error 0.0032. About the same error is achieved by GBT only for reduc-
tion order 91. We conclude that SBT performs fairly well even for systems
with non-symmetric A-matrix.

6.2 Heat Equation
Consider the two-dimensional heat equation

. o? o
T—AT—wT+8—y2T (7

on the unit square. The Dirichlet boundary conditions on the four edges are

interpreted as inputs. Using a finite difference discretization on a uniform
grid of step size A = ﬁ sketched in Fig. 2 we get the relations

1
ATy »~ _ﬁ(‘lTij —Tiv1,j— Tijor — Tjorj — Ty j1),

g

ui

O O O
T—»x Us

Figure 2. Discretized heat equation on the unit square.

Uy

us
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for the temperatures at the inner grid points. Let A denote the N2 x
N? Poisson-matrix and B := [b;] € R¥'**, where b;, = 0 except for the
following cases:

b1 =1, for i=12,...,N

big =1, for i = N, 2N,..., N?

bz =1, for i=N(N—-1)+ 1, N(N—-1)+2,..., N?
by =1, for i=LN+1L...,N(N—-1)+1

This gives the discretized system

1 1
= o3Ax+ 3By withu € R* and x € RV . (8)

As the output we take the average temperature, i.e.

X

1
y=5zCx with C:= (1 - 1) € R™V.

For small & the system will be very large.

Starting the comparison between SBT and GBT with a SISO-system,
i.e. ug = ug = uy = 0 and N = 10, yields for SBT a realization of order 15
without any error. In contrast, GBT gives a relative H,-error of 3.9087-107°
by just reducing one state. Moreover, if GBT halves the order it has nearly
the same error as balanced truncation to order 1.

For N = 50, we get a system of order 2500, for which it takes GBT hours
to calculate a reduced model, due to the high complexity of conventional

_1207 T T T TTTTI T T T T T T T T T T T T T T T T T T T T
m —140
=
3
E —160
g
< —180
=
—200
Lol Lol Lol Lol Lol Lo

10~ 1073 1072 107! 10° 10! 102
Frequency (rad/s)

Figure 3. Bode plot: Error system of the heat equation with 2500 states
(N = 50) and SBT of order 15.
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LMI-solvers [Peaucelle et al., 2002]. In case of a large-scale system we
apply IRKA to decrease the system to a order lower than 1000, followed by
the usual symmetry argument. These computations consume less than half
an hour and return a 15-th order model. The Bode diagram of the error
system, as shown in Fig. 3, indicates that the reduction error is zero up to
machine precision.

Applying balanced truncation to the full MISO-system results in a re-
duced system (A,, B,, C;), with

A=A and C,=Bl!=---=B}

where B}, ..., B} denote the columns of B,. In case of N = 10 SBT returns
as in the SISO-case a reduced system of order 15 with zero error. However,
the error of reducing just one state by GBT increases to 0.0070.

7. Conclusion

We have presented a positivity preserving model reduction method for SISO-
systems based on the sign-symmetry of balanced SISO-systems. It always
yields at least some positive approximation since the reduced model of order
1 is guaranteed to be positive. Application of this idea to MIMO systems
provides a necessary condition for positivity, which is preferable over a con-
sideration of the impulse response [Farina and Rinaldi, 2011]. Furthermore,
the reduction method works independently of a positive state-space realiza-
tion. Hence, large-scale systems can be treated by pre-approximations with
methods such as the Iterative Rational Krylov algorithm [Gugercin et al.,
2008]. Besides, the method preserves and provides symmetry in the A-
matrix.
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Paper II

Modified Balanced Truncation
Preserving Ellipsoidal
Cone-Invariance
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Abstract

We consider model order reduction of stable linear systems which
leave ellipsoidal cones invariant. We show how balanced truncation can
be modified to preserve cone-invariance. Additionally, this implies a
method to perform external positivity preserving model reduction for a
large class of systems.
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1. Introduction

Cone-invariance of linear time-invariant systems is a common feature,
which is appearing nowadays very frequently in the literature. This is due
to an increased interest in systems with compartmental structure as they
can be found in bio-medicine, economics, data networks and many more ap-
plication areas (see [Luenberger, 1979; Brown, 1980; Shorten et al., 2006;
Farina and Rinaldi, 2011]). For example, consider the linear time-invariant
system

. {x(t) = Ax(t) + Bu(t), W

y(t) = Cx(¢) + Du(z),

with state vector x € R”, input u € R™ and output y € R*. Here x could
stand for the temperature in n rooms within a building, influenced by the
temperature of m radiators u. The temperature in & sensor locations, e.g.
floors, is then represented by y. Consequently, x and y are confined to be
nonnegative, whenever u is nonnegative. In the literature, such systems are
referred to as being internally positive and as being externally positive if
the system is positive from input to output (see Section 2).

Naturally, these systems often tend to be of large dimension n and need
to be approximated with the help of model order reduction. Unfortunately,
conventional model reduction methods (see e.g. [Moore, 1981; Glover, 1984;
Gugercin and Antoulas, 2004; Antoulas, 2005; Gugercin et al., 2008]) do not
preserve external positivity.

However, working with an approximation that is violating basic physical
constraints by allowing for instance negative concentrations of chemical
substance always leaves the question of how conclusive results on this basis
are. Recently developed methods have tackled this problem by preserving
internal positivity (see [Reis and Virnik, 2009; Feng et al., 2010; Li et
al., 2011; Grussler and Damm, 2012; Sootla and Rantzer, 2012]), i.e. the
invariance with respect to (w.r.t.) the nonnegative orthant.

The main goal of this work is to present a variant of balanced truncation,
which guarantees to preserve invariance w.r.t. an ellipsoidal cone (see Sec-
tion 2 and 3). An immediate consequence of this result is the preservation
of external positivity under the assumption of ellipsoidal cone-invariance
(see Section 4). Unlike internal positivity, our definition has the advan-
tage of being computationally tractable and independent of a particular
state-space realization (see Sections 2 and 4). In Section 6 we will see that
ellipsoidal cone-invariance is often implied by internal positivity. Moreover,
numerical experiments indicate that the error-difference between balanced
truncation and our method appears to be fairly small (see Section 6).
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2 Preliminaries

2. Preliminaries

The following notations for real matrices and vectors X = (x;;) are used
throughout this paper. We say that X € RZ;" is nonnegative, if all entries
are nonnegative (x;; > 0 for all 4, j). By | X| = (|x;;]) we denote the entry-wise
absolute value of X and by x; its i-th column, if not further specified.

If X = X7, then we write X > 0, or X > 0 if X is positive definite, or
semi-definite, i.e. the set of eigenvalues of X, o(X) C [0, co[. We also use
these notations to describe the relation between two matrices, e.g. A > B
defines A — B > 0. A real vector valued function u(t) € R™ is called
nonnegative if and only if u(t) € RZ, for all ¢ > 0. The inertia (p, 2, n)
of X is defined by the number of eigenvalues of X with positive, zero and
negative real-parts, respectively counting multiplicities. Next, let us define
cone-invariance.

DEFINITION 1—INVARIANT CONE

Let IC C R” be a cone and A € R™". IC is called A-invariant if and only
if AIC C K. K is called exponentially A-invariant if and only if V¢ > 0 :
eAIC C K. O

DeFintTION 2—CONE INVARIANCE
(A, B) is called cone-invariant w.r.t. a cone I if and only if b; € K, for all i
and /C is exponentially invariant w.r.t. A. O

Similar to the introductory example, cone-invariance says: if the state-vector
starts within a cone /C then it will remain there for all nonnegative inputs u.
Two important classes of cone-invariant systems are the so-called externally
and internally positive systems, which will be discussed in Section 4.

In the following we define ellipsoidal cones, the essential ingredient for
our main result. This class has been investigated in [Stern and Wolkowicz,
1991b; Stern and Wolkowicz, 1991a], which is why we adapt the notations.

DEeFINITION 3—ELLIPSOIDAL CONES
Let @ = QT € R™" with inertia (n — 1, 0, 1), then

Ko :={x:x7Qx < 0}
is called an ellipsoidal double-cone. If p € R” is such that
{p}' NKCq = {0}

where {p}* denotes the orthogonal complement of linear span {p} of p,
then we call KCg, := {x : xTQx < 0, pTx > 0} an ellipsoidal cone. O

It is obvious that Kg, and —/Cq, := K _, are proper convex cones. In the
following, we make the convention that @, := blkdiag(I,—1, —1) and KCq,..,
is called the ice-cream cone, where e, is the n-th canonical unit vector.

61



Paper II. Modified Balanced Truncation Preserving. .. Cone-Invariance

LEMMA 1

Let ICq be an ellipsoidal double-cone and /Cq ,,, the corresponding ellipsoidal
cone, where u, is an eigenvector belonging to the negative eigenvalue of Q.
Their dual sets can be parametrized as

K:a = ’CQ—l and KZM” = ’CQ—lJun.

Proof Let ICq,, be an ellipsoidal cone with o(Q) = {44,..., A4,}, where

MZ>2A2> 21 >0> 4,
Diagonalizing @ with

UTQU = diag(Ay,..., Ay) =: A
defines a transformation matrix T = |A|2U”, which gives

TKqu, = Kr-ror-1,r-ry, = Kq,.e,-
Since ICj, . = KCq,.e, it follows that (T1Cqu,)" = KCq,.., and therefore
Kou, =T "Kq,e, = Krig,r7,11¢, = Kus-r,ve, = Ko,
By KCg being independent of u,, we conclude the proof. a
The boundary of ICg, is given by
Mgp ={x:27Qx =0,pTx >0} U{0}.

From this it follows that p € int(KZZ,’p), which by the preceding Lemma is
equivalent with p” @ 1p < 0. Thus, for given @ = @7 with inertia (n—1, 0, 1)
we conclude that /Cq, is a proper convex cone if and only if

p'Q'p <.
Moreover, p € int(/C; ,) if and only if there exists = > 0 such that
Ve € Kgp : xTQx + vxTppTx > 0,

which is equivalent to
Q + tppT > 0.

Together with the main result in [Stern and Wolkowicz, 1991a], this leads
to the following theorem.
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THEOREM 1
Let @ = QT with inertia (n — 1,0, 1). Then KCg, := {x : x7Qx < 0,pTx > 0}
is exponentially invariant w.r.t. A if and only if

Iy, 1€ R:ATQ+QA+2yQ <0, @+ TppT > 0.
O
Notice that if 0(A 4+ yI)NiR = @, then @ exists if and only if the inertia of

A+yI and —@ are equal (see e.g. [Datta, 2004]). Equivalently, A has a single
dominant real eigenvalue Ay € 0(A) and (A + Y1) NRsp = {Amax + 7}

3. Central Theory

In the following we consider asymptotically stable systems as in (1), where
(A, B) is invariant w.r.t. to an ellipsoidal double-cone. We assume the
reader to be familiar with the concept of standard balanced truncation
(BT) (see e.g. [Moore, 1981; Beck et al., 1996; Antoulas, 2005]).

In general, balanced truncation does not preserve the invariance with
respect to an ellipsoidal cone — unless the system is reduced to order r = 1.
To this end, we will modify the concept of balanced truncation to what we
call cone-balanced truncation. For notational simplicity we start by deriving
the main results for the case of a controllable system. Nonetheless, the
reader should check that the results are still true in the uncontrollable
case. Let us start with the first of two following modifications of balancing
a system.

ProposrTION 1
Given (A, B) and ¥ > 0, let @ = QT with inertia (n — 1,0,1) and P > 0
fulfil

i. ATQ+QA+2yQ <0,
ii. 57Qb; < 0 for all j,
iii. AP+ PT = —BBT”.
Then there exists T' € R™*" such that
T'PT-T = blkdiag(oy, 021p,, . .., 0s11,)
TTQT = blkdiag(—o1, 0214, . . ., 0:11,)

where 0y > -+ >0, >0,k + -+ ks=n—1and
o> | ol @)
i>1
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Proof Assume that P and @ are as in the claim and fulfil i. - iii.. We

1
perform a singular value decomposition P = ULpUT and define L := UX 3.
By another singular value decomposition of L7 QL into

LTQL =vx2vT
we define T := LVE~:. Then we can verify that
P:=T7'PT" and Q:=T"QT
fulfill
P=x:VTL'LLTLTVy: = %,
Q| = | :VILTQLVE 2| =X,
with ¥ = blkdiag(o1l,,...,0:1;,), 01 >+ >0ds; >0and by + -+ + ks = n.
By Sylvester’s law of inertia it follows that the inertia of 77 QT remains
invariant, which is why P and @ are equal up to a sign-change on one of
the diagonal entries. .
We will show now that trace(®) < 0 implies that the sign-change occurs

at o1 and k; = 1. To this end, assume without loss of generality that P = I
and |@| = X2, i.e.

ATQ +QA+2yQ <0, (3)
b} Qb; < 0 for all j, 4)
A+ AT = _BBT. (5)

By substitution of A = —BBT — AT in (3) we get
—(BB" + A)Q — Q(BB" + AT) —2yQ < —47Q. (6)
Taking the trace over (6) and using
* > 50b] Qb; = trace(BB"Q) = trace(Q BB") < 0
* trace(AQ + QAT +2yQ) = trace(ATQ + QA +2yQ) <0
gives the following inequalities
—4ytrace(Q) > —2trace(BBTQ) > 0

& trace(Q) < % (trace(BB'Q)) < 0.

Therefore, by the inertia of @ and the assumption that o7 > -+ > gy > 0,
we conclude that the largest magnitude in @ is negative. O
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If (A, B, C, D) is a system with (A, B), P, @, ¥ and T as in Proposition 1,
then truncating any of the last n — 1 states of

(A,B,C,D):= (T AT, T"'B, CT, D)

preserves controllability as well as ellipsoidal cone-invariance. But, since
TTQT is indefinite we cannot apply the error-bound known from balanced
truncation. Instead, we perform another balancing of (A, B, C, D) which
will provide us with such.

ProposiTiON 2
Let (A, B, C, D) be such that (A, B) is invariant w.r.t to /Cg and

AP + PA" = —BB"
for diagonal P > 0 with P = |Q|. Then
IA>-0: ATA+AA<-C"C
with A being diagonal. a

Proof If (A, B, C, D) is as in the assumptions, then by Lemma 1 and The-
orem 1 we conclude that

ATQ+QA+2yQ <0, (7
AP + PAT = —_BBT, (8)
Q" +¢b;b] >0, for all j, 9)

for sufficiently large £ > 0. Multiplying (7) with @ ! from the right and the
left yields

AQ'+ QAT +29Q71 <0 (10)
and multiplying (8) by 2y¢ gives
2yeAP + 2yePAT 4+ 2y¢BBT =0, (11)
where 2ye07 — 07! > 0. Adding up (10) and (11) results in
AN+ ATTAT 42y (@' +eBBT) <0

with A := (2yeP + @ 1)~! > 0. Finally, a proper scaling of A gives a
diagonal solution to

ATA+AA < -C"C. (12)

O
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Now, if P and A are as in Proposition 2 we can define a second balancing

transformation )

Das 15
= blk 1, = —
=b dlag( 5 &, )

such that

fulfils

ATQ+ QA< -C'C
where P and @ are diagonal and equal except for the first diagonal entry.

DEFINITION 4—CONE-BALANCED
133 line?r system (A, B, C, D) is called cone-balanced if 3y > 0, b, Q > 0 and
K = KT with inertia (n — 1, 0, 1) such that

ATK + KA +2yK <0,

TQ+QA=<-C"C,
ATPp + PA=—BB",

D>z

where P, @ and K are diagonal with
k11 <0 and pae =g > """ = Pun = dnn- o

Again, truncating a cone-balanced system preserves ellipsoidal cone-
invariance and it is well known (see e.g. [Beck et al., 1996]) that the error-
bound result from standard balanced truncation carries over to the diagonal
elements of P.

THEOREM 2

Suppose (A4, B,C, D) is a cone-balanced realization of a stable, mini-
mal cone-invariant system with transfer function G(s) and controllability

Gramian P = blkdiag (X1, X9),
¥, = blkdiag (&1, oolp,. .., 6’,Ikr),
¥, = blkdiag (&,Hlkrﬂ, ces (Tplkp),
where 63 > -+ > 63 > Grp1 > -+ > 0, > 0.
Truncating the states corresponding to Yg results in an approximation

(A, B, C,, D;) of order 1+ Y _._, k; with transfer function G,(s), which is
cone-balanced, controllable and stable. Moreover, it holds for the H.,-error

p
IG(s) = Gr(s)lloo <2 > 6. (13)

i=r+1 O
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It is known (see [Grussler and Damm, 2012]) that the ¢; in (13) are always
larger than the Hankel singular values. Nevertheless, we will see in Section
6 that we can get fairly close to them. The whole algorithm for cone-balanced
truncation (CBT) is summarized in Algorithm 1.

Algorithm 1 Cone balanced truncation (CBT)
1: Let (A, B, C, D) be a minimal system.

2: IF (A, B) fulfils Proposition 1.

3: Find T € R™" such that (A, B,C, D) := (T~'AT,T'B,CT, D) has
diagonal controllability Gramian P and (A, B) is invariant w.r.t. KCg
with P = |Q)|.

4: Minimize ) ;. 6; subject to

ATA+AA=<-C"C

A := blkdiag(S1y, ..., Sun) > O.

5: Find a cone-balanced realization (A, B C, D) with generalized singular
values 6i = Vp_iié‘ii; i>1.

6: Choose a reduced order according to (13) and truncate (4, B, C, D).

7. END

4. Positive Systems

In the following we formally define externally and internally positive sys-
tems and compare them with ellipsoidal cone-invariant systems. After that,
it will be evident why our result naturally extends to the class of externally
positive systems.

DEerinNiTION 5—EXTERNAL PosiTiviTy

A linear system (1) is called externally positive if and only if its output
corresponding to a zero initial state is nonnegative for every nonnegative
input. O

Prorosition 3—[Farina anp RiNnaLDI, 2011]
A linear system (A4, B, C, D) is externally positive if and only if V¢ > 0 :
CeA'B € RE™ and D € REZ™. O

It is readily seen that every single-input-single-output (SISO) externally
positive system (A, B, C) is invariant with respect to its so-called reachable
and observable cone

R(A, B) := clcone{e*'B :t > 0} and O(A,C):={x:Vt>0:Cex >0},
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where cone(-) denotes the convex conic hull and cl(-) the topological closure
(see [Ohta et al., 1984]).

DEeriniTiOoN 6—INTERNAL PosiTiviTy

A linear system (1) is called internally positive if and only if its state and
output are nonnegative for every nonnegative input and every nonnegative
initial state. |

Internal positivity of (1) requires that the nonnegative orthant RY, is
exponentially invariant w.r.t. A. In [Berman and Plemmons, 1994] it is
shown that this is the case if and only if A is Metzler, i.e.

Ja>0:A+ al € RIG"

THEOREM 3—[FARINA AND RiINALDI, 2011]
A continuous linear system (A, B, C, D) is internally positive if and only if
A is Metzler and B, C, D are nonnegative. O

Verification of external positivity is known to be NP-hard (see e.g. [Blondel
and Portier, 2002]). Restricting oneself to internally positive systems is a
convenient way to deal with this problem. But, as indicated in Theorem 3,
internal positivity depends on very specific state-space realizations. Finding
such a realization is known to be computationally difficult (see [Ohta et al.,
1984; Anderson et al., 1996]). We believe, if one is only interested in external
positivity, it is beneficial to look at externally positive systems, which are
ellipsoidal cone-invariant. In this case, verification of external positivity can
be performed with the help of convex optimization.

THEOREM 4
Given (A, B, C, D) with D € RE;™, assume that there exists @ = Q" with
inertia (n — 1,0, 1) and 7, T € R such that

1. ATQ+ QA +2yQ <0,
2. bJTij < 0 for all j,
3. @+ micle; > 0 for all g,
4. CB € RE§™,
where ¢; is the i-th row of C. Then (A4, B, C, D) is externally positive. O

Proof The result follows directly from Lemma 1 and Theorem 1, which
imply that (A, B, C, D) is invariant w.r.t. Kq.r, for alli.
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COROLLARY 1
Assume (A4, B,C, D) is a stable and externally positive system fulfilling
Theorem 4. Then cone-balanced truncation preserves external positivity. O

Proof Assume w.l.o.g. that (A4, B, C, D) is externally positive and cone-
balanced w.r.t. Kq. = Kgq., for all i. Moreover, we assume that we reduce
our system by one order with CBT to (A, B, C, D). Clearly, 1) — 3) in Theorem
4 are preserved after cone-balanced truncation. To see 4), observe that

T _ =
bj € K:Q,el = (bl,j v bn—l,j 0) € K:Q,el = Cibj > 0.
O

We will refer to this method as positive cone-balanced truncation (PCBT).

5. Discussion

In the previous two sections we have formally derived a solution to the
following problems

1. Ellipsoidal cone preserving model reduction.

II. External positivity preserving model reduction under the constraint of
ellipsoidal cone-invariance.

Now, we want to get some further insights into these problems and into the
numerical computations involved.

First, notice it is straightforward to extend all results to discrete-time
linear systems — for ellipsoidal cones see e.g. [Stern and Wolkowicz, 1991b].
Furthermore, Lemma 1, Proposition 1 and the duality between observability
and controllability imply that if a non-minimal system is ellipsoidal cone-
invariant then this is also true for its minimal realization.

A major draw-back of our method is the need to solve linear matrix
inequalities (LMIs) in order to preserve external positivity — LMI-solvers
are usually computational demanding (see e.g. [Peaucelle et al., 2002]).
Given the NP-hardness of the verification problem, this is a small price to
pay. Moreover, standard balanced truncation usually requires pre-reduction
methods such as [Gugercin et al., 2008] to be able to handle large-scale
systems. Hence, it is valid to assume a reduced system whose LMIs are
sufficiently fast solvable.

Further observe, if one only wants to verify/preserve cone-invariance, it
is often enough to consider Lyapunov equations. To see this, assume (A, B)
is controllable with o(A+yI)NiR = @ and no b; is in the span of the eigen-
vectors belonging to the non-dominant eigenvalues. If ICq is exponentially
A-invariant then so is e"4!Kg, ¢ > 0, which by our assumptions implies
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that 3t > 0 : b; € e’AtKQ, for all j. More explicitly, if B € R" one could
solve

ATQ+ QA +2yQ =—-R <0,
AP + PAT 4+ 2yP = —BBT.

Assuming without loss of generality that P is diagonal with p;; < 0, then
BTQB = trace(BBT Q) = trace(P(ATQ + QA + 2yQ)) = trace(PR)
yields that BTQB < 0 for any R > 0 with 7;; >0 and r; =0, i > 1.

COROLLARY 2

Assume (A, B, C, D) is a minimal symmetric SISO-system, i.e. A = AT and
B = CT and assume that A has single dominant eigenvalue. Then there
exists @ = QT fulfilling Theorem 4. O

Proof By the previous discussion it follows that there exists @ = QT and
un, such that ICq ,,, is exponentially invariant w.r.t. A and B € Kg,,. Hence,
CT € Kg,, and

Vt>0: CTeA2ediB = ||eA%B||2 > 0.
W.l.0.g. we can assume that
’CQ’un = ’CQn;en and BTQnB = CQnCT < O~

That implies that C* € int(Cj, , ) which is why ICq., = KCqcr. O

It is straightforward to show that all symmetric SISO-systems have an
internally positive realization of the same dimension.

A practical procedure to deal with large-scale externally positive systems
could be the following:

1. Reduce the system with help of a Krylov-subspace method (see [An-
toulas, 2005; Gugercin et al., 2008]) to an order where Lyapunov
equations can be solved efficiently.

2. Apply CBT to reduce the system to an order where the LMIs in The-
orem 4 can be solved efficiently.

3. Use PCBT to verify external positivity and to reduce the system even
further.
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Our derivations deal with externally positive systems (A, B, C) where
CB e RE™

To treat cases with zero entries in CB one could pre-approximate the orig-
inal system with (4, e4¢B, C) for € > 0. Then

Vt>0: Ce’tB >0

by the assumption of a single dominant real pole. The error between those
systems can be made arbitrarily small by the choice of €.

Finally, note that if an externally positive system has a strictly dominant
real pole of multiplicity one, then the system possesses a positive realization
[Anderson et al., 1996]. Thus our method also preserves internally positive
realizability. Unfortunately, internal positivity is not sufficient to ensure
the requirements of Theorem 4.

6. Examples & Comparison

By considering some numerical examples, we discuss the quality of (positive)
cone-balanced truncation. The results are compared to symmetric balanced
truncation (SBT) in [Grussler and Damm, 2012] and standard balanced
truncation (BT). Moreover, by the comparisons in [Grussler and Damm,
2012; Grussler, 2012] and [Sootla and Rantzer, 2012] it follows, that even
a reduced model of order one often outperforms the methods in [Reis and
Virnik, 2009; Feng et al., 2010; Li et al., 2011; Sootla and Rantzer, 2012].

Our comparison will always start from a minimal realization, which can
be considered a pre-reduction. In order to make the solutions unique, we
will add to minimize

trace(Q + TC’C)

in case of PCBT, which turned out to give good results. For CBT we use the
same y-shift as determined by PCBT and @ is given by
ATQ+QA+2yQ =-CTcC.

6.1 Heat Equation

We begin with one of the examples given in [Grussler and Damm, 2012],
the two-dimensional heat equation on a square
82 62
with control of the Dirichlet boundary conditions of the four edges. Discreti-
sation on a uniform grid leads to the following linear internally positive
system: . ,
T = AT + Bu withu € R* and T € RV (15)
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Figure 1. Normalized H-error in heat experiment 1:
—8— (S)BT: (symmetric) standard balanced truncation
= - CBT: cone preserving balanced truncation

- = PCBT: positivity preserving CBT

where A is the N? x N2-Poisson-matrix and B := [b;;] € RV**4, where
b;; = 0 except for the following cases:

b1:=1, for i=1,2,...,N

big =1, for i = N,2N,..., N?

bz =1, for i= N(N—-1)+1L,N(N—-1)+2,..., N?
by =1, for i=1,N+1,...,.N(N-1)+1

One may think of this example in the same way as in the one given in
the introduction. In our first experiment the output is equal to the global
average temperature, i.e.

1
y = WCT’ with C:=1%, := (1 -~ 1) e R™M,

In this case it was shown that SBT performs very well, because the
minimal balanced realization is a symmetric system. Then by Corollary 2
it must be possible to apply PCBT. Repeating this experiment for (P)CBT
with N = 10 gives the H.-error as shown in Figure 1. We observe, (P)CBT
performs closely to (S)BT, the error-difference is due to numerical issues
and a different sorting of the singular values. Moreover, PCBT does not
suffer from disregarding the advantage of symmetry, as exploited by SBT.
In fact, (P)CBT preserves it and an internally positive realization can be
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Figure 2. (Generalized) Hankel singular values in heat
experiment 1:

—0— (S)BT: (symmetric) standard balanced truncation
-«4- CBT: cone preserving balanced truncation

- 4= PCBT: positivity preserving CBT

found here as well. Also the error-bounds for (P)CBT lie within a good range
as indicated in Figure 2, where the generalized Hankel singular values of
P(CBT) result from Theorem 2.

Now, we modify this example by using the second and the fourth input
only. Furthermore, we split the unit-square into 5 equally spaced vertical
stripes and let y represent the average temperature in each of these zones,
ie.

C = blkdiag (1?@, 1%,,1%,,17%,, 152)
5 5 5 5 5
In this case, the minimal balanced system is no longer symmetric. Therefore,
SBT will arrive with an approximation of order 1 and the same error as
BT. Again, the normalized errors are shown in Figure 3.

6.2 Balanced truncation destroying positivity
It is readily verified that

_ (S+ 1)10
s+ DI +2—erVE) [Th (s +2— 1)

G(s)

defines an externally positive systems, which has an ellipsoidal cone-
invariant realization. BT does not preserve these properties for the reduced
models of order two and four. A comparison of the normalized errors is
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Figure 3. Normalized H . -error in heat experiment 2:
—8— BT: standard balanced truncation

= - CBT: cone preserving balanced truncation

- = PCBT: positivity preserving CBT

presented in Figure 4. Although, both methods perform well, observe the
comparably large error of PCBT for order two. Interestingly, other well es-
tablished model reduction methods, such as [Glover, 1984] and [Gugercin
et al., 2008] also destroy positivity for a better error performance.

7. Conclusion

We have not only presented a model reduction method which guarantees
to preserve ellipsoidal cone-invariance but also defined a class of systems,
which gives a broad intersection of some well studied cone-invariant sys-
tems. In fact, it seems that ellipsoidal cone-invariance is often implied by
internal positivity. By that a numerical test for external/internal positivity
has been established as well as a method for external positivity preserving
model order reduction.
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Paper III

Low-Rank Optimization with Convex
Constraints

Christian Grussler Anders Rantzer Pontus Giselsson

Abstract

The problem of low-rank approximation with convex constraints,
which often appears in data analysis, image compression, and model
order reduction, is considered. Given a data matrix, the objective is
to find a low-rank approximation that meets rank and convex con-
straints, while minimizing the distance to the data matrix in the
Frobenius norm. The problem of matrix completion can be seen as
a special case of this. Today, one of the most widely used techniques
is to approximate this non-convex problem using convex nuclear norm
regularization. In many situations, this technique does not give solu-
tions with desirable properties. In this paper, we propose an alternative
to the nuclear norm heuristic that promotes low-rank solutions. It is
based on using the largest convex minorizer (under-approximation) of
the squared Frobenius norm and the rank constraint as a convex proxy.
This optimal convex proxy can be combined with other convex con-
straints to form an optimal convex minorizer of the original non-convex
problem. With this approach, easily verifiable conditions are obtained,
under which the solutions to the convex relaxation and the original
non-convex problem coincide. Several numerical examples are provided
for which that is the case. It is shown that the proposed convex re-
laxation consistently performs better than the nuclear norm heuristic,
especially in the matrix completion case. The expressibility and com-
putational tractability are of great importance for a convex relaxation
so that they can be applied using standard software. A closed-form
expression for the proposed convex relaxation is provided in addition
to its representation as a semi-definite program. Furthermore, it is
shown how to compute the proximal operator of the convex approxima-
tion. This allows the use of scalable first-order methods to solve convex
approximation problems of large size.

Preprint.
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1. Introduction

The rank captures many of the essential components of an otherwise com-
plex operator. For instance, the rank of a matrix N € R™™™ equals the
dimension of its column space. In other words, if a matrix has low rank
then only a small number of basis vectors are needed to span its range and
a possibly high dimensional subspace in R™ can be disregarded when study-
ing y = Nx. Hence, if N is sufficiently close to a lower rank matrix, it may be
sufficient to study the approximation y ~ Nx where rank(N) < rank(N).

Due to this simplifying concept, many areas such as image analysis,
model order reduction, multivariate linear regression, etc. desire a low-
rank approximation (see [Izenman, 1975; Antoulas, 2005; Markovsky, 2008;
Candeés and Plan, 2010; Recht et al., 2010; Chandrasekaran et al., 2012;
Reinsel and Velu, 1998; Hastie et al., 2015; Larsson and Olsson, 2016; Vidal
et al., 2016]). In Sections 6 to 9 some of these applications are explained in
greater depth.

For unitarily invariant norms an optimal low-rank approximation can
be found by performing a singular value decomposition (SVD) (see Sec-
tion 2). Unfortunately, these approximations usually do not fulfill struc-
tural constraints such as element-wise nonnegativity, Hankel-structure,
prescribed entries, etc. (see [Higham, 2002; Chu et al., 2003; Berry et al.,
2007; Markovsky, 2008; Candes and Recht, 2009; Olsson and Oskarsson,
2009; Recht et al., 2010; Reinsel and Velu, 1998]). Only in a few cases, an ex-
plicit solution to the constrained low-rank approximation problem is known
(see [Antoulas, 2005; Markovsky, 2008; Reinsel and Velu, 1998]). For this
reason, other concepts based on convex optimization have been developed
(see [Fazel et al., 2001; Recht et al., 2010; Chandrasekaran et al., 2011;
Larsson et al., 2014]). Many of them rely on nuclear norm regularization,
which allows the incorporation of any convex constraint (see Section 5.1).
Nevertheless, the question if this yields solutions to the non-convex problem
is not addressed, unless one aims for a minimum rank solution (see [Candés
and Recht, 2009; Recht et al., 2010]). Besides the nuclear norm heuristic,
other commonly used heuristics, e.g. for element-wise nonnegativity are
briefly considered in Section 6.

In this work, we study the optimal low-rank approximation problem
with a prescribed target rank and convex constraints (see Problem 1). This
is a continuation of the authors work [Grussler and Rantzer, 2015]. It is
shown that a globally optimal solution to our non-convex problem can often
be determined by convex optimization (see Section 3). In particular, if the
SVD-approximation of a matrix is unique, then it is a solution to a semi-
definite program (SDP). Even though the approach presented can be linked
to the regularization method in [Larsson et al., 2014; Larsson and Olsson,
2016], we will see that the proposed method does not require a costly search
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for a regularization parameter.

In Section 4 some computational aspects of the convexified problem
are discussed. First, an SDP-representation of the convex proxy is pre-
sented, which allows the computation of solutions for small scale examples
with SDP-representable constraints. Subsequently, we derive the so-called
Douglas-Rachford iteration in order to deal with examples of larger size and
sufficiently simple constraints (see Section 4.2). As a consequence, we will
be able to prove local convergence of the Douglas-Rachford iterations of the
original non-convex problem.

The paper is organized as follows. In Section 2 we recap the uncon-
strained low-rank approximation problem and define our main problem.
The main approach is derived and discussed in Section 3 with some compu-
tational aspects examined in Section 4. Other known approaches, including
the nuclear norm heuristic are discussed in Section 5. In Sections 6 to 9
some applications are presented that show the usefulness of this approach.
Moreover, the examples are chosen to illustrate some properties and draw-
backs of this method. Finally, we draw a conclusion and discuss future
research in Section 10.

2. Background

The following notation for real matrices X = (x;;) € R**™ is used through-
out this paper. If X = X7, i.e. X is symmetric, then we write X € §S.
Moreover, if X is positive definite (semi-definite) we use the notation X > 0
(X > 0). We also use these notations to describe the relation between two
matrices, e.g. A > B means A — B > 0.

The non-increasingly ordered singular values of X € R™™, counted
with multiplicity, are denoted by 01(X) > -+ > Ominfmn}(X). Further,
(X,Y) == Y >, %y, = trace(X"Y) defines the Frobenius inner-
product for X, Y € R**™. Correspondingly, the Frobenius norm is defined
as

min{m,n}
1Xlle o= Y )
i=1
The Frobenius norm is unitarily invariant, i.e. |[UXV|r = || X|r for all

unitary matrices U and V. A complete characterization of all unitarily in-
variant norms can be found in [Horn and Johnson, 2012]. This work mainly
considers the unitarily invariant norms that are found in the following
Lemma. A proof to this lemma is provided in Section A.3.
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LEMMA 1
Let M € R™™, and r € IN be such that 1 <r < q := min{m, n}. Then,

1M, := | > o2 (M) = sup (M,X) (1)
=1 raﬂl}liu(g(:)ISr

is a unitarily invariant norm with dual norm

r q
M|+ := max (M, X) = max o;(M)s; + s, g (M)].
|1 M]] ”X”@( ) Jmax ; (M) g;l (M)
Moreover,
M|y < - <[Mllg = [[M]lr = [Mllgs <--- < [[M]|1. 2)
rank(M) < r if and only if |M||, = |[M||r = || M|+ 3)

O

Notice that ||M||; = 01(M) is equal to the spectral norm and its dual norm

|M]|1« = :-I;i?{m’n} 0;(M) is equal to the nuclear (trace norm). These norms
can be formulated using convex linear matrix inequalities (see [Fazel et al.,
2001; Recht et al., 2010]). In Section 3 is shown that the same holds true for
|- 1|2 and | - ||%.. Unfortunately, there is no closed form expression for || - ||,«.
However, as discussed in [Freimer and Mudholkar, 1984], the necessary
computations for evaluating dual norms of this form can be reduced to a
one-dimensional parameter search.

Recently, the vector version of the r*-norm has appeared as under the
names k-support norm (see [Argyriou et al., 2012]) or overlapping norm
(see [Bach et al., 2012]). As a result, some authors have adopted that name
for the matrix case (see [Lai et al., 2014; Eriksson et al., 2015; McDonald
et al., 2015]). However, as for other vector/matrix norm pairings e.g. the
41 norm of the singular values is called the nuclear norm, we have chosen
the r*-norm notation to distinguish between the matrix and vector case.
This also avoids confusion if the k-support-norm is applied to the entries of
a matrix and not its singular values.

2.1 Statements

Let us turn to the underlying problem of this work. We start with the tra-
ditional optimal low-rank approximation problem in R"*™, which is formu-
lated as follows. Given N € R™™ and r € IN such that 1 < r < min{m, n},
find a solution M* € R™*™ to

minimize |[N — M|%

. 4)
subject to rank(M) <r
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In case of the Hilbert-Schmidt norm, the natural operator generalization
of the Frobenius-norm, this problem has been solved by Schmidt and gen-
eralized by Mirsky to unitarily invariant norms (see [Antoulas, 2005]). The
result is stated next.

ProposiTioN 1
Let N € R™™ and r € IN such that 1 <r < min{m, n}, then
min ||[N — M|| = ||diag(07+1(N), - - -, Ominfm,n} (V)|

MeIRnXm
rank(M)<r

holds for any unitarily invariant norm || - ||.

If an SVD of N is given by N = Z?;T{m’n} ou;vl, a solution to (4) can be
derived as M* = svd, (M) := Y ._, oiu;v], which we refer to as a standard
SVD-approximation. This solution may not be unique if the norm does not
depend on all singular values or if 6,.(N) = 0,+1(N). Nevertheless, with the
Frobenius norm and 6;(N) # 0,4+1(N) the uniqueness of M* is guaranteed.

However, this solution does not account for additional constraints. In
this work, we look at the following extension of (4).

ProBLEM 1

Given N € R™™, find M* € R**™ with rank(M*) < r such that

. 1 1 * *

i [SIN =M+ 90n)] = S8 = 31 + 901,
rank(M)<r

where g : R — R U {co} is a given closed proper convex function

(see Definition A.2). |

Compared to (4), Problem 1 has an additional function g that can be used to
add information about the desired solution. Both problems are non-convex
due to the rank constraint. Nevertheless, we will see in Section 3 that they
can often be solved by convex optimization. In particular, if (4) has a unique
solution, it is possible to determine it by solving a semi-definite program.
Notice that Problem 1 also deals with cases where N = 0 and thus covers
the class of matrix completion problems (see Section 7).

In the following we often use g(M) = ye(M), where

00 MecC

re(M) = {oo Médc

is defined to be the indicator function of a (convex) set C C R"*™. We also
use Yrank(M)<r to denote the indicator function of the set of matrices with at
most rank r. In the remainder of this paper, it is assumed that g+ yrank(3r)<r
is proper.
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3. The rx-approach

In the following we consider the problem of finding optimal solutions to
Problem 1. It is a continuation of the authors work [Grussler and Rantzer,
2015]. The insights obtained here will allow us to generalize and improve
upon current standard approaches (see Section 7). The main idea is to derive
a convex minorizer (under-approximation) of the non-convex cost-function
in Problem 1 by means of Fenchel-duality (see Section A.2). We denote by
f* and f** the conjugate and bi-conjugate functions of f : R**™ — RU{co}
(for those unfamiliar with these concepts see Definition A.1).

THEOREM 1
Let N € R"*™, and r € IN such that 1 < r < min{m, n}. Then the conjugate
and bi-conjugate functions of

1
f(M) = EHN_ M”%‘ +Xrank(M)§r(M)

are given by

. 1 1
£*(D) = JIN + DI2 = SN, ®)
x 1 1
£ (M) = IMIZ, — (N, M) + LN ©®)
for all D, M € R™*™, O

Proof Let N € R™™ and f(M) := ||N — M||% + Jrank(a)<-(M). Then,

(D)

I
w
=
kel

1
[c0.30) = 1w = a1
MGRﬂXm
rank(M)<r

1 1
sup —_|[N—M + D|[i + (D, N) + S ||D||%
semn 2 2
rank(M)<r
1 2 1 2 1 2
= —SIN + DI + S|IN + DI + (D, N) + S| D}
1 1
=—Z|IN|% + =|IN + D|?
SINIE + SN + D
where the third equality follows by Proposition 1, because

1 1 .
=5 IN+ Dl + S IN + D|? = |[diag(0r+1(N + D), ..., Gmingmn} (N + D))|[-
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3 The r+-approach

Hence,

FM) = sup [<D,M>+||N||2F—||N+D||3]
DeRbn 2 2

1 1
sup_|(D = N,1) + IV - 5 IDIE]
DeRm

1 1
— SN - @0+ sup [<0,30) — LD
DeRmm
1 1
— LiviE - v on + L,

where the last equality follows by

1 2 _ (1 2 )
311 = (50-18)
which is for instance shown in [Rockafellar, 1970, Corollary 15.3.1]. O

It is possible to show that f* and f** are convex (see [Hiriart-Urruty and
Lemaréchal, 2013]). Moreover, f(M) > f**(M) for all M € R™™, i.e. f**
is a convex minorizer of f. In fact, f** it is the largest convex minorizer
of f (see [Hiriart-Urruty and Lemaréchal, 1996, Theorem X.1.3.5]), that
is, it is the point-wise supremum of all affine functions majorized by f
(see Figure 1). This allows us to construct the following dual and bi-dual
problem to Problem 1:

. * 1 2 1 2
- jmin, [9°-D)+ JIV -+ DI - 1N @
min | LIMIZ, — (N, MY + DN+ g(01) ®)
Meléﬂxm 2 ™ 7 2 F g '

Observe that f** + g is the largest convex minorizer of f + g with g as
a summand. Therefore, we propose to use (B) instead of the nuclear norm
heuristic (see (25) in Section 5.1) as a convex proxy to Problem 1. We
will see that it has many interesting properties and that sometimes it can
be guaranteed to solve the original non-convex problem. Theorem 1 gives
the following duality result through Fenchel-duality (see Lemma A.1 and
Proposition A.3).
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-f*(Ds)

Figure 1. Schematic plot of — f(M), === f**(M) and —— tangents
through —f*(D,).

ProprosiTioN 2
Let N € R**™ and g : R"™*™ — RU{co} be a closed proper convex function.
Then for all r € IN such that 1 <r < min{m,n}

MeR™™

. 1
min 31 - M1 + 900)|
rank(M)<r

1 1
> _ . L - 2_ - 2
>~ min. [g (-D)+ 5 IIN + DI 2||N||F] ©

_ . 1 2 1 2
= min_[FIMIE — (.3 + ZINIG + 90)].

Since the original Problem 1 is non-convex, there is a duality-gap for some
choices of g (see Section 7). This is reflected by the inequality in (C).
However, there are many situations with no duality-gap. Next, a number of
important cases are presented.

In the following, the set of minimizers of a function f over a given set
S C R™™ is denoted by argming f. If argming f = {x*} is just a singleton,
we write x* = argming f.
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3 The r+-approach

ProposiTiON 3
Assume that (B) has a minimizer M* with rank(M*) < r. Then,

1
argmin [2||N —M|%+ g(M)]

MEJRYLX”L
rank(M)<r
|1 2 1 2
= argmin |=||M|>% — (N, M) + =||N|% + g(M)]. O
ME]RYLXW[ 2 2
rank(M)<r

Proof The result follows by combining Proposition 2 with (3) in Lemma 1.0

Thus obtaining a rank-r solution to the convex relaxation problem (B) im-
plies solving the original non-convex problem. Next, this result is restated
to provide additional insight on the solution to Problem 1.

ProrosiTion 4

Assume that D* is a solution to (A) and o0,(N + D*) # 0,+1(N + D*) or
0,(N + D*) = 0. Then there is no duality gap in (C) and svd,(N + D*) is
the unique minimizing argument of Problem 1, i.e.

1

svd,(N + D*) = argmin §||N — M|% + g(M)] .
raﬁlE(](R]}cl)er

O

The theorem provides a simple sufficient condition for the uniqueness of a
solution to Problem 1. However, this is not a necessary condition. A proof of
Proposition 4 is given in a more general setting than in Theorem 2, which
also allows us to say something about the rank of the solution to the convex
relaxation if there is a duality-gap.

THEOREM 2
Let D* and M™ be solutions to (A) and (B), respectively. Further, suppose

that an SVD of N + D* is given by N + D* = ?;hll{m’n} ouv!l with
Or—t # Or—gq1 = "+ = Op = *** = Opps # Opgstl,

where t = r and s = min{m, n} —r if 01 = 0, and Omin{mn} = 07, respectively.
Then there exists T' € R*Tt*5t! such that

r—t

M* = Z UiuiULT + 0 (ur—t+1 cen ur+s) T (Ur—t+1 e vr+s)T
i=1

where T > 0, ||T||1 < 1, and ||T||1+ = ¢ In particular, rank(M*) <r +s,
and if 6, # 0,41 or 0, = 0, then M* = svd,(N + D*). ]
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A proof to this theorem is given in Section A.4. Observe that whenever
(B) does not have a unique solution, Proposition 1 and Theorem 2 imply
that 0,(N + D*) = 0,+1(N + D*) for all solutions D* to (A). Furthermore,
Theorem 2 shows that svd,(N) with 0,(N) # 0,11(N) can be determined
by solving a convex problem.

COROLLARY 1
Let N € R™™, and r € IN be such that 1 <r < min{m, n}. Then

— M —— _ =
Jmin SN~ MIh = ZINJE — LN
rank(M)<r

— : 1 2 1 2
= min, [ S1M1E. = vy + ST
and L
svd,(N) € argmin [||M||f* — (N, M)] .
MeRﬂXm 2
If 6,(N) # 0,41(N) or 0, = 0 then

1
svd,(N) = argmin [||M||3* — (N, M)] :
MeRmm | 2 O

Proof Since g = 0 implies that g*(D) < co < D = 0, the result follows by
Theorem 2. a

Finally, notice that several extensions of Problem 1 are covered by the
preceding results. For instance, one can consider the weighted case

1

Jmin, GV = )+ o) @
rank(M)<r

where W € R and rank(W) = n. Let g(M) := g(W'M), where W'

denotes the pseudo-inverse of W (see [Horn and Johnson, 2012]). Since

rank(M) = rank(W'M) = rank(M), one can reformulate (7) such that it

fits the formulation of Problem 1:

(51w =30l + 90| = min | S1wav i + 9o

min
MeRM™™™ cRrxm
rank(M)<r rank(M)Sr

In particular,
|[W(N — M)||% = trace((N — M)TWTW(N — M)) =: (N — M, N — M)yry

defines another inner product and norm, and thus a suitable W may enable
us to satisfy the requirements of Proposition 4 in situations where the
Frobenius norm fails.
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3.1 Geometric interpretation

Assuming that g(M) = y¢(M) for some closed convex set C C R"*™, the
preceding results have an insightful geometric interpretation. Note that (B)
has the same solutions as

min || M|+, (8
MeC
(N,M)=c

where ¢ := (N, M*), and M* is a solution to (B). The solutions of (8) can be
found by studying the set B, N H N C where

Bf. = {X € R¥" - |X]l.. < e},
H:={Xe R :(N,X)=c},

and
g:=min{e >0: B, NHNC # ¢}.

Proposition 4 states that if o,.(N + D*) # 0,11(N + D*), then B, NHNC
consists of a single element. This can also be understood geometrically with
the help of the following Lemma, which generalizes the corresponding result
for the nuclear norm and r = 1 (see [Recht et al., 2010]).

LEMMA 2
The set of the extreme points of the unit-ball B}, is

E={XeR"":|X||r=1 rank(X) <r}
Hence, B!, = conv(E), where conv(-) denotes the convex hull. |
Proof By (1) in Lemma 1, it holds that for all N € R**™

sup (N, M) =||N|,= sup (N, M). 9)
Meconv(E) MeB},

Since conv(E) and B, are closed convex sets, Lemma A.2 implies that
B!, = conv(E). If a point M € E is not an extreme point of E, then

M = Zi aiMl-, with Zi o = 1,

such that .
M, e K\{M} and o; >0 foralli

Hence, by the Cauchy-Schwarz inequality we conclude that
1= <M’ M) = Zi ai<M’ Ml> S Zi o = 1

However, this can only be true if (M, M;) = 1 for all i. Equivalently, M = M;
by the Cauchy-Schwarz inequality and that is a contradiction. O
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(a) B!, (shaded area) as the convex hull (b) Unique solution:
of E (elements o) with the boundary of {M*} = B¢, N HNC with rank(M*) <r.
Btlnin{m,n}*(- --).

(N,M)=c¢

(c) Non-unique solutions: (d) Duality gap:
conv({M},M3}) = Bi, N HNC with {M*} = B¢, N HNC with rank(M*) > r.
rank(M7) < r and rank(M3) <r.

Figure 2. Schematic plots to visualize (8) geometrically.

Therefore, a geometric interpretation of o,.(N + D*) # 0,+1(N + D*) is
that the only intersection point of H and B¢, NC is an extreme point of BE,
and C (see Figure 2(b)). Hence, the case of ¢,,(N + D*) = 0,41(N + D*) #0
can occur if and only if H intersects BZ, NC at several points (see Figure 2(c)
and Section 6.1) or if there is a duality gap in (C) (see Figure 2(d) and
Section 7.3). Finally notice that one can also use Lemma 2 as a definition of
| - ||l+- This has been done for vectors in [Argyriou et al., 2012; Bach et al.,
2012] in an attempt to generalize the ¢; norm.
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3.2 Real-valued r

In the following we will see that allowing r to be real-valued can be consid-
ered as a regularization parameter. Unlike typical regularization methods
(see Sections 5.1 and 5.2), this parameter has a close relationship to the
rank of the corresponding solutions.

It suffices to discuss the case where Proposition 4 does not apply. There-
fore, let

1
D7 := argmin [g*(—D) +=||N+ D||?] )
DeRnXm 2

and )
M/ := argmin [2||M||?* — (N, M) + g(M)] .
MeRmm

be defined for all ¢ € N such that 1 < ¢ < min{m, n}, and assume that
there exists r € IN with

0,(N + D}) = 6,11(N + D}) and rank(M;) >r

Furthermore, assume that
1 * |12 * 1 * 2 *
SIN = I+ g(M7) > JIIN = M7 + g(M7)

with
rank(M;, ;) > rank(M)).

Then, on the one hand, one may face the situation that M is an approxi-
mation of small rank, but poor cost | N — M*||%+ g(M}). On the other hand,
IN — M}, ,|lr + g(M},;) may be acceptable, but rank(M;,,) is too large.
Thus a trade-off between M and M, is desired. This can be achieved by
letting r become a non-integer valued in the r norm. The r norm is then
defined as

7]
11l = | D020 + (= Lr Doy (), (10)

where |r| :=max{z € Z : 2z <r} and [r] := min{z € Z : z > r}. Observe
that for » € IN and « € [0, 1] we have
I e = @ =)l - [ + exll - 174 an

This means that ||-||%,;_,, is a convex combination of ||-||? and ||-||2, ;, and thus
indicates its usefulness in supplying the desired trade-off solution. Similar
to Theorem 2, it remains true with r € R>; that rank(M;) < [r] + s if

o (N + D7) =+ = 01745 (N + D7) > 074541 (N + D7) (12)
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Hence, allowing r to assume values in R>; may allow us to find solutions
of both lower rank and lower cost. Next let us have a closer look at the
dependency of s on r in (12).

We define

. 1 1
F(D,r) = g"(=D) + SIN + DI + SN

Using (2) in Lemma 1 and the piecewise linearity in (11), it follows that F
is convex. From Berge’s Maximum Theorem (see [Berge, 1963, p. 116] or
[Sundaram, 1996, Theorem 9.17] for the convex case) it is known that the
parameter depending set

) T 1 1
C*(r) := argmin | g*(=D) + [N + D[} + S IN|[%
DER"X)’VL 2 2

is upper hemicontinuous in r. This means that for all r € [1, min{m, n}]
and all € > 0 there exists § > 0 such that for all t > 1

t—r|<8=C"(¢) CB.(C"(r)), (13)
where
B:(C*(r)) :={X € R*™™ :3D € C*(r) such that | X — D||r < €}.

For simplicity assume that D} is unique. By (13) and the continuity of the
singular values (see [Stewart and Sun, 1990, Corollary 4.9]), it follows that
a sufficiently small increase of r does not increase s in (12). Therefore, just
as in nuclear norm regularization, one often observes that rank(M;') looks
like a staircase as ¢ varies over [r,r + 1] (see Figure 9(b) in Section 8.1).
Notice, the same observation can be made with

1 1
F(M, ) = SIMIE, — (N, M) + S [INI + g(M)
and
. |1 2 1 2
C*(r) := argmin | S| M|5, — (N, M) + S [| N[z + g(M)|.
MeRrmm | 2 2
In summary, real-valued r can be considered as a regularization parameter,

similar to the regularization methods in Section 5.

4. Computability

This section is devoted to the computability aspects of the r+-approach. We
show that the problems (A) and (B) can be formulated as SDPs if g is SDP-
representable. Moreover, we compute the proximal mappings of f* and f**
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in Theorem 1. This allows us to solve (A) and (B) using a first order method
such as Douglas-Rachford splitting. Further, we apply Douglas-Rachford to
the original non-convex Problem 1. If Proposition 4 applies, then its iterates
coincide locally with the convex Douglas-Rachford.

4.1 SDP-representations

We start with an SDP-representation of the optimization problem

min ||N + D)% (14)
DeRmm

where || - || is defined as in (10) and r € [1, min{m, n}]. Let T € R™*" be
such that

T > (N + D)(N + D).
Then 0;(T) > 0?(N + D) for all i such that 1 < i < n (see [Horn and
Johnson, 2012, Corollary 7.7.4]) and trace(T') = > ; 0;(T'). Hence,

n

IN + DJ? < trace(T) — ([r] =)o (T) = Y oi(T)

i=[r]+1
< trace(T) — (n — r)o,(T),
which is equivalent to
[N+ D|? < min trace(T) — (n — r)o,(T). (15)

T>(N+D)(N+D)T

In particular, equality in (15) can be achieved with

[r] n

T = Z (N + D)uul + o‘rzr](N + D) Z wu!,

i=1 i=[r]+1
where N+ D = 3" 0;(N + D)u, v} is an SVD of N + D. Using the Schur-
complement condition for 7— (N + D)(N+D)T > 0 (see [Horn and Johnson,
2012, Theorem 7.7.7]) gives that (14) is SDP-representable as

minimize trace(T) — y(n —r)
DTy

T N+D
(N +D)T I

Moreover, if g is SDP-representable, then an SDP-formulation of (B) can
be obtained by the dual of this optimization problem. We get

subject to ( ) >0, T>yI, De R™™.

L 1 T
minimize §trace(W) — trace(N" M) + g(M)

I-P M
MT W

trace(P) =n—r.

subject to ( ) =0, P>,
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Assuming that o,(N + D*) # 0,+1(N + D*), the unique solution M* to
Problem 1 can be found without computing the solution to (A).

4.2 Convex Douglas-Rachford

Many SDP-solvers are based on interior point methods (see [Toh et al., 1999;
Peaucelle et al., 2002]). These solvers have good convergence properties,
but the iteration complexity typically grows unfavorably with the problem
dimension. In order to deal with problems of higher dimensions, it is often
more desirable to look at first-order methods such as the Douglas-Rachford
splitting algorithm (see [Douglas and Rachford, 1956; Lions and Mercier,
1979; Eckstein and Bertsekas, 1992]). Let us recall the basic concept of this
method. We want to determine a solution to

mini}gnize f(X) + g(X), (16)

where f, g : R"*™ — R U {0} are closed and proper convex functions with
intersecting domains. Then the Douglas-Rachford iteration is given by

X* = prox,;(Z* 1), (17a)
Y* = prox,,(2X* — Z¥1), (17b)
Zh = 71 4 p(Yh — X, (17¢)

where ¥ > 0, p € (0, 2), and the proximal mapping is defined as
. 1 2
prox,;(Z) := argmin | f(X) + gHX —Z|7 |- (18)
X

It is known that X* and Y* converge towards a minimizer of (16) (see [Dou-
glas and Rachford, 1956; Lions and Mercier, 1979; Eckstein and Bertsekas,
1992]). In fact, the well-known Alternating Direction Methods of Multipliers
(ADMM) is a special case of the Douglas-Rachford iteration (see [Glowin-
ski and Marroco, 1975; Gabay and Mercier, 1976; Boyd et al., 2011]). Note
that the Douglas-Rachford splitting algorithm can also be applied to sums
of more than two functions f and g by using a consensus formulation
(see [Combettes and Pesquet, 2011]).

Let g be as in (B), and assume that proxyg(X ) is easy to compute. In
order to apply the Douglas-Rachford algorithm to solve (B), it remains to
find prox,.(Z) with

1 1
F(M) := S IMIZ — (N, M) + SN
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for all M € R™™. For Z € R™*™, we get

1 1 1
rox,, -(Z) = argmin fo*—N,M +N2+M—Z2> (19)
prov,(2) = angmin ( JIMIE. — N, M) + SINIE + o1 21

) 1 1
argmm(nMui r LM oN 2+ 2 N>)
MeRmm \ 2 2y

proxz . (¥N + Z).

Using the extended Moreau-decomposition (see [Bauschke and Combettes,
2011, Theorem 14.3]) and Theorem 1, it holds that for all Z

prox; .z (Z) + yprox e (v~ 2) = Z.

In combination with (19), we arrive at

7N+Z> . 20

prox,(Z) = yN + Z — YProxX L2 < ”

Note that

prox,—1, ., (Z) = proxs (z)j 2

which is why it is sufficient to derive how to compute prox 7)) 2- This is done
in Algorithm 2 on page 126 for r € [1, min{m, n}]. Explanatory derivations
can be found in Section A.5. Similar derivations based on the extended
Moreau-decomposition are presented in [Eriksson et al., 2015] for integer-
valued r.

Finally, observe that if » € IN and

o:(yN+2)>(1+7 ) or1(yN + 2), (21)

it follows from the derivations of prox 7|12 (see Section A.5 and (51)) that

prox .
2y

yN+Z yN+ Z 1 yN+ Z
1 = 1 :
4 4 1+y 4

Therefore, (20) implies that

prox, (Z) = svd, (yN + Z). (22)

1+y

This fact is used in Section 4.4 to show a tight relationship to the non-convex
Douglas-Rachford algorithm.
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4.3 Douglas-Rachford limit point properties

A comparison between the Douglas-Rachford limit points and the optimal-
ity conditions for (A) and (B) (see Theorem 2) gives that all limit points
Z* = limy_,, Z* of (17¢) can be expressed as

Z* = M* +yD", (23)

where D* and M* are solutions to (A) and (B), respectively. Given M™,
Z* and v, this allows us to determine D*. Moreover, by inspection of the
Douglas-Rachford iterations, it can be shown that several known properties
of the standard SVD-approximation remain true if they are preserved by
prox, (X).

ProrosiTiON 5
Let N and g be as in Problem 1. Then the following hold:

i. Let N € $ and prox,(X) € § for all X € S. Then (A) and (B) have
solutions D*, M* € 3.

ii. Let Nv = 0 and prox,(X)v = 0 for all X with Xv = 0. Then (B) has a
solution M* such that M*v = 0.

In particular, the solution to Problem 1 preserves these properties if (B)
has a unique solution and there is no duality gap in (C). a

Proof Using [Watson, 1992, Theorem 2] it holds that prox; . (X) has the
same singular vectors as X. Therefore, 1240 SATNES (X) preserves these prop-
erties and i. and ii. are proven by starting the Douglas-Rachford iterations
for (B) with Z° = 0. The last claim follows with Proposition 3. O

There are numerous reasonable choices of g such that Proposition 5 applies,
a few examples will be discussed in Sections 6 to 8.

According to Proposition 4, 0;.(N 4+ D*) # 0,4.1(N + D*) is a sufficient
condition for the uniqueness of a solution to (B). Note that without this
assumption, a solution to Problem 1 does not necessarily preserve the prop-
erties in Proposition 5. This can be used to construct non-trivial examples
where 0,.(N + D*) = 0,11(N + D*) (see Section 6.1).

4.4 Non-convex Douglas-Rachford (NDR)

Another approach to solve Problem 1 is to directly apply the Douglas-
Rachford method to the non-convex problem

. 1
min[J0 = M1 + scane (0 + 90| o)
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This has the advantage that we are guaranteed to get a solution of desired
rank, if the iterates converge. Recently, some local convergence guaran-
tees for the non-convex Douglas-Rachford have appeared in the literature
(see [Hesse and Luke, 2013; Hesse et al., 2014; Phan, 2016]). Here, we add
to these findings by showing that the non-convex Douglas-Rachford reduces
locally to its convex counterpart if Proposition 4 applies. To this end, we
start by deriving prox, ;) where

- 1
f(M) = Q“N_ M”%’ +Xrank(M)§r(M)

for all M € R™™. For Z € R™™, we get

. Y g 1 2
proxyf(Z) = argmin §||N— M|% + §||M —Z||%
MeRnxm
rank(M)<r
. +1
argmin | Y2 ||M|]% — (yN + Z, M)
MeRnxm 2
rank(M)<r

Z 2
yN+Z

y+1

argmin
Me R xm
rank(M)<r

F

Hence, by Proposition 1

T 7svdr (¥N + Z) € prox,7(Z).

Next let D* and M™* be solutions to (A) and (B), respectively. If the convex
Douglas-Rachford iterations are applied to (B), then it follows by (23) that
Z* = yD* + M* is a limit point to (17c). Then, assuming that

0,(N 4 D*) # 0,41(N + D%),
it holds by Theorem 2 that M* = svd,(N + D*), i.e.
0 (M*) = 0,(N+D*) and o,1(M”*)=0.
Therefore,

1+ o1 (N +2") = (1+ ¢ ) ora(¥(N + D) + M”)
= (14 »)or11(N + D)
< (1+9)o(N + D¥)
= o,(y(N + D*) + M)
=0, (yN+ Z%).
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By the continuity of the singular values (see [Stewart and Sun, 1990, Corol-
lary 4.9]), this allows us to conclude that (21) applies in a sufficiently small
neighborhood of Z*. Thus, (22) implies that for all Z within this neighbor-
hood

prox?/f(Z) = proxyf(Z),

where f(M) = 1| M|, — (N, M) + }||N|%.. As a result, the convex and
non-convex Douglas-Rachford iterations locally coincide. Furthermore, there
always exists a neighborhood that the Douglas-Rachford iterations cannot
escape from, because the sequence ||Z* — Z*||r of the convex Douglas-
Rachford is known to be non-increasing (see [Eckstein and Bertsekas,
1992]). This proves the local convergence of the non-convex Douglas-Rachford
if 0.(N + D*) # 0,+1(N + D).

Notice that by Theorem 2 and (23) we can conclude that a zero duality-
gap in (C) implies that both the convex and non-convex Douglas-Rachford
have limit points corresponding to a solution to Problem 1 (even if o, (N +
D*) = 0,11(N + D*)). We will see in Sections 6 to 8 that the non-convex
Douglas-Rachford can converge to these solutions. However, this may not
be the case for all choices of Z°, since proxyf(Z ) is not necessarily unique
(see Section 6.1). Moreover, Section 7.3 shows that the choice of ¢ can be
crucial for the existence of a limit-point of the non-convex Douglas-Rachford
if there is a duality-gap in (C).

Finally, observe that proxyf(Z) only requires the determination of the
dominant r singluar values and singluar vectors. Hence, sparse SVD solvers
such as in [Liu et al., 2013] can be used to determine a dominant SVD, and
to gain more computational speed with large-scale problems. The same
holds true for proxyf(Z ), where maybe a larger, but not full, SVD needs to
be determined.

5. Other Approaches

In the following we compare the rx*-approach to other methods for solv-
ing Problem 1. These methods will also be used for numerical comparisons
throughout the subsequent sections.

5.1 Nuclear Norm Regularization

One of the most widely used methods to approximate a solution to Prob-
lem 1 is the so-called nuclear norm regularization. It borrows techniques
from sparse regularized regression, commonly called Lasso (see [Tibshi-
rani, 1996]). This method estimates a sparse solution £ to a linear system
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of equations A% ~ b by solving
1 2
min g || Ax — bl + xllxle,

where || - ||z is the Euclidean norm, |x|l,, = > 5 |xi, and > 0 is a
regularization parameter. In our case, rather than having a sparse solution,
we are interested in having a small number of non-zero singular values.
Therefore, for given N € R"*™, a corresponding matrix version reads

Jmin SN = M+ Ml + g(M), 25)
where g : R”™ — R U {oco} is a given closed proper convex function. The
simplicity of this convexification, as well as the results in [Fazel et al.,
2001; Fazel, 2002; Recht et al., 2010], stimulated a large growth in the
application of this method in many different areas (see [Fazel et al., 2001;
Fazel, 2002; Olsson and Oskarsson, 2009; Recht et al., 2010]). However, it is
often challenging to choose u a priori in order to obtain a solution of specific
rank. Commonly one assumes that the rank as a function of u looks like
a staircase, i.e. a large u decreases the rank too much, whereas a small u
may leave it too large. In order to find the best possible approximation, one
usually tries to keep x as small as possible, which can result in a costly
search.

In general, even with the best possible choice of u, this heuristic does
not return an optimal solution to Problem 1. Even in the simple case g = 0,
one usually cannot choose u such that the SVD-approximation is obtained.
Finally, there is no certificate for checking whether a solution is a minimizer
of Problem 1.

5.2 Rank Regularization

Similar to the nuclear norm regularization, it has been suggested in [Lars-
son et al., 2014; Larsson and Olsson, 2016] to directly regularize on the
rank, i.e. solve

1
in |=||N— M|3 k(M M)|,
i, |51V = M1 + pranik(3) + g(21)|
where z > 0 is a regularization parameter and g : R — R U {0} a
closed and proper convex function. Since this problem is still non-convex,
one needs to find a convex proxy of f(M) := 3|N — M||3 + urank(M). As
shown in [Larsson et al., 2014; Larsson and Olsson, 2016], the conjugate
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and bi-conjugate functions of f are given by

min{m,n}
. 1 1 1 .
F1(D) = JIN + DG~ SN — 5 > min{2u, o (N + D)},
i=1
1 1 min{m,n}
Fron) = ZIM=NE+5 Y (21 — max{0, /2 — 5i(M)}?). (26)

i=1

Hence, by Fenchel-duality (see Lemma A.1 and Proposition A.3) it holds
that

in [f(M)+g(M)] > — min [f*(D)+g"(~D)] @7
= in [f**(M) + g(M)].

Assume that there is no duality gap in (C) with solutions D* and M* to

d2(N+D*) >u> r+1(N+D)
2

(A) and (B), respectively. Choosing , it can be seen

that
* * 1 2 1 * 12 1 * 12 *
f1(D7) = SlINIp = SIIN + D7y + ur = SIN = M*|[p + pr + g(M?),
where the last equality follows by Propositions 2 and 3. Hence,

f||N M*|% +ur+ g(M*) > — pmin [f*(D) + g7 (=D)]

1 * *
§IIN M*||% + pr+ g(M*),

yielding equality in (27). This shows that the method obtains the same guar-
anteed optimal solutions as previously discussed for (A) and (B). Evidently,
there is a strong relationship to Propositions 2 and 4. However, if there is
a duality-gap, then the solutions may differ from those with non-integer
valued r € [1, min{m, n}], and it is unclear which method yields better
results. Moreover, even in the zero-duality gap case, a costly search for u
is required. Finally note that despite the fact that the proximal operator of
f** is computable (see [Larsson et al., 2014; Larsson and Olsson, 2016]),
it is currently unknown if (26) is SDP-representable. This has the disad-
vantage that first order methods can be used only. Moreover, even for small
dimensional examples, g is required to have a cheaply computable proximal
operator.
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5.3 Projection-based methods

In the following let g(M) = yc(M) be the indicator function of a closed
convex set C. If the projection onto C is computable, then there are several
other heuristics, of which a few are outlined next.

Lift-and-project Algorithm (LP) The idea of the so-called lift-and-
project algorithm (see [Chu et al., 2003]) is to interchangeably perform a
standard SVD-approximation of desired rank, and project the result orthog-
onally onto the convex set C, which again increases the rank. By starting
with N as the first iterate, one hopes to keep the distance to N small. Nat-
urally, this algorithm always returns the standard SVD-approximation of
N if it lies within C. Unfortunately, it is generally difficult to know whether
the algorithm converges, and if a possible limit point gives a satisfactory
error (see [Chu et al., 2003]). However, if C is closed and 0 € C, one can
show that the Frobenius norm decreases in every step, and the convergence
is guaranteed (see [Hiriart-Urruty and Lemaréchal, 2013, p. 118]).

Alternating Least-Squares (ALS) All the approaches considered so far
share the drawback that when implemented, their iterates usually need to
converge in order to guarantee a feasible solution. The so-called alternating
least-squares method is a way of overcoming this drawback by working with
iterates that lie in C and are of desired rank.

Given V; € R™™" \ {0} such that {U € R™*" : UV, € C} \ {0} # @, one
interchangeably solves

Uy, := argmin |N — UV,_1||%,
UV,_1€C
V, := argmin |N — U, V||%,
rVe

with £ > 1. Thus the rank constraint is explicitly taken into account by form-
ing U, V,,. Note that alternating least-squares without constraints converges
for almost all V; to a standard SVD-approximation (see [Srebro, Jaakkola, et
al., 2003]). The results in Section 6 indicate that for certain choices of C, this
method often converges to an optimal solution if 0, (N + D*) # 0,41(N+D*).
Moreover, there are examples where its solution attains the lower-bound of
Proposition 2 even though ,(N + D*) = 6,41(N + D*). Nevertheless, in
many cases ALS may not be a good choice since it is often unclear how to
choose Vj.
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6. Non-negative low-rank approximation

A particularly well studied low-rank approximation problem is the case of
preserving non-negativity constraints.

ProBLEM 2
minimize |[N — M|%
subject to M € RLj™
where RY5™ := {X € R™™ : x;; > 0} and N € RL5™. =

Note that this is the same as Problem 1 with g = ygzx». Probably the most
well-known approach to solving this problem is the so-called non-negative
matrix factorization (see [Berry et al., 2007; Kim and Park, 2011]). Given
N € R%3™, one intends to find a solution to

min ||[N —UV|%.
UeRLY,
VERZ"

Non-negative matrix factorization (NNMF) is often approximately solved
by applying alternating least-squares (see [Kim and Park, 2011] and Sec-
tion 5.3). However, to require both U and V to be non-negative might be
very conservative, since Problem 2 only requires that the product UV is
non-negative.

6.1 Examples

In the following we look at examples with a non-negativity constraint. The
purpose is to illustrate several results that have been discussed in the
previous sections.

Image compression A common example in the literature (see [Antoulas,
2005; Eldén, 2007]) is to use the SVD for image compression. Given a grey-
scale picture, one maps the pixels to a matrix of corresponding grey-scale
values, typically integer values in {0,..., 255}, and performs a low-rank
approximation of rank r. If r is sufficiently small, then the factors of the
low-rank approximation are cheaper to store than the original matrix. Since
the matrix is non-negative, it is very natural to keep this constraint intact.

We apply all the methods that have been discussed so far to the Baboon-
image in Figure 3(a). A comparison among the relative errors of the methods,
as well as the normalized lower-bound obtained from (B), is shown in Fig-
ure 3(b). By the Perron-Frobenius Theorem (see [Horn and Johnson, 2012,
Theorem 8.4.4]) the rank-1 standard SVD-approximation is always non-
negative. This reveals a major drawback of the nuclear norm heuristic for
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Figure 3. Non-negative Baboon-image approximation.

this problem, since it usually cannot recover standard SVD-approximations.
Moreover, all the SVD-based methods produce results of similar quality. In
fact, alternating least-squares (ALS), non-convex Douglas-Rachford (NDR)
and the r*-approach give solutions that coincide numerically with the lower-
bound, i.e. there is a zero duality gap for all ranks. The errors of the lift-
and-project method are only slightly larger, and therefore not visible in this
plot. Non-negative matrix factorization (based on alternating least-squares),
however, tends to produce larger errors with increasing rank. Overall, the
nuclear norm heuristic performs significantly worse than any of the other
methods.

Asymmetric optimal approximations Let N € SNRL;" and D* be a so-
lution of (A) corresponding to Problem 2. By Proposition 4 and Proposition 5,
we know that o,.(N + D*) # 0,4+1(N + D*) implies that svd,(N + D*) € $
is the unique solution to (B) and Problem 2. In the following it is shown
that preservation of symmetry may no longer be valid for an optimal non-
negative approximation if o,(N + D*) = 0,4+1(N + D*).

Consider Problem 2 with r = 2 and

V-1

1
2 3
N = 1 4 1
5—-1
3 1 fz
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A non-symmetric solution is

VB+1 V5+3

w 2 2
=1, 3 5+1

2

2 2 0

Indeed, since N is symmetric, its singular values are given by the absolute
value of its eigenvalues {:|:7_2—‘/5, 3+ \/5} Then since |N — M*||r = 7_27\/5,

and by Proposition 1, we conclude that M* and M*T are optimal non-

negative rank-2 approximations of N. By Corollary 1 it follows that D* = 0

and o3(N + D*) = 03(N 4 D*). Therefore, M* and M*” are solutions to (B).
Since the solution set of a convex problem is convex, all points

aM* + (1 — a)M*" witha € [0, 1]
are solutions to (B). However,
rank((xM* +(1- oc)M*T) =3 for all ¢ € (0,1)

This shows that we cannot expect to numerically find the rank-2 solutions
by solving (B) (see Figure 2(c)). In particular, let either of the discussed
Douglas-Rachford algorithms (see Sections 4.2 and 4.4) be initialized with
Z° € $. Then Proposition 5 implies that they may converge to a symmetric
solution, which can be shown to be non-optimal for Problem 2. Nevertheless,
it is interesting that NDR and ALS often converge to an optimal solution
under random initialization.

7. Matrix Completion

Assuming that the entries of a matrix are only partially known, the so-called
matrix completion problem asks when and how the unknown elements can
be recovered. The low-rank assumption turned out to be suitable for theoret-
ical developments, as well as for many practical applications (see [Candés
and Recht, 2009; Candés and Plan, 2010; Candeés and Tao, 2010; Recht
et al., 2010; Zare et al., 2016a]). This leads to the following problem.

ProBLEM 3
minimize rank(M)
) . (28)
subject to m;; =z, (i,j) €T
where Z is an index set. o
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One of the most popular methods for solving Problem 3 is the technique
introduced in [Candés and Recht, 2009]. It states that if Z € R™*", then
with high probability it is a solution to

minimize ||M||1.
. o (29)
subject to m;; =z, (i, j) € I,

under the additional assumption that card(Z) > Cn'2rank(Z) log(n), where
card(Z) denotes the cardinality of Z and C is a constant. Similar to that,
it has been shown in [Recht et al., 2010] that (29) is able to detect a lowest
rank solution. This means that one does not expect any other matrix of
lower rank than Z having those partially known entries. Note that this
formulation can be considered as a special case of Proposition 2 with r = 1,
because

. 1 . . 1
min, G101+ 900) =~ min_[o-D) + J1I¢]

MeRM™ DeRmm
rank(M)<r
1
= mi ZM|)? M 30
Jmin[SIMIE +g0n)]. @0

where g(M) = ym(M) and M :={M € R"" :m;; = z;, (i,j) € T}
We suggest to utilize the flexibility in » and to consider instead
minimize || M|«

(31)
subject to m;; =z, (i, j) € T,

where it is possible to sweep over real-valued r > 1. In Sections 7.1 to 7.4
it is seen that this may significantly improve the quality of completion.
Finally, let us determine when Z € R"*™ is a solution to (31).

THEOREM 3

Let Z € R™™ with r = rank(Z) and Z C [1,...,n] x [1,...,m]. Then Z is
a solution to (31) if and only if there exists D* € R™*™ with Z = svd,(D*)
and dj; = 0 for all (i, j) ¢ Z. O

Proof Let g(M) = ym(M) and M :={M € R :m;; =z, (i,j) € L}.
Then

9"(D)= sup (D,M)< oo & VY(i,j)¢T:d;j=0.
MeM

Hence, by Theorem 2, the existence of D* such that Z = svd,(D*) is neces-
sary for Z to be a solution to (31).
Assume that there exists D* € R™*™ such that Z = svd,(D*) and d;; = 0

for all (i, j) ¢ Z. Then, by Theorem 2 it follows that Z € 91| D*||?. According
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to Proposition A.4 this is equivalent to D* € 91||Z||%, and therefore for all
Z € M it holds that

1, 5 1 N 1
SIZIE > S1ZI2 + (D", 2 - 2) = S|z
This shows the sufficiency, and concludes the proof. a

7.1 Some motivational examples

Next we want to demonstrate that » > 1 may help to complete matrices
when r = 1 fails. To this end, consider the rank-2 matrices

0 1 1 2 01 01 1
Zi=\|1 1 1|, Zy=|0 2 1|, Zs=(1 2 3
111 1 11 1 3 4

We would like to recover these matrices under the assumption that the zero
entries are the only unknown ones. By Theorem 3 we know that this is
possible with (31) and r = 2. By Proposition 5, it can shown that solving
(29) is equivalent to determining

min 1Z:()|1 i=12,3 (32)

t 1 1 2 t 1 t 1 1
Zl(t) = 1 1 1 5 Zz(t) = t 2 1 5 Z3(t) = 1 2 3
1 11 1 1 1 1 3 4

First we show that finding the lowest rank solution may not be sufficient
to recover the true matrix. In case of Z; we get that rank(Z:(¢)) = 1

if and only if ¢ = 1. Moreover, for u := (—1 0.5 0.5)T it holds that
luu®||r < ||Z1(1)||r and Z;(1)u = 0. Hence, as required by Theorem 3,
D* = Z;(1) — uu” guarantees that Z;(1) is the unique solution to (29) and
therefore the nuclear norm heuristic does not recover Z;.

Next we show that non-uniqueness in (29) is another issue that can be
avoided with the proposed approach in (31). Since Zy(¢) is symmetric, it
holds that

|Z2(2)]|1+ > trace(Zs(2)) = 5,

with equality if and only if Zs(¢) > 0. It is readily seen that Zy(¢) > 0 if
and only if ¢ € [0, 2], which implies that all of these points are solutions to
the nuclear norm heuristic (29). However, a numerical solver for (29) does
not necessarily determine Z,. Instead, it is more likely to obtain a convex
combination of these solutions.
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Finally, observe that the nuclear norm heuristic does not always de-
termine the lowest rank solution. It holds that rank(Zs3(¢)) > 2 with
equality if and only if ¢ = 0. However, it can be numerically verified that
1Zs]|1+ > ||Z5(0.1)||1+« and thus Zs is not a solution to (29).

These examples show that additional knowledge about the true rank,
as well as the minimality in the Frobenius norm (see (30)), can be utilized
with || - ||« to possibly gain a better completion. The following subsections
will demonstrate the same behavior for a larger example, and a practical
application.

To conclude this subsection, note that in view of (25) one may also
consider

imimize | M} + ulM]
minimize o IM||% + » 1% 33)
subject to m;; =z, (i, J) € Z,
where one sweeps over u > 0. This is a strategy that has been discussed
earlier in [Cai et al., 2010]. Applied to the previous examples, this approach
is also able to recover Z;, Zy and Z3 with u = 0. Nevertheless, the following
example shows that there may not be any u that leads to a low-rank solution.

7.2 Numerical Example

This example intends to show a numerical comparison among (31) and (33).
Let Z = svds(H) where H € R%*!0 is a Hankel matrix with the following
structure

11"111
1 0
1 0
10---00

Moreover, let the index-set of the known entries be Z = {(i, j) : z;; > 0}.
Figure 4 shows the relative completion errors, as well as the obtained
ranks of the solutions to (31), for different integer-valued r. The corre-
sponding results obtained by sweeping over x > 0 in (33) are presented
in Figure 5.
The solution to the nuclear norm heuristic (- = 1) gives the worst
completion error, and full rank. Notice that

n*?rank(Z)log(n) > card(Z) = 78,

which is why one cannot expect exact recovery. In contrast, r = 5 recovers
the true matrix and is a sweet spot among all solutions. In fact, this is
guaranteed by Theorem 3 because Z C {(i, j) : h;; = 0}. Finally note that
there is no u such that rank(M;) < 10.
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Figure 4. Relative completion error and ranks of the solutions to (31)
depending on r.
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Figure 5. Relative completion error and ranks of the solution to (33) de-
pending on .

7.3 Example: Non-convex Douglas-Rachford

In the following we use Theorem 3 to construct examples where the nu-
clear norm heuristic, as well as the r+-approach, fail to determine a solu-
tion to Problem 3. This helps to understand why the non-convex Douglas-
Rachford (see Section 4.4) may still be able to find those solutions and that,
unlike in the convex Douglas-Rachford, the choice of ¥ is crucial.

First note that the existence of D* in Theorem 3 is equivalent to having
an R € R™™ such that

RTZ =0, ZR" =0, 01(R) < 0,(2), (34a)
z;+ry;=0forall (i j) ¢ Z. (34Db)
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Let us define for ¢ € [—1, 1] the following unitary rank-1 matrix

2= () V)= (i )

Correspondingly, all R € R2*2 that fulfill (34a) are given by

eer(IT) e )= (LS )

where £ € [—1,1]. If T = {(1, 2), (2, 1), (2,2)}, it follows that (34b) can be
satisfied if and only if 2 < % Hence, despite the fact that the solution to
Problem 3 is unique, neither the nuclear norm heuristic nor the r*-approach
is able to determine it if £ > 1.

Next let us look at the limit-points of the non-convex Douglas-Rachford.
Assume X*, Y* and Z* are limit-points to the iterations (17a) — (17c) of the
non-convex Douglas-Rachford applied to

1
i Z|| M| M
Hin [2II Iz +g( )],
rank(M)<r

with g(M) = ym(M) and M :={M € R"™" : m;; = z;;, (i, j) € T}
By (17a) and (17¢c) it follows that X* = ﬁsvdr(Z*) = Y* and (17b)
implies that

x;; —z;; =0 for all (i, j) ¢ Z.

ij
Equivalently, if R* := Z* — svd,(Z*) = Z* — (1 + ) X*, then
yx;; +r;=0forall (i) ¢ T.
Therefore, the non-convex Douglas-Rachford has a limit-point at X* € M
if and only if there exists R € R™*™ such that
RTX* =0, X*RT =0, 01(R) < (1 + y N0 (X?),
x;; +r; =0 for all (i, j) ¢ Z.
The inequality in the above follows from
(1+92)0x(X") = 0:(Z") 2 01(R") = you(y ' R").

Thus, in the non-convex Douglas-Rachford, R is allowed to be (1 + y71)-
times as large as in (34a). This means that for sufficiently small > 0, all
rank-r elements in M are limit-points to the non-convex Douglas-Rachford.
Applied to Z and Z from above, we conclude that for all ¢ € [—1, 1] there
exists ¥ > 0 such that the non-convex Douglas-Rachford has a limit-point
in Z. Indeed, in numerical computations, the algorithm also converges to Z.
Just as in the convex Douglas-Rachford, a poor choice of ¥ may also prevent
the existence of such a limit-point.
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7.4 Covariance completion
Consider

x(t) = Ax(t) + Bu(?),

where A € R*™", B € R™™, m < n, and u(t) is a zero-mean stationary
stochastic process. For Hurwitz A and reachable (A, B), it has been shown
(see [Georgiou, 2002a; Georgiou, 2002b]) that the following are equivalent:

i. X :=1lim;_, o E (x(¢) x7(¢)) = 0 is the steady-state covariance matrix of
x(¢), where E(-) denotes the expected value.

ii. 3H € R™": AX + XAT = —(BH + HTBT).

i pank (AX HXAT B\ _ (0 B
iii. ra BT 0]~ a BT o)

In particular, rank(BH — H” BT) is an upper bound on the number of input
channels, and H = {E (u(¢)u”(¢)) BT when u is white noise.

In [Chen et al., 2013; Lin et al., 2013; Zare et al., 2016a; Zare et al., 2015;
Zare et al., 2016b] the problem of unknown B and only partially known X
has been addressed by considering the following problem.

ProBLEM 4

minimize rank(M)

subject to  %; = x5, (i, j) €T
AX+XAT=-M
X>o.

(35)

O

The problem has been tackled by convexifying the rank with the nuclear
norm. However, since some practical examples only supply up to 2n known
entries of specific structure (see [Zare et al., 2016a; Zare et al., 2015; Zare
et al., 2016Db]), it is not surprising that the quality of completion is often not
satisfactory.
Instead, in [Grussler et al., 2016] its generalization as in (31) is consid-
ered, i.e.
minimize || M|«
subject to aéij = Xij, (i, _]) T
AX+XAT =M
X>o

(36)
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Figure 6. Discretized grid on the unit square with inputs &;,..., &.

where it is possible to sweep over r > 1. Again, one may also consider

1
minimize §||M||%‘ + H||M||1*

subject to  &; =x;;, (i,j) €T (37)

AX+XAT=-M
>0,

while sweeping over u > 0.

Example: Discretized Heat-Equation Let us illustrate these ap-
proaches by a numerical comparison. Consider the two-dimensional heat-
equation

. 02 02

T =AT = —T+ —T

Ox? Oy?

on the unit-square. Finite difference discretization on a uniform grid with
step size h = ﬁ gives

1
ATy ~ _ﬁ(‘l'Ti' = Tiv1,j — Tijyr — Tim1j — Tija),
where T;; are the temperatures of the inner grid points as indicated in
Figure 6. By letting the boundaries of the unit-square be the inputs, we

obtain a linear system

() = %Ax(t) + %B{(t), (38)
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where A € R *M is the Poisson-matrix, and B = [6;] € RN**4, The
entries of B are all zeros, except:

b1 =1, for i=1,2,...,N

big =1, for i = N,2N,..., N?

big =1, for i=N(N—1)4+1L,N(N—-1)+2,..., N?
by =1, for i=1,N+1,..., N(N—-1)+1

Moreover, let £(¢) be generated by a low-pass filtered white-noise signal
w(t) with unit covariance E (w(t)w(¢)") = I, and

£(t) = —€(1) +w(2).

The extended covariance matrix

X, :=E (xa]) = (;; fgj) with x, = (g%g)

is then determined by
AX,+ X, AT = —B,BT,

where

A B 0
a=(y B) m=(9)

and X is the steady-state covariance matrix of x(t).

In the following we assume that only the first and third input channels
are used, i.e. we remove the second and fourth columns from B and adjust
A,, B, and £(t), accordingly. An interpolated colormap of X is shown in
Figure 7(a), where the black lines indicate the known entries. Figure 7(b)
displays the relative completion error of the solutions obtained by (36) and
(37) with dependency on r and u. We observe that the error obtained by (36)
in r = 2 is the smallest, and in fact it is of rank 2. This implies that there is
no duality-gap. In contrast, the best solution that originates from (37) (with
u = 4.23) is of rank 3 and has an error that is about 1.5 times as large.
Figure 8 illustrates these differences through the interpolated colormaps.
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Figure 7. Interpolated colormap of the true steady-state covariance matrix
X and plot of the relative errors depending on r and u obtained by (36) and
37).
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Figure 8. Interpolated colormaps of the completed covariance matrices
obtained by (36) and (37).

113



Paper III. Low-Rank Optimization with Convex Constraints

8. Hankel matrices

In the field of system and control, the rank of a Hankel operator/matrix
is crucial, because it determines the complexity (order) of a linear system.
This determines how costly it is to simulate a system, or to implement
controllers designed by a number of standard methods (see [Zhou et al.,
1996; Antoulas, 2005]). For these reasons, much focus is put into model
order reduction. Even though the celebrated Adamyan-Arov-Krein theorem
(see [Partington, 1989; Antoulas, 2005]) answers the question of optimal low-
rank approximation of infinite dimensional Hankel operators, the following
finite dimensional case is still an open problem.

ProBLEM 5

minliénize N —M|%
subject to rank(M) <r
MeH

where N € ‘H := {H : H is Hankel}. O

The only solved variant of Problem 5 is the case where r = 1, and the
Frobenius norm is replaced by the spectral norm (see [Antoulas, 1997]).
Moreover, for so-called linear externally positive systems the problem of non-
negativity preserving Hankel-operator approximation has been considered
in [Grussler and Rantzer, 2014].

8.1 Numerical Example

In the following we compare the r*-approach with the regularization meth-
ods in Sections 5.1 and 5.2, as well as the lift-and-project algorithm from
Section 5.3. To this end, let N € R°*1? be the following Hankel matrix

12--910
2 9
N=1
9 .2
1092 1

The relative errors together with the relative lower bound are shown in
Figure 9(a), where for each method and rank the solution with lowest
possible error has been chosen. In case of r = 1,..., 4 there is a zero duality
gap, and therefore the lower bound is achieved by the rank-regularization
method (see Section 5.2) as well as the non-convex Douglas-Rachford and
the r*-norm. Moreover, even when Proposition 4 cannot guarantee a zero
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IV

IN =)l

1
|
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(a) Relative errors: (b) Ranks:
lower bound  eeess nuclear norm heuristic ()
—— nuclear norm heuristic = = = rk-approach (r)
rx-approach rank-regularization (u)

rank-regularization
= %= lift-and-project
non-convex Douglas-Rachford

Figure 9. Hankel matrix preservation — relative error and rank depen-
dency on r and u

duality gap, it appears that those methods and the lift-and-project algorithm
are close to the lower bound, and outperform the nuclear norm heuristic.
Nonetheless, in order to get these (sub-optimal) solutions, we had to sweep
over real-valued r and u, respectively. The dependency of the rank on these
parameters is displayed in Figure 9(b). All regularization methods show the
expected staircase behavior.

9. Multivariate Reduced-Rank Regression
In multivariate linear regression one wants to estimate a regression matrix
C € R in an underlying linear model

Y=CX+E,

where Y € R"*X is a matrix with K measurements of n response variables,
X € R™*X are the corresponding predictor variables, and E € R™*X is
Gaussian white-noise. Assuming that rank(X) = m < T one can determine
the well-known least-squares estimator

C=vx"(xx"),

which is a minimizer of minc¢ ||Y — CX||%. Let ¢;, and y; denote the k-th
row of C and Y, respectively. Then

ér =X (XX,
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and therefore ¢;, only depends on the k-th response variable y;. Hence, the
estimator does not account for possible correlations among the response
variables.

In order to get estimators that include these correlations, one may re-
strict oneself to rank(C) = r < min{m,n} (see [Izenman, 1975; Rein-
sel and Velu, 1998]). Assuming that C = AB, where A € R™ and
B € R™™, a physical interpretation of this assumption on C can be given
(see [Reinsel and Velu, 1998]) as follows. If X consists of information that
is used to send T messages Y over r channels, then BX can be considered
as a code for the information, and ABX the decoded messages which are
intended to be close to Y. Hence, given X, Y and r one would like to solve
the problem

ProBLEM 6

minicmize Y —CcX|%

subject to rank(C) <r
O

Assuming that rank(X) = m < K, an explicit solution can be determined

as follows. Let X = U (X 0) (V1 VZ)T be an SVD of X with £ € R™*™,
Then

IY —CX|% =Y (Vi V2)—(CUT 0)|% = YVi—CUZ|F +[|Y Va3
Hence, Problem 6 reduces to
minimize ||YV; — C||%
¢

3 (39)
subject to rank(C) <r

By Proposition 1 we know that a minimizer of (39) is given by svd,(Y V;),
and therefore C = svd,(YV;)X71U7 is a solution to Problem 6. Observe
that Problem 6 can also be stated as
1
minzi‘}nize §||Y — M|% + xc(M)
subject to rank(M) <r,

where £ = {M : M = CX for some C € R*™} and thus fits into the scope
of Proposition 2. Indeed, if rank(X) = m, then rank(M) = rank(C), and
solving

1
minimize §||M||f* — (Y, M) + yc(M) (40)

116



10 Discussion and Future Developments

leads to the same solution as above if svd.(Y Vi) is unique. This can be
shown by considering the dual of (40). By Proposition 2 we get

1
maximize —||Y + D|?
D 2
subject to DXT =0,
where D* = Y (V{''V; — I) is a feasible maximizer such that
svd, (Y + D*) = svd, (YW, V) = CX

is a solution to (40).
Finally notice that further convex constraints on C can be added to (40),
and by that more classes of regressors can be defined and computed.

10. Discussion and Future Developments

In this work, a method to determine optimal low-rank approximations with
convex constraints has been studied. The main benefits of the r*-approach
are that it is essentially regularization parameter free, gives a certificate
of optimality, and does not depend on a particular initialization. This com-
bines the benefits of both factor and regularization based methods. More-
over, we have seen that the r* approach can be turned into a regular-
ization dependent method, where, unlike other approaches, the parameter
has a clear relationship to the desired rank (see Section 3.2). As a re-
sult, a generalization of (29) to solve the matrix completion problem has
been suggested. Furthermore, we have linked this approach to the rank-
regularization method (see Section 5.2). The principal advantage here is
that the r*-norm, in contrast to the rank-regularization method, is known
to have an SDP-representation.

Since standard interior-point methods for SDPs are known to have itera-
tions that grow unfavorably with dimension, the Douglas-Rachford splitting
algorithm is used to gain computability for problems of larger dimensions.
In this setting, it was possible to show that several other useful prop-
erties known from the SVD-solution may be preserved (see Proposition 5).
Moreover, it allowed us to show local convergence of the non-convex Douglas-
Rachford if Proposition 4 applies. This motivates the overall usefulness of
the non-convex Douglas-Rachford for solving Problem 1. This work is merely
a starting point to investigating its power for the problems considered here.
Further developments in this direction are likely to contribute to a better
understanding of the duality-gap cases. One could start by linking the re-
sults in Section 4.4 to the known local convergence results in the vector
case (see [Hesse et al., 2014]).
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The numerical examples presented in this paper indicate the superiority
of the r+-approach and others over the nuclear-norm heuristic. Since the
r*x-approach is as general as the nuclear-norm heuristic, we suggest to use
the r+-norm heuristic instead. In fact, several other authors (see [Argyriou
et al., 2012; Lai et al., 2014; McDonald et al., 2015; Doan and Vavasis,
2016]) have recently used the r*-norm to replace the nuclear-norm as a
regularizer in (33). However, this neither takes advantage of its own regu-
larization character nor its optimality guarantees. Notice that despite the
nice geometric interpretation (see Section 3.1), we were only able to guar-
antee a zero duality gap in simple cases such as Theorem 3. Investigating
this further may lead to more deterministic guarantees.

A. Appendix

A.1 Unitarily invariant norms
The following results can be found e.g. in [Horn and Johnson, 2012].

ProposiTiON A.1
Let A, B € R™™™, then

min{m,n}

(ABy< > 0i(A)gi(B). O

i=1

COROLLARY A.1
Let A, B € R™™ then

min{m,n}
> 0i(A)oi(B) = max{(A,UBV) : U and V are unitary}. O
i=1

In the following we say that g : R* — R is a symmetric gauge function if
and only if

i. g is a norm.

ii. Vo € R" : g(|x|) = g(x), where |x| denotes the element-wise absolute
value.

iii. g(Px) = g(x) for all permutation matrices P and all x.

ProrosiTIiON A.2
| - || is a unitarily invariant norm on R™*™ if and only if

”X” = g(Ul(X); ) Umin{m,n}(X));

where g is a symmetric gauge function. a
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A.2 Convex Optimization

The following definitions and results from convex optimization (see [Lu-
enberger, 1968; Rockafellar, 1970; Hiriart-Urruty and Lemaréchal, 1996;
Bauschke and Combettes, 2011]) are used throughout the paper. In the fol-
lowing we assume that all functions are defined on a real finite-dimensional
Hilbert space X with inner product (-, -). The domain of a function f on X
is defined as domf := {x € X : f(x) < oo}.

DerinITION A.1
Let f : H — R U {oco} be a function with domf # @, minorized by an affine
function i.e. I(x*,0) € X x R: f(x) > (x, x*) — b for all x € X. Then,

f7(x") = sup [(x, x*) — f(x]]
x€X
is called its conjugate (dual) function. Further, the bi-conjugate function of
f is defined as f** := (f*)". O

DEerINITION A.2

A convex function f : H — R U {oo} with domf # @ is
e proper if domf # @.
* closed if the epigraph {(¢, x) : f(x) < («, ¢) € domf} is a closed set. O

It is known that f** = f if only if f is a closed and proper convex function.

LEmmA A1
Let f, g : H — R U{oo} be functions as in Definition A.1. Then

Inf[f(x) + g(x)] = — inf [f*(x) + g"(=2)]. (41)

ProrosiTioN A.3

Let f,g : H — R U{oo} be closed and proper convex functions. Assume
that ri(domf) N ri(domg) # @ and ri(domf*) N ri(domg*) # @, where
ri(-) denotes the relative interior. Then,

minlf (x) + g(x)] = — min[f* (") + g (~+")]

Moreover, if the minimum on the left is attained at some xy and the mini-
mum on the right by some x;, then

7 (x5) = (x0, x5) — f(x0),
9" (=xp) = (%0, —xp) — g(%o). =
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DEeriniTION A.3
Let f: H— R U{oo} be a function. Then

Of (x0) :=={xg € X : f(x) = f(x0) + (x — x0, x5) forall x€ X}
is called the subdifferential of f at x. O

ProrosiTion A.4
Let f : H —» RU{oo} be a closed and proper convex function. Then the
following statements are equivalent:

i. xj € 0f (x0)-
ii. () = (%0, x) — £ (x0).

iii. xo € Of* (x3).

iv. f(x0) = (%0, %) — [~ (xp)- O

LEmMMa A2
Let C1, Co C X be closed convex sets. Then, C; = C; if and only if

sup(x, y) = sup(x, y) for all x € X.
y€C y€Cy

For x € R" and r € [L, n] we define ||x||, := 1/ g,(x) with
9-(x) = max{a} +-- 42 +(r—|r])x, 1 1<ii<ip <. <ip <n}

The following Lemma on the subgradients of || - ||, has been shown in [Doan

and Vavasis, 2016] for »r € IN. We simply extend it to the real-valued case.

LemMma A.3

Let r € [1,n], 7:= [r] and 0 € R%, with o # 0 and
0‘1Z...>o‘f_t+l:---:()‘;:---:O‘f+s>"‘20‘n, (42)

where t = ¥ and s = n —r if 03 = 07 and 0, = o7, respectively. Then

v € 0||o]|, if and only if

i lgigf—t:vizugl”.

i F—t+1<i<F+siv =70 with0< 5 <1, SIE L T=t—F+r
iii. 7+s+1<i<n:v;,=0.
Moreover, let ||x||;« be the dual norm to ||o||,. Then

0]l = {x € R" : [lx]|rs <1} O
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Proof Let r € [1,n] and o € R, as in (42). Then

loll- = max gz(c),

card(Z)=rF

where gz(0) = \/ YieT\max(@) % + (7= [7]) 0% 0 (z) and card(Z) denotes
the cardinality of Z. Since ||o||, # 0 it follows (see [Hiriart-Urruty and
Lemaréchal, 2013, Corollary VI.4.4.4]) that the sub-differentials of || - ||
evaluated at o are given by

ol =conv{Vgz(c): TC{L,...,n}, card(Z) =7 gz(o) =]},
(43)

where V denotes the gradient operator with respect to . Next we determine
the gradient at these points where ||o||, = gz (o). Then, by assumption (42)
it holds that {1,...,7 — ¢t} C Z and therefore

e 1<i<F—¢ 391(‘7): 0;

do; lloll-

c i€ IN{F—t+1... 7+s}\max(T): 22 = @

lloll-

r—|r|)o;
¢ i = max(z): 2z2) _ ( ||$||J) '

. f+s+1§i§n:‘%’§7f)=0.

Thus, by (43) we get that v € J||o||, if and only if

i 1<i<r—t vy 9

= Tol
il. F—t4+1<i<r+s: U;—Tz”[,” W1th0<rL§1andZ 1 T = =T
iii. r+s+1<i<niv; =0,

where the last part of the second condition follows from

Zagz(d) = (t—F+r) T
~ oo ]l
i€

The last claim simply follows by the definition of the dual norm as
OOl = {30 € B (5, 20) < ol } = {30 € B 5 sup (s 30) < 1}
x|[,<1
={x0 € R" : [|xo |« < 1}. O
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From Lemma A.3 and [Watson, 1992, Theorem 2] the following Proposition
follows in the same way as in [Doan and Vavasis, 2016] for » € IN.

ProrosiTioN A.5
Let A € R™™ \ {0}, r € [1, min{m, n}] and 7 := [r]. Further, let an SVD

of A be given by A = S 0T with
Or—t # Op—t41 = *** = 0p = *** = Opys # Oppstls

where t = 7 and s = min{m, n} —7 if 01 = 07 and Omin{mn} = 07, respectively.
Then M € J||A||, if and only if

F—t

1
M = A] (Zo}uiU?+df(ur_t+1 LL;_,_S)T(UF_t_'_1 Ur+s)T),
" \i=1

where
T>0, ||T|«=t+7F—r, and ||T|1 <1
In particular, if 07 # 0741 or o7 = 0 then rank(M) < 7. Moreover,

0[], = {M € R™™™ - || M]| . }. o

A.3 Proof of Lemma 1
Proof Let 1 <r < q := min{m,n}, M € R™™™ and the g : R? — Ry be
defined by

9(x1, ..., %) := ||diag(xq, . .., 2)]|
The unitary invariance of || - ||, follows by Proposition A.2, because g is a
symmetric gauge function. By Corollary A.1 it holds that

sup (X, M)=_sup ) of(X)oi(M) = | M]|.
X[ p=1 Yimoi(X)=1"21
rank(X)<r

Then the r*-norm inherits the unitary invariance of the r-norm and with
¥ := diag(o1(M), ..., 04(M)) it follows that

M|« = |X]|;+ = max (¥, X
9]+ = =]+ = max (X, X)

q
= max 0;(M)0o;(X)
Y o (X)=1 ;

q

=, max > 0i(M)oi(X) + 0:(X) > ai(M)].
i=1

S 0P (X)< )
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The third equality follows by Corollary A.1. Hence,

|M]|1+ = max
1 2
i=1Si=1 ;_

q q
> o(M)s; = > max > o(M)s; = ||M|q. = [|M]|.
15 S st A

Moreover, by the definition of the r-norm
Mz =I1Mllg 2 --- = [[M]lx

and therefore (2) is shown. In particular,

q r
M| = sanax Y a(M)s; > | M|r> smax > ai(M)s; = ||M]|.. (44)

i=15i =1 1 =15 =1

Obviously, |M||r = ||M||- if and only rank(M) < r, and therefore equality
in (44) holds if and only if rank(M) < r. Thus the last claim is proven. O

A.4 Proof of Theorem 2

Proof If D* and M* are solutions to (A) and (B), respectively, then by
Proposition A.3 it holds that

f**(M*) — (D‘k’ M*) _ f*(D*)’

where f* and f** are given by (5) and (6). Hence, by Proposition A.4 it
follows that

* 1 *
M* € dp5|IN + D = [|N + D*||;0p[|N + Dl|| pp-

D=D

and invoking Proposition A.5 proves the result. O
A5 Derivation of proxz.z(-)
_ v 2, 1 2
proxy2(Z) = argmin | T[| X[} + S| X — Z7 |.
2 X 2 2

which is equivalent to

1

X=X
& Z—-X" € | X\ Ox|| X ||r| x—x- -

Let 7 := [r] and an SVD of X* be given by X* = Z?;T{mn} 0:(X*)uv! with
07 (X*) > 07 11(X7) = -+ = 0(X7) =+ = 0715(X7) > 07 1641(X7),
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where we say that ¢t = 7 and s = min{m, n} — 7 if 07(X*) = 07(X*) and
Omin{mn}(X*) = 07(X*), respectively. Further, let

U = (uf—t+1, ces uf+s) and Vj:= (Uf—t+1,---, Uf+s)-

By Proposition A.5,

et min{m,n}
Z=014+2)> a(XVup] + (X1 +yT)Vi + > (X )uw]
i=1 i=Fts+1

with ||T||; < 1, ||T||1« = ¢—=F+r, T > 0. Using [Watson, 1992, Theorem 2] it
follows that Z has the same singular vectors as X* and therefore a diagonal
T = diag(Ts—t+1, - - -, Tr4s) can be chosen. This gives

(Z
Ll<i<i—t: a(x)=2E)
1+y
(Z
wortr1sisiss o(x) = 20

iii. 74+s+1<i<min{m,n}: 0;(X*) = 0;(2).
Hence, the main task is to determine s > 0, ¢ > 1 and T > 0 such that

or—141(Z) L 0745(2)

Uf X* == = = >
(X7) T4 7T,

= (45)
14+ yTr i1

where
Z Tryyi=t—F+r and T;;; <1lforalli€ {1,..¢t+s} (46)
i=1

and

U;_t(Z)
1+y

> Uf(X*) > 0’;+s+1(Z). (47)

Next it is shown how s, ¢ and T' can be determined inductively. Clearly,
there exists T, ..., Trys, for some sg > 0, fulfilling (45) and (46) with t =1
and s = sy. However, if

Uf_l(Z) < Uf(Z)
1+y — 14917

then requirement (47) is violated. Hence, ¢ = 0 is not a feasible choice and
we want to find the smallest possible ¢ for which this requirement is met
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after constructing T. Let us assume that with t = — 1 and s = §7_1, there
is no solution that satisfies all three conditions (45) —
Then one can construct T7_z4,. .., ,+St fulfilling (45) and (46) witht = ¢

and s = §z, as follows: Let i > 2 and T t+1, e, T(l_l) < 1 be determined

—i4+i—1 —
such that
(2 . Z oy .
ngl)) i L(l_(l)) = 0rgi(Z) and > T <i—Fn
1+ 9T 7 1+ 9T 4 Jj=1

Case 1: Assume that there exists Tf(i)f i such that for all j € {1,..,i—1}

p (Z) = Or— f+i(Z) _ 0r—i+,(Z) _ O~ H—J(Z)
F—t+i+1 () (l 1) () .
1+ 9T, 1+ 9T 5 ) (T + Ty, 1+7T —

Then i < £+ §; and we get

(@) 1 or-i4i(Z)
T: = — 1. 4
i =7 <Uff+i+1(Z) (“8)

Thus,
i—1
T, =7 ((1 + 7T+ 7T — 1)

for all j € {1,...,i — 1}. Since (48) is valid for all i < f + §;, it is readily
shown that the previous equation can also be written as

(i) _1( 0r-+i(2)
T . = — = — 1. 49
it = ( Or—i+i+1(Z) “9)

Case 2: Assume T() is such that Z TV  —f—F+rand

— It r—it+j
or—i+i(Z Or—i4;(Z or—i+;(Z
or—t+i+1(Z) < t+l(( )) = [C 1)t+J( : (@) - tH((i) !
1+ 9T, (1 +7T; t+J) (1 + 7Tf—f+i) L+ 9Ty,

for all j € {1,...,i — 1}. Then i = f + §; and it follows as in (49) that for all
Jje{l..,i—1}

T, =y ((1 + TN+ 9T — 1)
_1( 07-1+;(Z) @)
- Ortef2) (1 4 1@ Y1
7 ( Ufffﬂ'(z) ( + t+z) ) (50)
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Algorithm 2 Determine X = proxy.2(Z)

1: Input: Let ,r > 0 and Z € R™™ be given and set 7 = [r] and
s=t=0.

2: Let Z = Y™™ 5.(Z)uvT be an SVD of Z.

3: while (r >t AND 0:_,(Z) < %7(2)) or t =0 do

4 t=t+1

5: k=r—t
6: whiles # % do
7: k=k+1
t—Fr—y1 ZH—k 1(6;;:,((;))_1)
8: T, = t+k+zt+k I(Jr +/(2) 1)
07+ (2)
o if % > 0341(2) then
10: s=kFk
11: end if
12: end while
13: end while
14: Output:
1 T 05(Z) - T it T
T;/Z(Ti(Z)uivi + 11T, Z u;v; + | Z oi(Z)uv; .
i=1 i=r—t+1 i=r+s+1

Thus T() is left to be determined. To this end, notice that

—t+i

1+ 7T t+z DA+ ?’T( ) =1+ 7T(l)t+z 1

In conjunction with (50), this yields
~ i— j— e — — i—1 v (Z
F—F+r—3" llT(Lti)j _tordr—y 123:1(%123 _1)

T(l) =
i—1 ) . i—1 v (Z
l+7z, 1T —F+j l+2j:1(;_5+;§z; _1)

Fefti T

Thus, Tr_zs; = Ty, , for all j € {1,...,i — 1}.

By the injectivity of the proximal mapping, this procedure eventually
finds ¢, s and T that satisfy (45) — (47). Moreover, since (45) — (47) can
be checked efficiently, one can perform a binary search over s and ¢ of
complexity O(n) (see [Eriksson et al., 2015]). Hence, the bottle neck of the

prox computation is the cost for the SVD. In practice ¢ and s are rather
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small, which can be seen by the fact that

0+(Z)
1+y

> 0m41(Z) = s=0, (51)

In this case rank(X*) = 7 and only ¢ has to be determined. If additionally
7 = r, then T is the identity matrix and finding ¢ is redundant. In case
of high dimensional matrices, a linear search as outlined in Algorithm 2
may advisable, since that allows us to incorporate sparse SVD solvers by
computing one singular value at a time it is needed.
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Paper IV

Low-Rank Inducing Norms with
Optimality Interpretations

Christian Grussler Pontus Giselsson

Abstract

Optimization problems with rank constraints appear in many di-
verse fields such as control, machine learning and image analysis. Since
the rank constraint is non-convex, these problems are often approxi-
mately solved via convex relaxations. Nuclear norm regularization is
the prevailing convexifying technique for dealing with these types of
problem. This paper introduces a family of low-rank inducing norms
and regularizers which includes the nuclear norm as a special case. A
posteriori guarantees on solving an underlying rank constrained opti-
mization problem with these convex relaxations are provided. We eval-
uate the performance of the low-rank inducing norms on three matrix
completion problems. In all examples, the nuclear norm heuristic is
outperformed by convex relaxations based on other low-rank inducing
norms. For two of the problems there exist low-rank inducing norms
that succeed in recovering the partially unknown matrix, while the nu-
clear norm fails. These low-rank inducing norms are shown to be rep-
resentable as semi-definite programs and to have cheaply computable
proximal mappings. The latter makes it possible to also solve problems
of large size with the help of scalable first-order methods. Finally, it
is proven that our findings extend to the more general class of atomic
norms. In particular, this allows us to solve corresponding vector-valued
problems, as well as problems with other non-convex constraints.

Preprint.
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1. Introduction

Many problems in machine learning, image analysis, model order reduc-
tion, multivariate linear regression, etc. (see [Izenman, 1975; Antoulas,
2005; Candes and Recht, 2009; Candes and Plan, 2010; Recht et al., 2010;
Chandrasekaran et al., 2011; Reinsel and Velu, 1998; Hastie et al., 2015;
Larsson and Olsson, 2016; Vidal et al., 2016]), can be posed as a low-rank
estimation problems based on measurements and prior information about
a data matrix. These estimation problems often take the form

minimize fo(M)
M 1
subject to rank(M) <rn

where f; is a proper closed convex function and r is a positive integer that
specifies the desired or expected rank. Due to non-convexity of the rank
constraint a solution to (1) is known only in a few special cases (see e.g. [An-
toulas, 1997; Antoulas, 2005; Reinsel and Velu, 1998]).

A common approach to deal with the rank constraint is to use the nuclear
norm heuristic (see [Fazel et al., 2001; Recht et al., 2010]). The idea is to
convexify the problem by replacing the non-convex rank constraint with
a nuclear norm regularization term. For matrix completion problems, this
approach is shown to recover the true low-rank matrix with high probability,
provided that enough random measurements are available (see [Candes
and Recht, 2009; Recht et al., 2010; Chandrasekaran et al., 2012]). If these
assumption are not met, however, the nuclear norm heuristic may fail in
producing satisfactory estimates (see [Grussler et al., 2016a; Grussler et al.,
2016b]).

This paper introduces a family of low-rank inducing norms as alterna-
tives to the nuclear norm. These norms can be interpreted as the largest
convex minorizers of non-convex functions f of the form

f = || : ” + Arank(-)<r» 2)

where || - || is an arbitrary unitarily invariant norm, and yrank()<r is the
indicator function for matrices with rank less than or equal to r. This
interpretation motivates the use of low-rank inducing norms in convex re-
laxations to (1). In particular, assume that fy in (1) can be split into the
sum of a convex function and unitarily invariant norm, and the solution
to the corresponding convex relaxation has rank r. Then this solution also
solves the non-convex problem, and thus provides an a posteriori optimality
guarantee. Furthermore, the choice of norms and target ranks r can be
considered as regularization parameters when used in convex relaxations
of (1). Compared to the nuclear norm approach, it is shown that this gives
additional flexibility which can be exploited to improve the quality of the
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estimate. Specifically, the nuclear norm is the largest convex minorizer of
f in (2) with » = 1, making it a less natural choice than other low-rank
inducing norms, because it convexifies constraints that allow for matrices
of rank 1, only.

This work particularly focuses on low-rank inducing norms, where the
norm in (2) is the Frobenius norm or the spectral norm. We refer to
these norms as low-rank inducing Frobenius norms and low-rank induc-
ing spectral norms, respectively. The low-rank inducing Frobenius norms,
also called r* norms, have been previously discussed in the literature (see
[Bach et al., 2012; Eriksson et al., 2015; McDonald et al., 2015; Grussler
and Rantzer, 2015; Doan and Vavasis, 2016; Grussler et al., 2016a; Grus-
sler et al., 2016b]). In [Bach et al., 2012; Eriksson et al., 2015; McDonald
et al., 2015; Doan and Vavasis, 2016], no optimality interpretations are
considered, but in previous work we have presented such interpretations
for the squared r* norms (see [Grussler and Rantzer, 2015; Grussler et al.,
2016a; Grussler et al., 2016b]). In this paper these findings are shown to
extend to any function of low-rank inducing norms that is increasing on
the nonnegative real numbers. Most importantly, our results hold for linear
increasing functions, i.e. the low-rank inducing norm itself. To the best of
our knowledge, no other low-rank inducing norms from the proposed fam-
ily, including low-rank inducing spectral norms, have been proposed in the
literature.

For the family of low-rank inducing norms to be useful in practice,
they must be suitable for numerical optimization. We show that low-rank
inducing Frobenius norms and spectral norms are representable as semi-
definite programs (SDP). This allows us to readily formulate and solve
small to medium scale problems using standard SDP-solvers (see [Peaucelle
et al., 2002; Toh et al., 2004]). Moreover, it is demonstrated that these
norms have cheaply computable proximal mappings, comparable with the
computational cost for the proximal mapping of the nuclear norm. This
allows us to solve large-scale problems involving low-rank inducing norms
by means of proximal splitting methods (see [Combettes and Pesquet, 2011;
Parikh and Boyd, 2014]). To enable formulations with increasing convex
functions, the projection onto their epi-graphs is computed. This extends
the proximal mapping computations of the squared r* norm in [Argyriou
et al., 2012; Eriksson et al., 2015; Grussler et al., 2016a] to the non-squared
case.

The performance of different low-rank inducing norms is evaluated on
three matrix completion problems. The evaluation reveals that the choice
of low-rank inducing norms has tremendous impact on the ability to com-
plete the covariance matrix. In particular, the nuclear norm is significantly
outperformed by the low-rank inducing Frobenius norm, as well as the
low-rank inducing spectral norm.
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The findings in this work are also valid for the corresponding vector-
valued problems by replacing rank with cardinality. This gives rise to op-
timality interpretations of, e.g., lasso-type and inverse problems (see [Tib-
shirani, 1996; Hastie et al., 2015; Vidal et al., 2016]). More generally, all
low-rank inducing norms lie within the class of so-called atomic norms
(see [Chandrasekaran et al., 2012]). It is shown that our optimality in-
terpretations also hold for atomic norms under very mild assumptions.
Therefore, these findings provide optimality interpretations for many other
problems, such as those listed in [Chandrasekaran et al., 2012, Section 2.2].

The paper is organized as follows. We start by introducing some prelimi-
naries in Section 2. In Section 3, we introduce the class of low-rank inducing
norms, and provide optimality interpretations of these in Section 4. In Sec-
tion 5, computability of low-rank inducing Frobenius and spectral norms
is addressed. To support the usefulness of having more low-rank inducing
regularizers at our supply, numerical examples are presented in Section 6.
The optimality results are extended to the vector case and to atomic norms
in Section 7 and conclusions are drawn in Section 8.

2. Preliminaries

The set of reals is denoted by R, the set of real vectors by R”, and the set
of real matrices by R**™. Element-wise nonnegative matrices X € R**™
are denoted by X € RZy™. If symmetric X € R"*" is positive definite
(semi-definite), we write X > 0 (X > 0). These notations are also used
to describe relations between matrices, e.g., A > B means A — B > 0.
The non-increasingly ordered singular values of X € R**™, counted with
multiplicity, are denoted by 01(X) > -+ > Ominfm,n}(X). Furthermore,

m n

<X, Y) = Z Z XijYij = trace(XTY)

i=1 j=n

defines the Frobennius inner-product for X, Y € R"*™. This inner-product
gives the Frobenius norm

X||F := 1/trace(XTX) =
|

which is a unitarily invariant norm, i.e., [UXV||r = || X||r for all unitary
matrices U, V € R™™. For all x = (x1,..., x4) € R?, we define
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Then the Frobenius norm satisfies || X||r = 42(0 (X)), where
o(X) == (01(X), ..., 0,(X)).

The functions ¢; and 4, define the nuclear norm ||X||,, := ¢1(¢0(X)) and
the spectral norm || X||z, = o (0(X)) = 01(X).
For a set C C R"*™,

0,0 XecC

re(X) = {oo Xé¢cC

denotes the so-called indicator function. We also use yrank(.)<- to denote the
indicator function of the set of matrices which have at most rank r.

The following function properties will be used in this paper. The effective
domain of a function f : R**™ — R U {c0} is defined as

domf :={X € RV™: f(X) < oo}
and the epigraph is defined as
epi(f) ={(X,t) : f(X) < ¢, X € domf, ¢ € R}.
Further, f is said to be:
¢ proper if domf # @.
¢ closed if the epigraph is a closed set.

* positively homogeneous (of degree 1) if for all X € dom(f) and ¢ > 0 it
holds that f(tX) = ¢f(X).

* nonnegative if f(X) > 0 for all X € dom(f).
* coercive if lim| x| ;- f(X) = o0.
A function f : RU {00} = R U {co} is called increasing if
x<y = f(x) <f(y) forall x,y € dom(f)

and if there exist x, y € R such that x < y and f(x) < f(y).
The conjugate (dual) function f* of f is defined as

fr(Y):= S (X, Y) - f(X)]

for all Y € R™™. As long as f is proper and minorized by an affine
function, the conjugate f* is proper, closed and convex (see [Hiriart-Urruty
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and Lemaréchal, 2013]). The function f** := (f*)* is called the biconjugate
function of f and can be shown to be a convex minorizer of f, i.e.

£(X) > £**(X) for all X € R™™.

In fact, f** is the point-wise supremum of all affine functions majorized
by f and therefore the largest convex minorizer of f. This can equiv-
alently be stated as follows (see [Hiriart-Urruty and Lemaréchal, 1996,
Theorem X.1.3.5,Corollary X.1.3.6]).

LEMMA 2.1

Let f : R*”*™ — R U {co} be such that f** is proper. Then
epi(f**) = cl(conv(epif)),

where cl(:) denotes the topological closure of a set and conv(-) the convex
hull. Further, f** = f if and only if f is proper closed and convex. O

Lemma 2.1 implies that for a closed proper, but possibly non-convex function
f, it holds that
inf X)= inf f[f**(X).
LJuf f(X) = inf f"(X)
However, determining the convex function f** is as difficult as minimizing
the non-convex function f. Instead, it is common to convexify the problem
by splitting the function into f = f1 + f5, such that f;** and f5;'* can be easily
computed. If fi is proper, closed and convex, then f; = fi"* and f1 + 5™ is
the largest convex minorizer of f that keeps f; as a summand. In particular,

it [AX) + (0] 2 _inf [AX) + £ (X)), 4

which holds with equality if the solution X* to the right-hand side problem
satisfies fy " (X*) = fo(X*). Then X* also solves the non-convex problem on
the left-hand side. This motivates the use of our terminology that f1 + f5 * is
the optimal convex relaxation of a given splitting fi + fo, when fj is proper
closed and convex.

Finally, if f : R U {00} — R U {0}, then the monotone conjugate is
defined as

F1() = sup[(x,5) ~ F()] forall y € B.

3. Low-Rank Inducing Norms

This section introduces the family of low-rank inducing norms, which in-
cludes the nuclear norm as a special case. These can be used as regularizers
in optimization problems to promote low-rank solutions. To define them, we
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need to characterize the class of unitarily invariant norms in terms of sym-
metric gauge functions. This characterization can be found in, e.g. [Horn
and Johnson, 2012, Theorem 7.4.7.2].

DEeriNITION 3.1
A function g : R? — Ry is a symmetric gauge function if

i. g is a norm.

ii. Yx € R? : g(|x|) = g(x), where |x| denotes the element-wise absolute
value.

iii. g(Px) = g(x) for all permutation matrices P € R7*? and all x € R‘I.D

ProrosiTiON 3.1

The norm || - || : R**™ — R is unitarily invariant if and only if
”X” = g(UI(X)} ey amin{m,n}(X))
for all X € R™™, where g is a symmetric gauge function. o

As noted in Section 2, the gauge functions for the Frobenius norm, spectral
norm, and nuclear norm are g = 42, g = ¢, and g = ¢1, respectively, where
41, 49, and ¢, are defined in (3).

The dual norm of a unitarily invariant norm is also unitarily invariant
(see [Horn and Johnson, 2012, Theorem 5.6.39]. Therefore, it has an associ-
ated symmetric gauge function. This will be denoted by g? if the symmetric
gauge function of the original norm is denoted by g. More specifically, let
M € R™™, q := min{m,n}, and g : R? —» Ry¢ be a symmetric gauge
function associated with a unitarily invariant norm

[M|lg := g(o1(M),..., gg(M)).
The dual of this norm is defined as

— _ D
1Y llgr := Hgﬁé(Y, M) = g7 (01(Y), ..., 0q(Y)), )

where the dual gauge function g satisfies

q
D(g1(Y),..., 0,(Y)) = max o:(M)ao;(Y). (6)
9"(@(Y) s 0y(Y) = me %(M))Sll; (M)ai(Y)

The low-rank inducing norms will be defined as the dual norm of a rank
constrained dual norm in (5). This rank constrained dual norm is defined
as

IY|lgp,r == max (M,Y) (7

rank(M)<r
M]4<1
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and the corresponding low-rank inducing norm as

|M||gr+ := max (Y, M). ®

1¥1lgn <1

For ¢ = min{m, n}, the rank constraint in (7) is redundant and the dual of
the dual becomes the norm itself.

For symmetric gauge functions g : R? — R, we denote their truncated
symmetric gauge functions by g(oy,..., ;) := g(o1,..., 05, 0,...,0) for any
r € {1,...,q}. With this notation in mind, some properties of low-rank
inducing norms and their duals are stated in the following lemma. A proof
is given in Section A.1.

LeEmMMma 3.1
Let M,Y € R"™™, r € IN be such that 1 < r < g := min{m,n}, and
g : R? — R5¢ be a symmetric gauge function. Then | - ||4o, is a unitarily

invariant norm that satisfies

1Y llgo,r = 9P (01(Y),..., 0:(Y)) )
Its dual norm || - ||« satisfies
r q
IMllgre =, max ; 0i(M)oi(Y) + a,(Y) i;lcri(M) , (10)
and
Mllg = |M]lgqs <--- < [|M]|g,1, 1D
rank(M) < = [ Mlly = [ Mg 12

O

This paper particularly focuses on low-rank inducing norms originating
from the Frobenius norm and the spectral norm. When the original norm
is the Frobenius norm, then g = ¢5. Since the norm is self dual, it satisfies
gP = ¢P = /5. The truncated version in (9) (which is denote by || - | to
comply with notation used, e.g., in [Grussler et al., 2016a]) becomes

> a2 (Y).

i=1

Y1l = 1Y llep, =

The corresponding low-rank inducing norm is referred to as the low-rank
inducing Frobenius norm, and is denoted by

M||« == |[|M||e,r« = max (Y, M).
192]+ = 1], = ma (Y, M)

140



38 Low-Rank Inducing Norms

In [Grussler et al., 2016a], this norm is referred to as the r* norm.

If the original norm, instead, is the spectral norm, we have g = /...
The dual norm is the nuclear (trace) norm (see [Horn and Johnson, 2012,
Theorem 5.6.42]), with gauge function g” = /¢;. The truncated version
becomes

1Y [ley,r = ZUL(Y)

and its dual, which we refer to as the low-rank inducing spectral norm, is
denoted by

IM|le.r« ;== max (Y, M).

1Y fley r<1

The nuclear norm is a special case of these low-rank inducing norms, cor-
responding to r = 1.

ProrosiTiON 3.2
The nuclear norm satisfies || - ||, = || - ||g,1+, Where || - || is any unitarily
invariant norm with g(o1) = |01

A proof to this proposition is found in Section A.1.
Next, we state a result that is the key to our optimality interpretations
for low-rank inducing norms in the next section.

LemMma 3.2
Let B . := {X € R : || X||g,« < 1} be the unit low-rank inducing norm
ball and let

E,, ={XeR"":|X|g =1 rank(X) <r}. (13)
Then B}, ,, = conv(E,,), i.e. all M € R"™™ can be decomposed as

M = Zi ocl-Mi with Zi o = 1, [07] Z 0,
where M; satisfies rank(M;) < r and
1Millg = 1Millg.rs = [ M]]g,r+- o

A proof to this lemma is given in Section A.1. The result is a direct conse-
quence of Lemma 3.1 and extends what is known about the nuclear norm,
and the results on low-rank inducing Frobenius norms in [Grussler et al.,
2016a].

In many cases, the set E,, is the set of extreme points to the unit ball
Bl .. The following result is proven in Section A.1.

ag,r**
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ProrosiTiON 3.3
Suppose that || - ||, satisfies

|22 caMillg <32, cull Millg

for all o; € (0, 1) such that ), a; = 1, and all M; € R™™ with | M;||, = 1.

Then E,, in (13) is the set of extreme points to B}]’r*. O

All 4, norms with 1 < p < co satisfy these assumptions, and therefore the
unit balls of their low-rank inducing norms have K, as their extreme point
sets.

The extreme point sets for the unit balls of the low-rank inducing spectral
norms are characterized next.

COROLLARY 3.1
The extreme point set of the unit ball to the low-rank inducing spectral
norm B}m’,* is given by

E={XeR"" :01(X)=--=0,(X)=1 and rank(X) =r}.

This result is proven in Section A.1.

We could also use the nuclear norm as a basis for the low-rank inducing
norm. By Proposition 3.2, we know that || - ||¢,1+ = || * ||¢,- Therefore (11)
implies that any low-rank inducing nuclear norm is just the nuclear norm,
ie.,

I lles = [ llevgs = - =11+ llev s

Compared to using the low-rank inducing Frobenius and spectral norms,
this does not provide us with a richer family of low-rank inducing norms.

4. Optimality Interpretations

In this section, we shown that low-rank inducing norms can be interpreted
as the largest convex minorizers, i.e., the biconjugates of non-convex func-
tions of the form (2), where the norm is arbitrary but unitarily invariant.
Using this interpretation, we show how to create optimal convex relaxations
of rank constrained optimization problems. This yields a posteriori guaran-
tees on when a convex relaxation involving a low-rank inducing norm solves
the corresponding rank constrained problem.

The interpretation of low-rank inducing norms follows as a special case
of the following more general result.
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THEOREM 1
Assume f : R>9 — RU{o0} is an increasing closed convex function, and let
freg := (Il llg) + Xrank()<r With 7 € IN such that 1 <r < min{m, n}. Then,

froog =T~ llg2.r), (14)
freg = LI+ lgrs)- (15)
O

Proof Since epi(f(|| - ||g,r«)) is closed by [Hiriart-Urruty and Lemaréchal,
2013, Proposition IV.2.1.8], it follows by Lemma 2.1 that if

epi(f ([l llg.r+)) = conv(epi(freg)),

then (15) follows.
Let us start by showing that epi(f (|| - ||g,r+)) C conv(epi(freg))- Assume
that (M, t) € epi(f(|| - ||g,+))- By Lemma 3.2,

M=>, oM, with Y .o,=1 >0
where M; satisfies
rank(M;) <r. and  [Millgr = Mg
Hence, (M, t) =3, o; (M, t), where
t 2 f(IIMllgre) = f(IIMillgr+) and rank(M;) <r

This shows that (M, £) € epi(freg), and therefore (M, t) € conv(epi(freg))-
Conversely, if (M, t) € conv(epi(freg)), then

M, t)=>,0(My,t;) with > . o=10,>0,
where M; satisfies
rank(M;) <r, and #; > f([|Millg) = £ ([ Mill g+ ),
where the equality is due to (12) in Lemma 3.1. Since [ is convex and

increasing, it holds that the composition f(|| - ||g,r+) is convex (see [Hiriart-
Urruty and Lemaréchal, 2013, Proposition 1V.2.1.8]). Thus,

ti=2 0t 2 ) uf (|Millgr) = £ (13206 Millgre) = F (|1M][gr+),

which implies that (M, ) € epi(f(|| - |lgr+)), and (15) follows. Applying
[Rockafellar, 1970, Theorem 15.3] to f(|| - ||g,r«) shows (14). O
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This result generalizes the corresponding result in [Grussler et al., 2016a],
in which the special case f(x) = x? and || - ||, being the Frobenius norm is
shown. For linear f(x) = x, the biconjugate in (15) reduces to the low-rank
inducing norms of Section 3. Therefore, they can be characterized as follows.

COROLLARY 4.1
Let » € IN be such that 1 <r < q := min{m, n}. Then

- llrs = (I~ ll7 + Hrank(y<r)™
I Newrs = (I - llew + Xrank(y<r) ™

and the nuclear norm satisfies

- lle = (I~ llg + Zranky<1) ™

where || - ||, is an arbitrary unitarily invariant norm that satisfies ||M||, =
01(M) for all rank-1 matrices M. m|
Proof This follows immediately from Theorem 1, since || - ||+ = || * [|ey.r55
where || - ||le, = || - || r is the Frobenius norm, and from Proposition 3.2. O
REMARK 1

This nuclear norm representation differs from the one in [Fazel et al., 2001,
Fazel, 2002], where it is shown that || - [|,, = (rank + yz: )**, i.e., it is the
convex hull of the rank function restricted to the unit spectral norm ball.O

Using Theorem 1, optimal convex relaxations of rank constrained problems

minimize fo(M) + f(||M||y)
M (16)
subject to rank(M) <,

can be provided, where fp : R"*™ — R U {co} is a proper and closed convex
function and f : R>9 — RU{co} is an increasing and closed convex function.
The problem in (16) is equivalent to minimizing fj+ fr.g With the non-convex
freg defined in Theorem 1. Therefore, the optimal convex relaxation of (16)
is given by

minimize fo(M) + £([M]|g.). an
Including an additional regularization parameter 8 > 0 (that can be in-
cluded in f) yields the following proposition.

ProposiTiON 4.1
Assume that fp : R**™ — R U {c0} is a proper closed convex function, and
that » € IN is such that 1 < r < min{m, n}. Let f : Ryg —» R U {c0} be an
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increasing, proper closed convex function, and let & > 0. Then

inf  [fo(M)+6f([|M]lg)] = inf [fo(M)~+6f([|M]lgr.)].  (18)

MeRnxm MeRnxm
rank(M)<r

If M* solves the problem on the right such that rank(M*) < r, then equality

holds, and M~ is also a solution to the problem on the left. O

Proof The inequality holds since f (|| - ||g,-+) = freg < freg- From Lemma 3.1
it follows that if rank(M*) < r then

Freg (M) = F(IIM|lgr) = FIM"|lg) = freg(M7),
which implies that the lower bound is attained with M* and equality holds.O

Since the nuclear norm is obtained by creating a low-rank inducing
norm with r» = 1, it follows that any nuclear norm regularized problem can
be interpreted as an optimal convex relaxation to a non-convex problem of
the form (16), with the constraint rank(M) < 1.

Proposition 4.1 also covers the results in our previous work [Grussler
et al., 2016a], where the matrix approximation problem

min [%HN — M||% + h(M)]

MeRXm
rank(M)<r
— : 1 2 1 2
= min  [3IN]F— (N, M) + 3 M|[7 + h(M)],
rank(M)<r

is considered. Letting
fo() = 3INIE = (N, )+ h(), f(x) =34 and [-[g=1"Iz

the results in [Grussler et al., 2016a] are a special cases of Theorem 1.

5. Computability

This section addresses the computability of convex optimization problems
involving low-rank inducing regularizers of the form f(|| - |g,-«). We restrict
ourselves to low-rank inducing Frobenius and spectral norm regularizers. A
requirement for the optimal convex relaxation problem in (17) to be solved
efficiently, is that these regularizers are suitable for numerical optimization.

Assuming that fy and f are SDP representable, it is shown that (17) can
be solved via semi-definite programming. To be able to solve larger problems
using first-order proximal splitting methods (see [Combettes and Pesquet,
2011; Parikh and Boyd, 2014] and references therein), we show how to effi-
ciently compute the proximal mappings of the considered regularizers. The
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computational cost of computing these proximal mappings is comparable to
the cost of computing the proximal mapping for the nuclear norm, since the
cost in all cases is dominated by the singular value decomposition.

In order to deal with increasing convex functions f in (17), the problem
is rewritten into the equivalent epigraph form

mlnlbmlze fo(M) + £ (v) + Xepi(|-]l,.) (M, V). 19)

gr*

5.1 SDP representation

The low-rank inducing Frobenius norm and spectral norm

M|« := ma = max (M, Y), (20)
1] Iv|-<1 < Y= IY[2<1 )
= max (M,Y), (21)
1Ml 2= e r<1< )

are SDP representable via ||Y||? and ||Y||¢, .. From [Grussler and Rantzer,
2015; Grussler et al., 2016a], it is known that

Y[ = min  trace(T) = y(n —1)

s.t. (;T 1;) =0, T >yl

Similarly, one can verify that

1
IY|lepr = min  =[trace(T}) + trace(T:) — (n + m — 2r)y]
’ Ty,T,y 2

s.t. (ng ;;) =0, T, Te = y1,

which generalizes the SDP representation of || Y ||¢, min{mn} in [Recht et al.,
2010]. This implies that

M|, = MY
| M]] max ( )

s.t. (YT;V 1;) z O, T z ?/I,

trace(T) —y(n—r) <1,
M|« = max (M,Y)
Y, T, Toy

<T1 Y

s.t. YT Tz

) =0, T, To = y1,
1
§[trace(T1) +trace(T2) — (n+m —2r)y] < 1,
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However, these formulations cannot be used in convex optimization problems
with M as a decision variable due to the inner product (M, Y). Therefore,
we use duality to arrive at

. 1
M| = Ain §(trace(W2) + k)
" RI—-W, M
S.t. MT WZ

trace(W1) = (n —r)k;

)EO, W]EO,

IMlleyre = min  F
Wi, Wy, k
kI — W, M
s.t. ( MT Bl — W2) i O, Wl, W2 E 0,

trace(W;) + trace(Ws) = [(n — r) + (m —r)]k.

These formulations can be used to, e.g. solve problems on the epigraph form
(19) by enforcing the respective costs to be smaller than or equal to v € R.
This gives constraints of the form ||M||y,« < v, i.e., (M,v) € epi(|| - ||gr+)-
If f and f, are SDP representable, then (19) can be solved via semi-definite
programming.

5.2 Splitting algorithms

Conventional SDP solvers are often based on interior point methods
(see [Toh et al., 1999; Peaucelle et al., 2002]). These have good convergence
properties, but the iteration complexity typically grows unfavorably with the
problem dimension. This limits their application to small or medium scale
problems. First order proximal splitting methods (see e.g. [Combettes and
Pesquet, 2011; Parikh and Boyd, 2014]) typically have a lower complexity
per iteration, and are thus more suitable for large problems.

These methods require the proximal mapping for all non-smooth parts
of the problem to be available. The proximal mapping for a proper closed
and convex functions A : R"*™ — R U {c0} is defined as

. 1
prox,,(Z) = arg}i{mn (h(X) + gHX — Z||%~> (22)

Applying proximal splitting methods to (19) therefore requires that the
proximal mapping of Yepi(|,,.) is readily computable. Since yepi(,,.) is an
indicator function of the epigraph set, the proximal mapping becomes a
projection, which is denoted by Ilepi(,,.)-

The epigraph of a norm is a cone (see [Bauschke and Combettes, 2011,
Proposition 10.2]). Appealing to the Moreau-decomposition (see [Bauschke
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and Combettes, 2011, Theorem 6.29]), we compute the projection ITep;(.|
via

ars)

Wepi( ) (2 20) = (Z, 20) = W(epi( |, ) (2 20), (23)

where Z € R™™, z, € R, and IT(epi(|,,.)° 18 Projection onto the polar cone
(which is the negative dual cone of epi(|| - ||g,r+) by definition).

Algorithms for projecting onto the polar cones of the low-rank inducing
Frobenius and spectral norms are derived in Section A.2. In these algo-
rithms, the first step is to perform a singular value decomposition of the
prox argument Z € R™*™, Then a vector optimization problem of dimension
q := min{m, n} needs to be solved. To this end, a nested binary search is
applied that only requires the solutions to simple optimization problems
with at most r + 1 decision variables.

In case of the low-rank inducing Frobenius norm, these problems can
be solved explicitly, and results in an overall worst-case complexity of
O(log(r)log(q — r)) with an additional O(g) to set up the inner problems
and to return the full solution. The cost of the prox computation is therefore
dominated by the cost of computing the SVD. For large ¢ one may consider
sparse SVD algorithms such as [Liu et al., 2013].

The projection onto the epigraph of the low-rank inducing spectral norm
is performed via the projection onto the epigraph of the truncated nuclear
norm (modulo a sign flip). Since this requires a third layer in the nested
binary search, the worst-case complexity is given by O(log?(r) log(qg—r)+q).
In [Wu et al., 2014], another algorithm to project onto the truncated nuclear
norm is presented. It uses similar techniques, but performs a linear search
for finding the parameters and thus has a higher worst case computational
cost.

Finally, note that the detour over the epigraph projection is not needed
for all increasing functions. The proximal mapping for the low-rank in-
ducing Frobenius and spectral norms can be derived very similarly to the
epigraph case in Section A.2. The proximal mapping for the squared low-
rank inducing Frobenius norm is derived in [Eriksson et al., 2015; Grussler
et al., 2016a]. Details are omitted for brevity.

6. Examples: Matrix Completion

The matrix completion problem seeks to complete a low-rank matrix based
on limited knowledge about its entries. The problem is often posed as

minimize rank(X)
) (24)
subject to  %;; = x;;, (i, J) € Z,
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where Z denotes the index set of the known entries. Another formulation
that fits with the low-rank inducing norms proposed in this paper is

minimize || X]||,
subject to rank(X) <r (25)
R = (5,J) €L

where r is the target rank of the matrix to be completed. In the following, two
examples of this form will be convexified using different low-rank inducing
norms. That is,
m1n'1m1ze | X || g, N 26)
subject to  %; = x;;, (i, J) € Z,
is solved for different low-rank inducing norms || - || g,

Further, we discuss a covariance completion problem which is a general-
ization of the problem above. In all problems it will be observed that there
are convex relaxations with low-rank inducing norms whose solutions give
better completion than the nuclear norm approach, without increasing the
rank.

6.1 Example 1

In the first problem, which is taken from [Grussler et al., 2016a], the matrix
X to be completed is a low-rank approximation of the Hankel matrix

11---11
1 0

H= € RI0X10, 27
1.7 0
10--00

Let the singular value decomposition of H be given by H = Zilzol oi(H)u;ul
and

5
X := Zo’i(H)u,—uiT and Z := {(i, j) : £;; > 0},
i=1
where Z is the index set of known entries. The cardinality of Z is 78, i.e. 22
out of 100 entries are unknown. Figure 1 shows the completion errors and
ranks of the completed matrices for different value of r. The nuclear norm
(r = 1) returns a full rank matrix and gives a worse completion error than
all other low-rank inducing Frobenius norms. For r = 5, the solution with
the low-rank inducing Frobenius norm has rank 5. Given the known entries,
this is the matrix of smallest Frobenius norm which has at most rank 5,
by Proposition 4.1. As indicated by the small relative error, this matrix
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rank(X)

r r
(a) Relative completion errors of: (b) Rank of the solutions to:
—o— (26) with |- grs = | - [l —o— (26) with |- [lgr+ = || - [+
- W= (26) with || - |lg,r = | - [leo,r= - M- (26) with || - [lg,r« = [ - [leo,r+

Figure 1. Example 1: Relative completion error and ranks of the solution
to (26) with || - [lgre = |- [l and [| - |lg.re = [ [lecr+-

coincides with X. In fact, this is also verified analytically in [Grussler et al.,
2016a, Theorem 3].
Notice that

10"?rank(X) log(10) > card(Z) = 78,

which is why exact completion results for the nuclear norm (see [Candés
and Recht, 2009]) do not apply. Furthermore, the low-rank inducing spectral
norm shows no improvement in comparison with the nuclear norm.

6.2 Example 2

In the this second example, it as assumed that

X:ZZO‘J'A

Jj=1 i

5
(H)u;v! and T :={(i, j) : #; > 0},

=1

where H is given in (27) with the singular value decomposition H =
Zilzol 0i(H)u;v!. The cardinality of Z is 67, that is, 33 out of 100 entries
are unknown. Figure 2 shows the completion errors and ranks of the com-
pleted matrices with different value of r. The nuclear norm (r = 1) returns
a close to full rank matrix with a relative completion error that is among
the largest for all r. In this example, the low-rank inducing spectral norms
perform significantly better than the low-rank inducing Frobenius norms.
In particular, for r = 5, the low-rank inducing spectral norm returns a rank
5 solution. Given the known entries, this solution is the matrix of smallest
spectral norm of rank at most 5 (see Proposition 4.1). As indicated by the
zero completion error, this matrix coincides with X. Just as in the exact
recovery result for the low-rank inducing Frobenius norm in [Grussler et
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10
9
X 8
-
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g J N S 5
12345678910
r r
(a) Relative completion errors of: (b) Rank of the solutions to:
=0~ (26) with || - ||grs = - I|r= —0— (26) with |- [|grs = || - [|r
- W= (26) with || - [[grx = || - lleso,rs - W= (26) with || - [lgre = || - llese,rs

Figure 2. Example 2: Relative completion error and ranks of the solution
to (26) with || - [lgre = |- [l and [| - |lg.re = [ [lecr+-

al., 2016a, Theorem 3], it can be analytically guaranteed that the low-rank
inducing spectral norm with r = 5 recovers the true matrix. Analogous to
the previous example,

10?rank(X)log(10) > card(Z) = 67,

which is why exact completion with the nuclear norm cannot be expected.
In both examples, the nuclear norm neither produces the lowest rank
solution, nor recovers the true matrix. In contrast, other low-rank inducing
norms succeed in both aspects. This indicates that the richness in the fam-
ily of low-rank inducing norms should be exploited to achieve satisfactory
performance in rank constrained problems. In practical applications, the
’true’ matrix is not known, and this comparison cannot be made. However,
cross validation techniques can often be used to assess the performance.

6.3 Covariance Completion

In this section, the performance of the low-rank inducing Frobenius and
spectral norms is evaluated by means of a covariance completion problem.
This is a variation of the matrix completion problems above.

Consider the linear state-space system

x(t) = Ax(t) + Bu(?),
with A € R, B € R, m < n and u(t) is a zero-mean stationary
stochastic process. For Hurwitz A and reachable (A, B), it has been shown

(see [Georgiou, 2002a; Georgiou, 2002b]) that the following are equivalent:
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i. X :=1lim;_, o E (x(¢) x7(¢)) = 0 is the steady-state covariance matrix of
x(t), where E(-) denotes the expected value.

ii. 3H € R™" : AX + XAT = —(BH + HTB").

iii rank(AX + XA B) = rank( 0 B)

’ BT 0 BT o)
In particular, H = 1E (u(¢)u”(t)) BT if u is white noise. The problem
considered in [Chen et al., 2013; Lin et al., 2013; Zare et al., 2016a; Zare et
al., 2015; Zare et al., 2016b] is to reconstruct the partially known covariance
matrix X and the input matrix B, via M = —(BH + H”BT), where the
rank of M sets an upper bound on the rank of B, i.e., the number of inputs.
The objective is to keep the rank of M low, while achieving satisfactory
completion of X. In [Chen et al., 2013; Lin et al., 2013; Zare et al., 2016a;
Zare et al., 2015; Zare et al., 2016b] the problem is addressed by searching
for the lowest rank solution:

minimize rank(M)

subject to  £;; = x5, (L, j) €T
AX+XAT=-M
X >0

(28)

where Z denotes set of pairs of indices of known entries. Another option is to
search for a low-rank solution, while minimizing the norm of M measured
by some unitarily invariant norm. This helps to avoid overfitting, and gives
minimize || M|,
subject to rank(M) <r

£ij=xij (LJ)ETL (29)
AX + XAT=—M
X>o.

The authors in [Chen et al., 2013; Lin et al., 2013; Zare et al., 2016a;
Zare et al., 2015; Zare et al., 2016b] convexify the problem by using the
nuclear norm. In [Grussler et al., 2016b], a similar problem is instead
convexified with the low-rank inducing Frobenius norm. We will also make
a comparison with convex relaxations based on low-rank inducing spectral
norms. All these convex relaxations are of the form
minimize || M|, «
subject to aéij = Xij, (i, _]) T
AX+XAT=-M
X =0,

(30)
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Figure 3. Mass-spring-damper system with n masses and input forces
Uty oo, Up.

with the appropriate low-rank inducing norm in the cost.

Mass-spring-damper system The system considered in our example is
the so-called mass-spring-damper system (MSD) (see [Zare et al., 2015;
Grussler et al., 2016b]) with » masses (see Figure 3).

Assuming that the stochastic forcing affects all masses, this yields the
following state-space representation

x(t) = Ax(¢) + BE(¢)

with

_ 0 I 2nx2n _ 0 2nxn
P A P T () P

Here, S is a symmetric tridiagonal Toeplitz matrix with 2 on the main
diagonal, —1 on the first upper and lower sub-diagonals, and I and 0
stand for the identity and zero matrices of appropriate size. The state
vector x consists of the positions and velocities of the masses, x = (p, v).
Furthermore, £(¢) is generated via a low-pass filtered white noise signal
w(t) with unit covariance E (w(t)w(¢)") = I as

£(t) = —£(8) +w(?).
The extended covariance matrix

X, :=E (xa7) = (}éx )}i’f) with x, := (2{8)

is then determined by
AX,+ X, AT = —B,BT,

where X is the steady-state covariance matrix of x(¢) and

(s 2) nn()
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Figure 4. Interpolated colormap of the steady-state covariance matrices
X,» and X, of the positions and the velocities in the MSD system with
n = 20. = indicates the available one-point correlations.

In our numerical experiments, we choose n = 20 masses and assume
that only one-point correlations are available, i.e. the known entries are
given by the diagonal of X. The steady-state covariance matrix can be
partitioned as

— XPP XPU
X= (Xv,, X, )’

where X,, and X,, are the covariance matrices of the positions and the
velocities, respectively. To visualize the effects of using different low-rank
inducing norms in (30), an interpolated colormap of the reconstructed pr
and X,, is used (see Figure 6). The interpolated colormap of the true
covariance matrices is shown in Figure 4, where the black lines indicate
the known measured entries.

Figure 5 displays the relative errors and the ranks of the estimates
obtained by (30) for different low-rank inducing norms as functions of r.
The nuclear norm minimization (r = 1), as shown in Figures 6(a) and 6(b),
gives the same rank as both the low-rank inducing Frobenius and spectral
norms for r = 2. However, the latter approaches give better completions.
The low-rank inducing spectral norm outperforms the low-rank inducing
Frobenius norm for all » > 2. In particular, r = 9 gives the best completion,
with a solution of rank 10 (see Figures 6(e) and 6(f)). It is interesting that
the solutions to (30) with » = 10 for both the low-rank inducing Frobenius
and spectral norms are of rank 10. By Proposition 4.1, there are no better
feasible rank-10 solutions that minimize the Frobenius and spectral norms
respectively. The solution to (30) with the low-rank inducing Frobenius norm
and r = 10, is shown in Figure 6(c) and 6(d). The solution to the low-rank
inducing spectral norm with » = 10 looks identical to Figures 6(e) and 6(f).
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(a) Relative completion errors of: (b) Rank of the solutions to:
(30) with || - [lgre = || - [l — (30) with || - |lgrs = - [Ir+
=== (30) with || [lgre = || * lowo, s === (30) with || - [lgr« = Il llso,rs
Figure 5. Relative errors and ranks of solutions to (30) with ||-||gr« = || ||«
and || - [lgre = [ - llee,re-

7. Extensions

71

The results in Section 4 translate to the corresponding vector-valued prob-
lem, by replacing rank with cardinality, and | M||, with ||x||, := ||diag(x)||,-
Therefore, our optimality interpretations, as well as the variety of regular-
izers, can be applied to problems such as sparse linear regression (see [Tib-
shirani, 1996; Candes et al., 2006; Argyriou et al., 2012]). The SDP repre-
sentation and the proximal mapping computations in Section 5 carry over,
though here they have lower computational cost. For instance, the required
SVD in the prox computations turns into a sorting, which reduces the total
complexity.

The Vector Case

7.2 Atomic Norms

In [Chandrasekaran et al., 2012], the concept of an atomic norm is intro-
duced. An atomic norm is defined as the gauge function or the Minkowski
functional of the convex hull of a set of atoms A (see [Chandrasekaran
et al., 2012])

|lx||l.a := inf{t > 0: ¢t 'x € conv(.A)}. (31)

Despite its name, the atomic norm is not necessarily a norm, but always
defines a distance measure. The atoms are used to model properties of a
quantity that is to be estimated. The atomic norm is a way of imposing these
properties on the solution of an optimization problem. In [Chandrasekaran
et al., 2012], examples of atomic sets that naturally appear in different
applications are listed. For instance, if A is the set of rank 1 matrices with
unit Frobenius norm, then the resulting atomic norm is the nuclear norm.
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Figure 6. Recovered covariance matrices of positions (X, to the left), and
velocities (X, to the right), in the MSD system with n = 20 masses resulting
from problem (30), with different low-rank inducing norms.
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More generally, all low-rank inducing norms in Section 3 can be considered
as atomic norms, because Lemma 3.2 implies that

| X||g,r+ = inf{t>0: t7'X e conv(E,,)},

with E,, = {X € R"™" : || X|y = 1, rank(X) <r}.

As presented for the low-rank inducing norms and regularizers in Sec-
tion 4, this section provides similar optimality interpretations for general
atomic norms. It is assumed that the atoms lie within a finite-dimensional
real Hilbert space H with inner product (., -), i.e. A C H. In the following,
the definitions of the conic hull of A CH

cone(A) ={ax:x€ A, a >0}
and the polar gauge function to (31)
lyll%4 == inf{z > 0: (x, y) < u||x|.4 for all x € H},

are needed. Note that, if the atomic norm in (31) is a norm, then the polar
gauge function is equal to the corresponding dual norm Our optimality
interpretations will hold if the atomic set denoted by .Ag can be represented
as

Ag = {a € cone(A) : G(a) =1}, (32)
where A C H, and G : H — R U {0}, satisfy the following assumptions.

ASSUMPTION 1

The set A C ‘H is nonempty such that cone(.A) is closed. The function
G :H — RU {0} is positively homogeneous (of degree 1), proper, closed,
convex and nonnegative with G(a) > 0 for all a € A\ {0}.

Many atomic sets from [Chandrasekaran et al., 2012] satisfy these assump-
tions. For example, if A is the set of all permutation matrices, then

- lla= 1 llag with G(-) =l e

Similar constructions apply to the atomic norms that are induced, e.g. by
binary vectors, sparse vectors, low-rank matrices, vectors from lists, and
many more (see [Chandrasekaran et al., 2012])

Using the definition of atomic norms in (31), an explicit expression of
the atomic norm associated with Ag is

llxll.a, = inf{t > 0: ¢ 'x € conv({a € cone(A) : G(a) = 1})}. (33)

The next theorem gives optimality interpretations of these atomic norms,
and generalizes Theorem 1 in the following two aspects:
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I. The rank-constraint is generalized to other non-convex constraints.
II. The norms are replaced by more general functions G.

To prove the result, the following lemma is needed.

LEmmaA 7.1
Let A C H and G : H — R U {co} satisfy Assumption 1, and let .A; and
I - |l.a; be defined as in (32) and (33). Then,

i. conv(Ag) is closed and bounded.

ii. ||x||.4, = 0 if and only if x = 0.
iii. ||x||.4, > G(x) for all x € H, and ||x||.4, = G(x) for all x € cone(.A).
iv. For all x € dom(|| - ||.4,) there exist x; € cone(.A) such that

x=) 0% »,06=1 >0 and G(x;) = |x| 4,

Proof Item i: Since G + Ycone(4) is coercive, it follows from [Bauschke and
Combettes, 2011, Proposition 11.11] that the sub-level set

{a € cone(A) : G(a) < 1}

is bounded. Thus the same applies to Ag. Further, convexity of G implies
that

{xe H:G(x) =1}

is closed, because, by [Hiriart-Urruty and Lemaréchal, 2013, Proposi-
tion VI.1.3.3], it is the boundary of

{x€e H:G(x) <1}
Thus, as the intersection of two closed sets is closed,
Ag = cone(A) N{x € H:G(x) =1}

is closed. Applying [Hiriart-Urruty and Lemaréchal, 2013, Theo-
rem II1.1.4.3] shows that conv(Ag) is closed and bounded.

Item ii: This claim follows by [Hiriart-Urruty and Lemaréchal, 2013,
Corollary V.1.2.6].
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Item iii: Let us introduce the sub-levelset
¢ ={x€H: :G(x)<s}
which by the positive homogeneity of G satisfies
c=1{sxe H:G(x) <1}
for all s > 0. By the definition of Ag, it holds that

conv(Ag) = conv({a € cone(\A) : G(a) = 1})
C conv({a € cone(.A) : G(a) < 1})
C conv({a € H : Gla) < 1})
={a€ H:G(a) <1}) = S
This yields that

inf{t > 0 : x € teconv(Ag)}
>inf{t >0:x € tS}}
inf{t > 0: G(x) <t} = G(x)

1]l ag

for all x € H, and the first claim of this item is proven.
To prove the second claim, let x € cone(A). If x € dom(G), the above
implies that
llxllag = G(x) = oo.

Further, Item ii shows that
x=0 = |0]l4, = G(0) =0.

It remains to show the claim for x € dom(G) \ {0}. In this case, we can
define % := G(x)~'x, which satisfies

% € cone(A) and G(x)=1,
ie. £ € Ag C conv(Ag), and therefore
l|%|| o, = inf{t > 0: % € tconv(Ag)} <inf{t > 0:x € tx} = 1.
That is, ||x||.4, < G(x), which in conjunction with ||x||.4, > G(x) proves that
|x||.4, = G(x) for all x € cone(.A).

Item iv: Since the claim holds trivially if x = 0, it is enough to assume that
x € dom(]| - [l.ag) \ {0}
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By Item ii it follows that co > ||x||.4, > 0. Further, Item i and the definition
of ||x||.4, in (31) imply that

||x||:42x € conv(Ag).
Thus,
||x||;éx =>.a% with > . a=1 o >0,
where %; satisfies
%; € cone(A) and G(x;) =1
Defining x; := %;||x||.4,, it follows that

x = Z a;x; with  x; € cone(A).
i

Finally, the positive homogeneity of G ensures that
G(x;) = G(||lxl] 4 %) = llxllag G(%:) = [lx]|.a6- O

THEOREM 2

Assume A C H and G : H —» RU{co} satisfy Assumption 1, and let Ag and
|| - l.4; be defined as in (32) and (33). Further, let fieg := f(G(*)) + Xcone(4),
where f : RU{oc0} - R U {oo} is an increasing, proper closed convex
function. Then,

freg = (Il ILag): (34)
freg = F (Il - Il.45)- (35)
O

Proof Since || -| 4, is a Minkowski functional, it is closed function (see [Lu-
enberger, 1968, Lemma 1 in 5.12]). Thus, epi(f(|| - ||.4,) is a closed set, and
by Lemma 2.1,

epi(£ (Il - [l.45)) = conv(epi(freg)) (36)

implies (35).
We start with conv(epi(freg)) C epi(f (|| [l.4))- If (x, ) € conv(epi(freg)),

then

(x, t) = Z ; (xi, ti) with Z o = 1, ; Z 0,
where x; satisfies

x; € cone(A), and t; > f(G(x:)) = f(llxill.ac)s
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and the equality follows by Lemma 7.1(Item iii). Since f is convex and
increasing, it holds that the composition f(|| - ||.4,) is convex (see [Hiriart-
Urruty and Lemaréchal, 2013, Proposition IV.2.1.8]). Therefore,

ti= ot 2 ) ouf (lxllag) = (112 cxillag) = £ (lxll.a0),

and (x, t) € epi(f (]| - l|.45))-
Conversely, let (x, ¢) € epi(f(||||l.4;)) with ||x||.4;, # 0. Lemma 7.1(Item iv)
implies that

x=>),o05x; with Y, o=1a >0,
where x; satisfies
x; € cone(A) and G(x;) = ||x||.4,-
Thus, (x,t) = >, & (x;, t) such that
t > f(llx)lag) = F(G(x;)), and x; € cone(.A).
Consequently,
(x;, ) € epi(freg), and therefore (x, t) € conv(epi(freg))-

Lemma 7.1 (Item ii) shows that (x, t) € conv(epi(fieg)) is trivially fulfilled
if ||x||.4, = 0. Finally, (34) can be proven by applying [Rockafellar, 1970,
Theorem 15.3]1 to (| - ||.4¢)- O

Similarly to Section 4, this result gives rise to optimal convex relaxations
for atomic norms.

ProposiTiON 7.1

Assume A C H and G : H — R U {oco} satisfy Assumption 1, and let Ag
and ||+ ||.4, be defined as in (32) and (33). Further, let f : RU{c0} — RU{o0}
be an increasing, closed convex function, and let f, : H — RU{oo} be closed,
proper, and convex. For 6 > 0, it holds that

inf () + 0/ GEN] = _inf | /() +0F (lsla)]. @D

If the right-hand side of the inequality is solved by x* € A, then x* is a
solution to the left-hand side. O

Proof By (4) and Theorem 2 it follows that

ednf o) +67(G@)] 2 inf [folx) +6f (ldllac)]. 39
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for any closed and proper convex function f, : H — R U {co}. In particular,
let fo = fo + Xeonv(A), Which is closed by Assumption 1. Then the left-hand
side of (38) satisfies

inf [fo(x) + 0f (G(x))]

xEcone(.A) = xEcgllf(A) [fO(x) + Qf(G(x))]

x€conv(.A)

< inf [/(x) + 0 (G()],
because A C cone(A) N conv(A). The right-hand side of (38) satisfies

inf [fo(x) + 0F (||x]l.45)] = xeciﬁﬁm [fo(x) + 0F (I|x]l.a6)].

and (37) is proven. The last claim follows by Lemma 7.1 (Item iii). o

In [Chandrasekaran et al., 2012] exact recovery results are presented for
the cases when fj is an indicator of an affine set that contains measurement
of an observed quantity xo € H. Let Q := {x € H : Ax = Axo} denote that
affine set and let fy = yo. Then the recovery problem becomes

minimize .
inimize [|x]|.4,

Assume that this problem has a unique solution x*. In [Chandrasekaran
et al., 2012], conditions on the measurement set Q are stated under which
exact recovery x* = x( is guaranteed. The underlying assumption in [Chan-
drasekaran et al., 2012], is that for small % it holds that

k
X9 = Zciai with ¢; > 0 and a; € Ag.

i=1

That is, the observed quantity is assumed to be a conic combination of a few
atoms. For many examples in [Chandrasekaran et al., 2012, Section 2.2], the
assumption holds with 2 = 1 and ¢; = 1, i.e., xg = a for some a € A. A no-
table exception is the case of low rank matrix recovery. In [Chandrasekaran
et al., 2012], rank one matrices of unit norm are used as atoms, which
yields the nuclear norm as the corresponding atomic norm. Therefore, a
conic combination of r atoms is needed to recover a rank-r matrix xy. By
using a low-rank inducing norm || - |4+ instead, the matrix x, satisfies
x9 = a for some a € A, where A is the set of matrices with rank less than
or equal to r. With this atomic set, the problem in [Chandrasekaran et al.,
2012] reduces to recover xo = a, where a € A. Upon successful recovery,
the convex atomic norm minimization problem on the right-hand side of
(37) solves the corresponding non-convex problem on its left-hand side.
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8 Conclusion

8. Conclusion

We have proposed a family of low-rank inducing norms and regularizers.
These norms are interpreted as the largest convex minorizers of a unitarily
invariant norm that is restricted to matrices of at most rank r. One feature
of these norms is that optimality interpretations in the form of a posteriori
guarantees can be provided. In particular, it can be checked if the solu-
tions to a convex relaxation involving low-rank inducing norms, also solve
an underlying rank constrained problem. Our numerical examples indicate
that this is useful for, e.g. the so-called matrix completion problem. A suit-
ably chosen low-rank inducing norm yields significantly better completion
and/or lower rank than the commonly used nuclear norm approach. This
has been demonstrated on the basis of what we called low-rank inducing
Frobenius and spectral norms. Both norms have been shown to have cheaply
computable proximal mappings, as well as simple SDP representations. As
a result, this extends proximal mapping computations that are found, in
e.g. [Wu et al., 2014; Eriksson et al., 2015; Grussler et al., 2016a]. More-
over, The class of low-rank inducing norms can be further broadened by
using continuous r as discussed in [Grussler et al., 2016a] for the low-rank
inducing Frobenius norm. Finally, it has been highlighted that our findings
also generalize to atomic norms, and to other non-convex problems.

A. Appendix

A.1 Proofs to Results in Section 3
Proof to Lemma 3.1

Proof Let 1 < r < q := min{m,n}, g : R? —» Ry be a symmetric gauge
function, X;(M) := diag(o1(M),..., 0;(M)) for M € R*™,and 1 < j <gq.
Then for all Y € R**™,

[Yllgr,r = max (M,Y) = max (X4(Y), Eq(M))

rank(M)<r rank(Eq (M))<r

IMlg<1 IZq(M)]lg<1
= max (X.(Y), X.(M))=|X.(Y)|,»,
L max(5(Y), 5, (00)) = |5,(¥)]l

where the second equality follows by [Horn and Johnson, 2012, Corol-
lary 7.4.1.3(c)]. Further, || - |42, is unitarily invariant, since

IZ-(V)llgr = g (01(Y), ..., 0:(Y))

defines a symmetric gauge function (see Proposition 3.1). Similarly to the
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above, this implies that

Ml|l,« = max (M,Y) = max g;(M)o; (Y

171l ||Y||gn,r51< ) 92 (01(¥),e0,(Y)) <1Z (M)a(¥)
= max 0;(M)o;(Y) + o.(Y o, (M
o Z (M) (Y) )Z ()]

It remains to prove (11) and (12). The constraint set for r + 1 is a superset
of the constraint set for r and by the definition of || - |40, in (9) it follows
that ||Y||go,» < ||Y||gp,r+1. Therefore,

[Mllgre = max (M,Y)> max (M,Y)=|M|g(+1)

17l,0,<1 1,0, 1<

Note that || - ||;o = || - || 42,4, Which implies that || - [|g4+ = || - || and thus (11)
is proven. The implication in (12) follows from the derived expression for
| - ||g,«, since for rank-r matrices M, o;(M) =0foralli€ {r+1,...,¢q}. O

Proof to Proposition 3.2 By [Horn and dJohnson, 2012, Corol-
lary 7.4.1.3(c)] it holds that g”(01) = o3 if and only if g(o1) = o.
Thus, (10) yields for all M € R**™ that

min{m,n}
M1 = max a(¥) > (M) = ¥z = M,
i=1

where we use the fact that the dual norm of the spectral norm is the nuclear
norm (see [Horn and Johnson, 2012, Theorem 5.6.42]).

Proof to Lemma 3.2

Proof By definition of || - |42, in (9) in Lemma 3.1, it holds that for all
Y ¢ Rnxm’

max (X,Y)= max (X,Y)=|Y| 4, = max (X,Y) = Jnax (X,Y).
€

Xeconv(Ey,,) ”r)a(nlll{(X)irl ’ 1X|lg,r+ <1 gr*
.5

Since conv(E,,) and B} g.r+ are closed convex sets, this equality can only be
fulfilled if the sets are equal (see [Hiriart-Urruty and Lemaréchal, 2013,
Theorem V.3.3.1]).

Next, we prove the decomposition. Since the decomposition trivially holds
for M = 0, we assume that M € R**™ \ {0} and define M := ||M||, ;.M

Then M € B, = conv(E) and therefore be decomposed as

M = Zi OfiMi with Zi o = 1, a; Z 0
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where all M; satisfy
IMillg = |Millgre =1 and rank(M;) <r,
where the first equality is from (12) in Lemma 3.1. Defining M; :=
M;||M||g,r+ gives
M=>, M, with rank(M;)<r
and
1Millg = 1Millgrs = NIMl g Millgre = M| grs | Millg,rs = 11 g,
This concludes the proof. O

Proof to Proposition 3.3

Proof Let M = Y, a;M; with M, € E,;, and o;; € (0,1), Y., = 1 be a
convex combination of points in E,,. Then, by assumption,

1Ml = 1132 caMilly < 32 cl Millg = 32 0 = 1
and thus M ¢ E,. Since conv(E,,) = B} ,,, this implies that E, is the

g.r*?

set of extreme points of B}N*. a

Proof to Corollary 3.1

Proof Let us start by showing that conv(€,) = B;_,,. Since | - ||, and
I - lle...» are dual norms to each other, it follows by Lemma 3.2 that

r
1Yl = max (X, ¥)=  max > o(X)oi(Y)= max (X.Y)
foorr 1=01(X)=...=0,(X) =1
where the last two equalities are a result of [Horn and Johnson, 2012,
Corollary 7.4.1.3(c)]. However, conv(€,) and B%w,r* are closed convex sets and
therefore this equation can only hold if the sets are identical (see [Hiriart-
Urruty and Lemaréchal, 2013, Proposition V.3.3.1]).
It remains to show that no point in &£, can be constructed as a con-
vex combination of other points in &,.. To this end, note that a necessary
condition for M € &, is that

min{m,n}

IMI%= > o?(M)=> o’(M)=r
i=1

i=1

Let M = Zi o; M; be an arbitrary convex combination with «; > 0 and
>, o = 1, of distinct points M; € &,. By the strict convexity of || - ||%, it
holds that

M5 =12 caMillh < X il Millf =732, ca =
Hence, M ¢ &, and this concludes the proof. O
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A.2 Derivations to Ilep(|.|,.)

Utilizing the Moreau decomposition in (23), we determine the projection onto
epi(]|*||lg,r+), by computing a projecting onto the polar cone (epi(||||4,r«))°. The
latter is by definition (see [Bauschke and Combettes, 2011, Definition 6.21])
the negative of the dual cone to epi(]| - ||g,r+), i.e.

(epi(ll - lg.r«))* = —epi(ll - ll,r)
={(=Y, —w) : [Ylgr, Sw} = {(Y, ) : |[Y[lg>,, < —w0}.

Thus, the projection onto the polar cone becomes

1
W epi(ly,)) (2, 20) = argmin o [(w — 2,)* +[[Y = Z]|%]
weR, YeRXM
w0, <0

and we need to solve

1 2 2
minimize —|(w—2z,)*+||Y —-—2Z
mize > [(w—2,)* + ¥ - ZIf}] o)
subject to —w > ||Y||gp,, Y € R™™.

Since the cost and the constraint in (39) are unitarily invariant, it can be
shown (see [Watson, 1992; Lewis, 1995]) that Y* and Z have a simultaneous
SVD, ie.if Z =", 0;(Z)u;v! is an SVD of Z then Y* = 3%, 0;(Y*)uv!
where we define ¢ := min{m, n}. Consequently, it is equivalent to consider
the vector-valued problem

o 1 2, N 2
minimize (w—2z,)"+ Z(J’l —z)
i=1 (40)
subject to  —w > ||diag(y)|l42,» ¥ € RY,

Y12 2 Vg
withz; >+ 2>2,>0,2;,=0;(Z)and y; = 6;(Y) for 1<i<q.

REMARK 2

The unique solution (y*, w*) fulfills 0 < y; < z; for 1 < i < g. The upper
bound holds, because otherwise * with y; = min{z;, ¥/} is a feasible solu-
tion with smaller cost. Similarly, the lower bound holds, because otherwise
y* with y7 = max{0, y*} is a feasible solution with smaller cost. Thus, it is
not necessary to explicitly restrict y to be nonnegative. O

To solve (40), note that there exists a t* € {1,...,r} such that

Viepr > Vppy1 =" =0, (41)
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where t* = r if y] = yr. This assumption implies that y,_s > y,_p41 is
assumed to be inactive and therefore can be removed from (40). Then also
the constraints y; > -+ > y,_4 can be removed, because the cost function
and the sorting of z ensures that the solution will always fulfill them. This
yields the following problem

o 1 R~ 2
minimize 5 (w—2,)"+ Z(yl- —2z;)
i=1 (42)
subject to  —w > ||diag(y)|l42,» ¥ € RY,

Yr—t+1 = " =yr2 qu
Thus, solving (40) reduces to finding #* such that (42) solves (40). As it is
shown later, solving (42) can be done efficiently for the low-rank inducing
norms that are considered in this paper. The following lemma shows that

t* can be found by a binary search over ¢, where the decision to increase or
decrease ¢ is based on the solution of (42).

LEMma A1
Let (y(t), w(t)) denote the solution to (42) depending on ¢ such that 1 < ¢ < r.

Further let (y(*), w(®)) be the solution to (40) such that yft_g > y,(t_g +1 and

yft_z = yft_*g 41 if t* =r. Then,

i =min{{t: 52, >y JU{r}}

ii. If yr(t_)t > yft_’)t/_'_l then yft,)t > yft_)tﬂ for all ¢t > ¢
i, Iy <y, then y, < y®,, forall t < ¢
In particular,

L yfi)t > yft_)m for all ¢ > ¢*.

II. y,(t_)t < y(t)tﬂ for all t < ¢*

r—

ML Tf ¢ < ¢ and 7, < .1 then (y®, w®) = (y©), w®)). 0

Proof Throughout this proof, we let p(¢) denote the optimal cost of (42) as
a function of ¢. Since adding constraints cannot reduce the optimal cost, p
is a nondecreasing function.

Item i: By the same reasoning that led to (42), it holds that

Y>>y for1<t<n (43)
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Using (43), the set min{{z : yﬁt_)t > yﬁt_)t +11U{r}} contains all ¢ for which the
solution of (42) is feasible for (40). Since p is nondecreasing and (y(t*), w(t*))
is unique, the first claim follows.

Item ii: The second claim is proven by contradiction. Let (y*), w(®)) be
such that yfi)t, > y(i)t/ +1- Further assume that y(iﬁ)l < yfi:r/l) . In the fol-
lowing, we construct another solution (7, w) € RI*! to (42) with ¢ = ¢ + 1,
which has a cost that is no larger than p(¢ + 1). However, (42) has a unique
solution due to strong convexity of the cost function. This yields the desired
contradiction.

The contradicting solution is constructed as a convex combination
W = (1—a)w D+ aw®) with « € (0, 1] and a partially sorted convex com-
bination of y*) and y(*+ with the same a. Let § := (1 — a)y“+) + ay®)
and let

y~ = (Sort(yl; R yAr—t’—2: yr—l’): QA’r—t’—l; 5’r—t’+1; DR QA’q),

be the partially sorted convex combination, where sort(-) denotes sorting in
descending order.
To select «, we note that by assumption,

() () () (#+1) (#+1) (¢+1)
Vo1 Z YV 2 Yppy1 A4 Yoy 3 < Yoy = Ve_piye

Therefore, there exists an o € (0, 1] such that
. N t'+1 t
Jrtt = Jrv—1=(1— a)yf—t'—)l + ayf—)t’—l
t'+1 t ~ ~
=(1- oc)yf_tur)l + Ocyf_)turl =Yr—t+1 = Yr—t'+1-

Since @
t /
Yr—py1 =" = yr(t)

it follows that

t'+1 '
and yl(‘—t/—)l == yr(t +1)}

Vr—p = = Jp

Furthermore, the construction of j as well as the sorting give that
V229 and F1 =0 2 Fropo1.

Hence, j satisfies the chain of inequalities in (42) for ¢ = ¢ + 1.

It remains to show that j satisfies the epigraph constraint and that the
cost is not higher than p(¢# + 1). These properties are already fulfilled for
9 being a convex combination of two feasible points with costs p(¢') and
p(¢ + 1), respectively, where p(¢') < p(¢' + 1). Therefore, it is left to show
that the sorting involved in j§ maintains these properties. First, we show
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that sorting of any sub-vector in y does not increase the cost. Suppose that
z; > 2j, ¥ < yj, i.e., y is not sorted the same way as z. Then

(=2 + (@ —9)) = (@ —2) 0 —5) + 3 (& — )" + (2, — %))
> ((zi =) + (21— 9)%),

and thus the cost is not increased by sorting y or any sub-vector of it. Fur-
ther, note that the permutation caused by the sorting of the first r elements
of y does not influence the epigraph constraint, because ||diag(y)|4>, is
permutation invariant by definition.

Next notice that 7 is obtained from j by first swapping j,_y_; and §,_4.
From the choice of «, we conclude that
Srv ==y +ay > (1— )y + ey = 5w =90
Thus, this swap is a sorting which does neither increase the cost, nor does it
violate the epigraph constraint. Analogously, sorting the first r—¢# elements
of the resulting vector to obtain j has the same effect and therefore we
receive the desired contradiction.

Item iii: Suppose that there exist # and # with # > ¢ such that yf )t, < y(t )t, 41

(t)t +1- Then Item ii shows that y,( )t, > yft )t, +1, Which is a con-

and 5\, > y
tradiction.

Items I to III: The statements follow immediately from Items i to iii. O

In order to solve (42), one can proceed similarly to solving (40). There always
exists s* > 0 such that the solution (y®), w(®)) of (42) satisfies

O] ®) ®)

Yr—t+1 = """ = Yrts* > Yrts*+1
where s* = g —r if yﬁt) = yy). As before, this allows us to remove the
inactive constraint y,,; > yri1s4+1. Then the constraints y, o1 > -+ > y,

become redundant, because any solution fulfills y; = 2z;, j > r+s+ 1.
Finally, we are left with the following reduced optimization problem

r+s
minimize (w —2z,)%+ Z(yz —z;)?
»w

(44)
subject to —w > ||d1ag(y)||gn,r, y € RY,

Yr—t+1 = """ = Yris-

For given ¢, one can perform a binary search on s in (44) in order find s*.
This can be done with the help of the following lemma.
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Algorithm A.1 Determine (Y™, w*) = IL(epi(,,.))° (Z, 2v), i.e., solve (39)

1: Input: Let Z € R*™™™, 2z, € Rand r € N such that 1 < r < ¢ :=
min{m, n} be given.

2: Let Z =7, 0;(Z)u,vf be an SVD of Z.
/ | Solve (39) via the vector problem (40) with data z = (01(Z), ..., 04(Z))
and z,

3: Set tmin =1, tmax =7, and £ = [W]
/| Solve (40) via (42) and binary search over t

4: while #,in # tmax do

5. Set Smin =0, Smax = ¢ — 7, and s = [ fmafona]
/| Solve (42) via (44) and binary search over s
6: while sy, # Spmax do
7: Solve (44)
8: Update smin, Smax, and s using the binary search rules in Lemma A.2
9: end while

10:  Update tmin, tmax, and ¢ using the binary search rules in Lemma A.1

11: end while

12: Output: (Y*, w*) = (1L, yiuv!, w) with (y, w) being the last solution
to (44).

LEmMa A.2
For fixed ¢ with 1 < ¢ < r, let (y®*), w(®*)) denote the solution to (44) for

different s satisfying 0 < s < r—gq. Further let (y**), w(**)) be the solution

to (42) such that yﬁiss) > y,(iss)Jrl and yfiss) = y,gi)s* +1 if s* =q —r. Then,

i 5" =min{{s : 5.5 >y U {g —r}}.
ii. If yr(iss//) > yr(iss//)ﬂ then yfiss) > yfiss{rl for all s > ¢'.
iii. If yr(iss//) < yfii,,)Jrl then yfi‘? < yfiil for all s <.
In particular,
I y,(tss) > yiirss)“ for all s > s*.
II. y,(tss) < yﬁiss)“ for all s < s™.
III. If s < s* and yﬁj’_ss) > yﬁrss)ﬂ then (y(t’s), w(t)) = (y(t’s*), w(t’s*)). O

Proof The proof goes analogously to the proof of Lemma A.1 and is therefore
omitted. m|
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The nested binary search algorithm to solve (39) via (40) is summarized
in Algorithm A.1. The problem that decides how to update the parameters
in the nested binary search is (44). In order to solve (44) explicitly, we
introduce new variables 7, 2 € R™*+! as

_ Jy if1<i<r-—t . Jm if1<i<r—t
Y\ VEtsy, ifi=r—t+1 t \/mzfif_mzi, ifi=r—t+1
(45)
This gives
r+s r+s 1 r+s 2
Z (v — zi)2 = (Fr—t+1 — 2r—t+1)2 + Z 21‘2 — ( Z zt) .
i=r—t+1 i=r—t+1 ml =r—t+1

Since we can ignore the constant terms, we are left with the following
projection problem of reduced dimension

r—t+1
miny_i)glize (w —2z,)% + Z (5: — %) l

subject to  —w > ||d1ag(y1,.. e T 2|, 5 € R
%,_/

t times

Below, it is shown how to explicitly solve this projection problem for g° = /5
and g” = /; in order to arrive at the epigraph projections of the low-rank
inducing Frobenius and spectral norms.

The case || - ||,o = || -||» In this case, g” = ¢; and the projection problem
becomes
r—t+1
minyj,glize (w—2,)%+ Zl (5 — 2:)?
2
subject to —w > Z yr w1 YERT L,

Consequently, the solution (3, w*) is the orthogonal projection of (Z, z,)
onto the second-order cone

K = (5,, w) c Rr—t+2 : Z yr 41 <-—-w;,. (46)
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The associated polar cone K° := {y : (y,x) <0 for all x € K} is then given
by (see e.g. [Grussler and Rantzer, 2014])

r—t
o _ N s+t _
K°:=q(np) e R "2 Zyzz + 73’,%,”1 <p
i=1 t

This allows us to summarize the following two simple cases:

i. (55 w*) = (% 2,)if and only if (%,2,) € K, i.e.

r—t

t
=2 =2
Y E+ st S TR

i=1

ii. (55, w*) = (0,0) if and only if (2, z,) € K°, i

r—t

o ST+t o
Zzi + 5 Z 411 < 2y,
i=1

where the last statement follows by [Hiriart-Urruty and Lemaréchal, 2013,
Proposition I11.3.2.3].

Next, it is shown how to compute the projection if (2, z,) does not be-
long to either of these cones. By [Bauschke and Combettes, 2011, Proposi-
tion 6.46] it holds that (Z — %, 2, — w*) is an element of the normal cone to
the cone K at (7%, w*). Using the normal cone description in [Hiriart-Urruty
and Lemaréchal, 2013, Theorem VI.1.3.5], this implies that

(E-3"20—w") = p Vi Z Tt w 47
(Fw)=(5%w")

for some u > 0. Since (2, z,) € K we conclude that the optimal point is on
the boundary of the cone K, i.e.

—w' = Z i 5 (48)

~k [ .
yl' = > 1 S l S r— t;
wr
~k _ Zr—t+1
Yr—t41 = 1 ut
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To characterize the solution, it is left to compute x. By plugging the solution
into (48), diving by w* and taking the square, we arrive at

r—t 59 52
Zi:l 2 ¢ Zr—t+1

1=
(2u — 2,)? s+t(ﬂ_zv+s;ft)2

Defining ¢q := ) ,_ {éf =y izlz and cg := t+ 82,141 = Z;Irs_tﬂ z; this
can rewritten as the fourth order polynomial equation

(21— 2.)% — ea][(t +8) (1 — 2.) + utl — tc3(2u — 2,2 =0, (49)

which can be solved explicitly for x > 0. Resubstitution in (45) gives that
the solution (y®*), w(®*)) to (44) can be expressed as
iL1<j<r—t: yj(t’s) _alusz) _ZU),
2u —z,
(t s) _ (#—2y) Z;:f—t+1 i
(s+8)(n—z)+put

ii.r—t+1<j<r+s:

’

i, r+s+1<j<q:y" =2,

iv. wt) =z, —u,

if (z,2,) ¢ KUK".

The case || - ||g0r = || |l,,» The second case is analog to the first case. We
would like to solve

r—t+1

L 1 2 Ry
minimize 5 l(w—zv) + ; (5 — &)

(50)

r—t

subject to 0> Z |57 + RF+1L.

\/—b’r 1] +w, y €

Consequently, the solution (7*, w*) is the orthogonal projection of (Z, z,)
onto

i=1

r—t
2 R~ t+2 ; o < 51
{(3’ w) € Z|y|+\/ﬁ|y t+1 w} (51)

The polar cone K° := {y: (y,x) <0 for all x € K} is then given by

VE+s
|yr7t+1| Sp .

K° = {(y,p) € R :max(lyll, N At § —
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Similarly to before, we get the following two simple cases:

i. (55 w*) = (% 2,)if and only if (%,2,) € K, i.e.

Vi+s

r—t ¢
Zéi + Zr 41 < —2y,
i=1
ii. (55, w*) = (0, 0) if and only if (3, z,) € K°, i.e.
(50
max | 21, ——Zr—t11 < zy,

where it is used that the Z; are nonnegative and decreasingly sorted.

It remains to show how to compute the projection if (2, z,) does not
belong to either of these cones. By [Bauschke and Combettes, 2011, Propo-
sition 6.46] it holds that (£ —7*, z, —w™) is an element of the normal cone to
the cone K at (5, w*). Using the normal cone description in [Hiriart-Urruty
and Lemaréchal, 2013, Theorem VI.1.3.5], we get

r—t

~ ~% * ~ t ~
(=5 20 —w") € 1 Ozu) (Z |9 + ——=9r—e+1] +w)

52
vy Vs+t 62)

(Fw)=(5"w")

for some u > 0. First note that any solution to (50) satisfies y* > 0. The
optimality conditions for ¥ = 0 and y; > 0 become

for all i € {1,...,r — t}. These equivalences also hold for ¥,_,,1 with u
multiplied by ¢/+/s + t. Therefore,

yzzmax(fi—ﬂ,()), 1<i<r-—t

tu
y .1 =max|Z_14y1 — ——, 0],
8 t+1 r—t+1 \/m

*

w' =z, — u.

In order to determine u, notice that (7%, w*) lies on the boundary of the
cone K in (51), which implies

r—t
t
0= |7+ =I5l + "

P Vi+s
r—t ¢

- 5 5 t

= Zlmax <zl- - 0)+ \/ﬁ max (2,41 — \/Tﬂﬁ’ 0) + 2z, — L.
i=
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We denote the solution to this equation by x*, and solve it using a so-called
break point searching algorithm, as it has been done for similar problems
in [Held et al., 1974; Duchi et al., 2008; Condat, 2016]. To this end, let

t

2= 21)"')§j1 72r—t+1; §j+1;---;2r—t >
< Vt+s

be the vector that sorts Z according to the break points of the max expres-
sions, i.e., the index j satisfies Z; > ¥z, , | > #,,,. Defining

t2
a=(1,...,1, ,1,...,1)
t+s

gives that x* can be found by solving

r—t+1
Z max(2; — ou, 0) + 2z, —u = 0. (53)
i=1

Assuming that we know an index 2 = &* such that
Zpgp1— oy <0 and Ep—apu” >0, (54)
then u* can be determined from (53) as

B A
* Zi:l Zi + 2y

= —. (55)
1 + 25:1 (0]

U

Thus, computing x* reduces to searching for £* € {1,...,r — ¢} for which
(55) satisfies (54). This can be done using a binary search, with rules from
the following proposition.

Lemma A.3
Let u* be the solution to (53), let u; be the solution to

r—it+1 ~
( i 2 — ai/u) +2z,—u=0, ie., Lr = 12%1524_3, (56)
i=1 i=1 Ki
and let £* be such that fi;,- = u*. Then,
i. B* =max({k: 2, — apfiy > 0}).
ii. If 2, — o iy, > 0, then 2, — oufi; > 0 for alli € {1,..., k}.

iii. If 2, — o fir, < 0, then 2, — o;; < 0 for alli € {&,...,r —t}.
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In particular,
I 2, —opfip >0 forall k2 € {1,...,k*}.

II. ék—akﬂk<0,forallk€{k*—l—l,..‘,r—t}. O

Proof We first show some results needed to prove Items i and ii. Let

k
gr(p) := Zmax(éi —ouu, 0)+ 2z, — 1,
i=1

which is strictly decreasing in u. Let u; be the unique solution to the
equation

gr(u) = 0.

For all x € R, we have

gr-1(1) = gr(1) — max(2, — arp, 0) < gp(u).
Since all g; are strictly decreasing in u, we conclude the following facts:
a. Up-1 < Upe
b. If 2, — apur <0, then gp_1(uz) = gr(ur) = 0, hence 1 = pp.

Because 2 is sorted according to break points, we conclude that if / and
are such that 2, — agu > 0, then also 2, — a;u > 0 for all i € {1,...,1}.
Therefore, if u is such that 2, — azu > 0, we get

k k
i=1 i=1

Hence,
c. If 2, —apur >0o0r 2, — opjip > 0, then i = uy.

Item i: Using Items b and ¢, we conclude that

Bpr = Up = U1 = Pr—rs1 = U

Item ii: Now, assume that 2, — oty > 0. Then, by break point sorting, it
holds that 2,7 — aj_1/2, > 0. Using Items a and c, we conclude that

0<Z2p1— Qp-1fir = Zp—1— Qp—1lr < Zp—1 — Op—1Uk—1 = Zp—1 — Op—10%—1.
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Using induction proves the result.

Item iii: Assume, on the contrary, that % is such that 2, — apfir, < 0 but
that there exists i € {%,...,r —t} such that 2, — a;fi; > 0. Then, by Item ii,
2 — ap i, > 0 and we have reached the desired contradition.

Items I and II: Follow immediately from Items i to iii. O

Now, that we know how to compute the dual variable u = u*, we go back
to the original variables in (45), to conclude that the solution (y(t's), w(t’s))
to (44) can be expressed as

i 1 §j§r—t:yj(~t’s) = max(z; — i, 0),

ii. r—t+1§j§r+s:y(t’s)=

1 r+s
\/m max(zi=r—t+1 2i— t‘u’ O)’
i r+s+1<j<q:y" =2,
iv. wts) =z, — p.

if (2,2,) ¢ KUK".
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