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Abstract
The complexity of non-convex and conic optimization problems in data science applications
by
Igor Molybog
Doctor of Philosophy in Engineering - Industrial Engineering & Operations Research
University of California, Berkeley

Professor Javad Lavaei, Chair

Mathematical optimization is the cornerstone for the data-driven design and exploitation of
various large-scale cyber-physical and information systems. The generic off-the-shelf tools
for guaranteed global optimization used today often have a prohibitively high computational
complexity on practical instances, preventing their convergence within a reasonable time.
Instead, highly-scalable heuristics are utilized with no guarantee of global optimality of their
result, which poses a problem in the analysis of complex safety-critical systems. Thus,
specialized highly-scalable algorithms that come with a guarantee of their performance are
required. These can be constructed by providing guarantees and limits of applicability
for the well-performing heuristics. In this dissertation, we study how to leverage system-
specific characteristics to analyze computational heuristics leading to guarantees of global
optimality of their outputs. A prominent example of a large-scale safety-critical system that
we consider throughout the first part of the dissertation is the sensor network within the
measurement system of an electrical power grid. It is known that the associated generic
problem of recovery of the state of a power system is computationally complex yet critical.
The three main ways to reduce the complexity of computation associated with a sensor
network are to increase the density of sensors, place them strategically, or enhance their
security and accuracy to limit the set of possible errors and faults of measurement. All
three of these paths are investigated within the first part of this dissertation. We provide
numerical quantification to the computation complexity of inverse problems depending on
the total number of measurements, the properties of the graph structure of the measurement
network, and the signal-to-noise ratio measured as the ratio between the numbers of good
and bad measurements. We address both the computational complexity and the matter
of constructing a suitable, efficient algorithm in each of the three scenarios. Our results
offer implications that should be considered at multiple stages throughout the life cycle of a
system, starting from the design of the sensing mechanisms to ensure robustness and security
of operation both in normal conditions and in situations of an emergency such as during a
cyber-attack.



In the second part of this dissertation, we present a pioneering work considering an automatic
approach toward selecting the most suitable efficient heuristic algorithm for an optimization
problem at hand. We focus on a machine learning technique that can be adopted for heuris-
tic selection and investigate its properties and the guarantees of its performance from the
perspective of mathematical optimization. We conclude that adopting this machine learning
technique in its original form would not result in guaranteed optimal heuristic selection even
in a benign scenario, propose modifications and outline future work toward the automatic
selection of heuristics.
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Chapter 1

Introduction

Even under the ideal condition of no noise and zero approximation error, many highly-
efficient techniques for data analysis involve solving potentially challenging or intractable
computational problems while learning from data. They are tackled by heuristic optimization
algorithms based on relaxations or greedy principles in practice. The lack of guarantees on
their performance limits their use in applications with a high cost of an error, impacting
our ability to implement progressive data analysis techniques in crucial social and economic
systems, such as healthcare, transportation, and energy production and distribution.

This dissertation focuses on addressing the challenge of designing efficient, highly scal-
able, and at the same time, provably safe and reliable algorithms for the solution to the big
data challenges of the twenty-first century. The rapid development of automation in heavy
industry, agriculture, transportation, energy, and everyday life implies the growing inter-
connectivity and complexity of our society’s systems: sensor and communication networks,
infrastructure, governmental organizations, etc. This trend leads to new opportunities, mas-
sively increasing the amount of data available for processing by the decision-makers on the
one hand. On the other hand, this introduces new correlations, meaning higher risks for
errors and failures to quickly propagate and amplify through the systems, causing significant
disruptions (traffic jams in transportation, goods shortages in supply chains) or even disas-
ters (blackouts in power systems, pandemics in healthcare and public policy). The situation
demands conceptually new computational tools to be developed for robust analytics and
control of the systems on an increasingly large scale, driving the probability of an error to
zero at the cost of large-scale computation. The work presented here aims at confronting
this grave challenge.

In the following sections of this chapter, we first formally introduce the core subject
of our study: optimization problems. Then, we motivate our work and provide a general
introductory overview of the practical problems considered in this dissertation, along with a
brief summary of our contributions. Next, we provide the relevant publications, notations,
and definitions that are used throughout the dissertation. We conclude this chapter by
presenting the Semidefinite Affine Rank Feasibility problem that will be the core subject
throughout the first part of this dissertation.
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1.1 Comprehensive Framework of Optimization
Problem

The questions of numerical optimization and its computation complexity are in the core of
this dissertation. An instance of a minimization problem can be written in the form

minimize,cy f(x)
where

e X is the domain of the instance, which in this dissertation is supposed to be a set
of multivariate decision variables x € X C R". For example, when z is the vector
of voltage magnitude and phases on the nodes of a power system, X consists of the
voltage regimes that are safe to operate the power system in. In case x represents a
control policy for a dynamical system, the set X restricts the space of policies only
to those stabilizing the system. In the first part of this dissertation, the set X is
normally assumed to be the space of solutions of a system of inequalities without loss
of generality.

e f: X — R is the objective function of the instance. For example, it may return
the operational cost of a particular power system, the probability of misclassification
by a computer vision algorithm on a given dataset or it may capture some notion of
robustness in a dynamical system. A pair (X, f) uniquely defines the instance of a
minimization problem.

An optimization problem is a set of instances. We will consider problems where instances
can be parametrized with 6 € © by assuming the domain to be dependent on the parameter
X = X(0) as well as the objective function f(x) = f(z;6). Here the space of parameters ©
is an infinite-dimensional vector space consisting of vectors with finite support, i.e. for each
6 € © there is p € Z, such that § € RP. The number of bits necessary for encoding of 6 is
called its size. Using this notation, a minimization problem (P) can be written formally as

(P) {minimize,cx() f(z;0) | 6 € O}

If the parametrizations of the domain sets X and objective functions f is fixed, the vector
6 uniquely defines a minimization instance and the set © uniquely defines a minimization
problem. For example, for the general problem of Optimal Power Flow (OPF) the parameter
set © contains an encoding for any of the possible admittance matrices of electrical grids. For
the problem of OPF for the electrical grids with tree topology, the set © contains only the
encodings for the admittance matrices of tree-like electrical grids. When the instances of two
problems (P;) and (P) have the same parametrizations of the domain sets X = &X'(f) and
the objective functions f(x) = f(x;#0) and the problems’ parameter sets are nested ©; C O,
we say that (P;) is a sub-problem of (P,). In applications, the parameter @ is the available
data.
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A class of optimization problems is a set of problems (X (@), f(x,0),©). An important
class of optimization problems is the class of polynomial-time solvable (or tractable) problems
which consists of the problems {minimize,cx @) f(x;6) ’ 0 € O} such that there exists an
algorithm a : © — R™ which runs in polynomial time of the size of the input # and returns
the solution to minimize,exg) f(x;6). Here we assume that both X(6) and f(z,6) have a
compact description compared to the size of 6. There are plenty of practical problems that
belong to this class and even more of those conjectured to be in the complement of it.

1.2 Motivation and the Summary of Contributions

Unfortunately, the most powerful problems that are useful in the modeling of a wide range of
processes and phenomena in the real world are believed not to be polynomial-time solvable.
For example, the mixed-integer linear programming problem (MIP), often used to model
electrical generation, production, and scheduling does not have a known efficient algorithm
for its solution. In practice, however, the modeling often does not require the full power of
MIP and can be formulated as a simpler sub-problem. Thus, the logistics and scheduling
tasks can often be modeled through tractable sub-problems of MIP: the linear programming
problem (LP) and the minimum cost network flow (MCNF'). Thus, this dissertation is devoted
to the study of N'P-hard optimization problems and their polynomial-time solvable sub-
problems that arise in the modeling of interconnected systems and statistical learning tasks.
We focus on the three main reasons for a practical problem to be tractable: the amount of
data, the strength of the available signal compared to the noise, and the presence of sparsity
structure in the problem. In the first part, we quantitatively characterize their effect on
the complexity of the practical problems and propose and evaluate efficient algorithms for
their solution. We work on the vast space of tasks that can be formulated in the form of
a Semidefinite Affine Rank Feasibility problem. In the second part, we propose a general
paradigm to automatically recognize and solve tractable practical problems and study a
prominent method that is aligned with it.

e Chapter 2

In many engineering applications increasing the amount of data makes a statistical
inference problem easier to solve, even in the absence of noise. In some cases, the
transition from an intractable to a tractable problem occurs smoothly, while in others,
it is a leap. Since different problem instances require different numbers of variables
to be estimated, it is fair to directly compare only those having the same dimension
n of the domain X' () € R™®. The data in our formalism is enclosed in #, and thus,
the amount of data now can be measured through the relation between the size of the
parameter vector # and the dimension of the domain n. To quantify the impact of the
amount of data, we would need to determine the complexity of the problem composed
of the instances for which the size of the parameter vector is larger than a certain
threshold that depends on n. In Chapter 2, we consider solving the feasibility problem
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via its convex relaxation as it is a vital tool in analyzing a wide variety of systems.
Convex relaxations are typically used as a heuristic for the solution of optimal power
flow problems and their variations, mixed-integer programming formulations arising in
logistics, scheduling, and production planning, and the approximation of max-cut prob-
lems in integrated circuit design. In the past, profound results from algebraic geometry
and measure theory allowed the development of a systematic approach to the convex-
ification of general-purpose polynomial optimization, namely the Lasserre hierarchy.
However, this method has found limited applications in practice, in part, due to the
complicated analysis of computational complexity under a high data volume regime.
In Chapter 2, we provide an in-depth analysis of an alternative systematic method of
convexification. In particular, we consider semidefinite programming relaxations of the
problem with systematically constructed objective functions and studied their proper-
ties. In particular, we proposed an analytical bound on the number of relaxations that
are sufficient to solve in order to obtain a solution of a generic instance of the semidefi-
nite affine rank feasibility problem or prove that there is no solution to it. This bound
is followed by a heuristic algorithm based on semidefinite relaxation and an experi-
mental testament of its performance on a large sample of synthetic data. As one of the
main contributions of this paper, we were able to observe the information-computation
tradeoff in this problem and captured how the increasing amount of data causes the
problem to go from NP-hard to tractable in the process of a phase transition.

e Chapter 3

The cybersecurity of electrical grids is considered to be one of the critical problems of
the 21st century. The aftermath of a power grid emergency took billions of dollars to
repair in the past (e.g., major blackouts of 1977, 2003, and 2019 in Northern America).
With the advancement of automation and the transition to smart grids, the stakes
become even higher. Among the most dangerous threats to a power system is the
failure of a control unit, which can lead to inefficient or even self-destructing modes of
operation. While it is possible to impose high-security standards for the central con-
troller, enforcing the protection of all of the periphery infrastructure, such as electrical
current measurement devices, is often infeasible, making manipulating the measure-
ments a potential threat. This leaves vulnerability in the system’s defense against a
hacker attack, as even a perfectly functional control algorithm could be tricked into
self-adversarial behavior given corrupted data. This vulnerability cannot be offset by
the standard provably robust data processing methods as they are developed for linear
systems, which is often not an acceptable model for the power grid. In Chapter 3, we
model the event that an unknown part of a power grid is being attacked by an adversary
infusing noise into the measurement of the power flow to impact the decision-making
process that follows the solution of the state estimation problem. The amount of noise
in this setting can be measured by the number of measurements affected, while the
signal is proportional to the total number of measurements as well as the quality of
the prior guess of the solution if one is available. The principal question in this setting
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is the signal-to-noise ratio that can be tolerated by a tractable problem without pro-
ducing an error in the solution. To measure it quantitatively, we first develop the first
tractable algorithms to learn the states of a nonlinear (quadratic) system subject to
sparse adversarial noise, which is well-suited for power flow analysis. Then, we analyze
the precision of the recovered state in instances with different relationships between the
number of corrupted measurements, the distance between the prior guess and the ac-
tual solution, and the total number of measurements. It is important to note that even
without noise, quadratic regression is an NP-hard problem, and introducing adver-
sarial noise into the system makes it even harder in general. The proposed algorithms
are constructed to tolerate sparse errors of arbitrary magnitude. They are based on
penalized semidefinite and second-order convex relaxations. Under the assumption of
the data being Gaussian, we were able to theoretically prove the exactness of these
relaxations by adapting the technique of primal-dual witness. The practical efficacy of
the developed methods was demonstrated on synthetic data and the data of the power
system state estimation (PSSE) problem for the European power grid (with over 1300
buses) under injected sparse adversarial noise combined with dense white noise.

e Chapter 4

Acquiring more correct measurements seems to help to make the hard statistical esti-
mation problems easier to solve. However, sometimes the number of measurements is
strictly bounded and cannot be increased for fundamental reasons. For example, this
is the case for many applications possessing a network structure. Luckily, such struc-
ture itself may be leveraged to identify a relevant sub-problem and device a tractable
algorithm for its solution. A bright example is the min-cost network flow, which is a
tractable sub-problem of the mixed-integer linear programming problem. What is the
structure induced by power systems which allows local search algorithms to solve the
problems of their analysis efficiently? Chapter 4 describes an answer to that question.
There, we used tools from conic optimization to develop necessary and sufficient con-
ditions for the inexistence of spurious local solutions in the non-convex matrix sensing
formulation. We developed the novel notion of kernel structure property and conditions
that are likely to be satisfied in instances arising from the analysis of sparse networks,
such as power and transportation systems. We used our approach to analytically prove
that the low-rank Q-norm minimization problem does not possess spurious local min-
ima and also experimentally demonstrated that one should not expect spurious local
solutions in problems that possess low-dimensional structures.

e Chapter 5

The mappings learned from data have advanced significantly in the areas of computer
vision, natural language processing, and robotics. Through an iterative procedure of an
optimization algorithm or heuristic, a machine learning system selects parameters for
the mapping between the input and the output of an algorithm. Machine’s ability to
tune to the thin structure of every individual problem, obtaining a better result using a
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minimal amount of time and resources, is remarkable and makes it a preferred method
of algorithm design. Before machine learning techniques became widely available, the
tasks of algorithm design for these areas were carried out by field researchers designing
pre-processing procedures and feature maps for individual pattern recognition prob-
lems. These tasks are very similar to the problem we have been solving manually
throughout the first part of this dissertation, which brings up a question: How can
we make a machine learning system that learns the structure of an optimization prob-
lem from a dataset of instances, and picks the algorithm for it? A related question
has already been addressed by the researchers inside the machine learning community;,
where the optimization problem of interest is the problem of training a model. The
corresponding domain is called meta-learning, and the dominant technique there is the
Model-Agnostic Meta Learning (MAML). In Chapter 5 we study this technique from
the perspective of designing optimization algorithms that converge to the globally op-
timal solution. We show that the original form of MAML is guaranteed to succeed in
selecting a correct algorithm if the instances of the optimization problem of interest
have a benign landscape and do not differ much from one another. For other scenarios,
we conclude that MAML does not fit the task, propose a modification to the scheme
of the MAML algorithm and summarise further directions of research.

1.3 Related Publications

e Chapter 2
Main paper:

— Igor Molybog and Javad Lavaei. “On Sampling Complexity of the Semidefinite
AffineRank Feasibility Problem”. In:Proceedings of the AAAI Conference on
Artificial Intelligence. 2019, pp. 1568-1575.

e Chapter 3
Main paper:

— Igor Molybog, Ramtin Madani, and Javad Lavaei. “Conic Optimization for
Quadratic Regression Under Sparse Noise”, Journal of Machine Learning Re-
search (JMLR), 2020

Related paper:

— Igor Molybog, Ramtin Madani, and Javad Lavaei, “Conic Optimization for Robust
Quadratic Regression: Deterministic Bounds and Statistical Analysis”, Confer-
ence on Decision and Control (CDC), 2018

e Chapter 4
Main paper:
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— Igor Molybog, Somayeh Sojoudi, and Javad Lavaei. “Role of sparsity and struc-
ture in the optimization landscape of non-convex matrix sensing”, Mathematical
Programming, 2020

Related paper:

— Igor Molybog, Somayeh Sojoudi, and Javad Lavaei. “No Spurious Solutions in
Non-convex Matrix Sensing: Structure Compensates for Isometry”, American

Control Conference (ACC), 2021

e Chapter 5
Main paper:

— Igor Molybog and Javad Lavaei, “When Does MAML Objective Have Benign
Landscape?”, Conference on Control Technology and Applications (CCTA), 2021

1.4 Definitions and Notation

Notation

Sets: The cardinality of a set S is indicated as |S|. For a sequence S, the symbol {a;}ics
denotes a sequence indexed by S. Whenever the index set is obvious from the context, we
drop the subscript for simplicity of the notation.

Vectors: The symbols R and C denote the sets of real and complex numbers, while R™,
R% and C" denote the sets of real, real nonnegative and complex n-dimensional vectors,
respectively. In any finite-dimensional vector space, 1 is a vector whose entries are all equal
to 1, while 0 is the zero vector and I represents the identity operator or its matrix. With v;
we denote the i-th component of a vector v, and denote with v* the i-th vector in the sequence
of vectors {v'};c4 or the i-th column or row in the matrix V, which will be understood from
the context. Thus, e’ stands for the i-th column of the identity matrix I of an appropriate
dimension. Given a vector v, the symbols ||v]|s ||v||2, [|v]|1 and |[v]||o denote the maximum
norm, the Euclidian norm, the Manhattan norm and the cardinality of the support of v, i.e.,
the number of its nonzero elements. Given a vector v € C" and an index set S C {1,...,n},
the vector ag is defined to be a subvector of a obtained by collecting together the entries of
a with indexes from S.

Matrices: Let R™**¥ and C™* denote the sets of real and complex n x k matrices. The
symbols H" and S™ denote the sets of n x n Hermitian and symmetric matrices. Let the
symbol L™* = {V € R™*|V,; = 0 if ¢ < j} denote the set of lower triangular matrices.
M > 0 means that the matrix M is symmetric and positive semidefinite, while M > 0 means
that M belongs to the cone C. Let S be the set of n x n positive semidefinite matrices of
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rank r and let T"" C S7" be the set of matrices in S whose nonzero eigenvalues are all
equal to 1 (Stiefel manifold).

Given a matrix M € C™* its singular values are denoted as o1(M),... s Omin{n,k} (M)
in descending order. (M) = Ominfni}(M) and Ope. (M) = o01(M) are the smallest
and the largest singular values. [M];; and M;; denote the (i, j)-component of M. Given
aset S C {1,...,k}, the matrix Mg is defined to be a matrix obtained by adjoining the
columns of M with indexes in S. Given two index sets A and B, the submatrix M4 p
contains the entries of M located on the intersection of rows indexed by A and columns
indexed by B. The symbols || M||1, [|M||s, ||M]||2, and || M||z denote the maximum absolute
column sum, maximum absolute row sum, maximum singular value, and Frobenius norm of
M, respectively. The transpose, conjugate transpose and Moore-Penrose pseudoinverse of a
matrix M are shown as M ', M* and M*. The matrix vectorization operator vec : C"** —
C"* stacks the columns of a matrix into a vector. veend : C**™ — C™~" is a non-diagonal
vectorization operator that puts non-diagonal entries of the argument matrix into the form
of a vector. veclt : C* — C™"5 is a lower triangular vectorization operator that puts
the elements on and below the diagonal of the argument matrix into the form of a vector.
For any two compatible matrices A and B, their Frobenius inner product is (A, B), their
Hadamard (entrywise) product is A o B and their Kronecker product is A ® B.

Given a square matrix M € C™" | its symmetric part is denoted with Sym(M) = (M +
MT)/2 and its trace is denoted with tr(M). For square matrices My, Mo, ..., M, the matrix
diag(M, ..., M,) is block-diagonal with M; on the diagonal. The eigenvalues of a matrix
M € H" are denoted as A;(M),..., \,(M) in descending order. A,;,(M) is the eigenvalue
of M with the smallest absolute value.

Operators: For a linear operator £ : R™* — R™, the adjoint operator is denoted by
LT : R™ — R™F The matrix L € R™" gsuch that for any 2 € R™** it holds that
L(z) = Lvec (z) is called the matriz representation of the linear operator £. Bold letters are
reserved for matrix representations of corresponding linear operators. The null space of an
operator or a matrix that represents it is denoted with Ker(L) or Ker(L).

Probability: Given a probability space, let P[E] be the probability of an event E in the
space, E[x] the mathematical expectation of a random variable . The notation z ~ N («, ()
means that x is a normally distributed random variable with the parameters o and 5. A
multivariate normal distribution with mean vector p and covariance matrix ¥ is denoted as

N(p,X).

Functions: Given the sequences a(n) and b(n), the notation a(n) ~ O(b(n)) means that
there exists a number C' > 0 such that a(n) < Cb(n) for all n > 1. Positive part is denoted
with (-); = max{0, -}
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Special definitions: Sparsity pattern S of a set of matrices M C R™* is a subset of
{1,...,n} x{1,...,k} such that (4, j) € S if and only if there is M € M such that M;; # 0.
Given a sparsity pattern S, define its matrix representation S € R™ ¥ as

g _ 0 if (i,7) € S,
Yo i g) €5,

and its operator representation S(M) = S o M.
The orthogonal basis of a given n x k matrix M (with n > k) is a matrix P = orth(M) €
R™*rank(M) consisting of rank (M) orthonormal columns that span range(M):

P=orth(M) <= PP"M =M, P"P = Lo

For a set S = {a1,..., a5} C {1,...,n} define a permutation m4 = (1,a,),...(k,ax) of
{1,...,n} and its matrix II, g, i.e. the matrix that permutes the entries of a vector it acts
upon according to the permutation 7, g.

For w € R™* and R € RU {+00}, we define Br(w) = {a € R™* : |la —w||r < R},
Br(w) = {a € R™* . |la —w|r < R} and OBg(w) = {a € R™* : |a —w|r = R}. Tt
follows from the definition that 0B, . (w) = 0.

General Definitions

In this dissertation, we consider a point = € R™ to be a solution for the instance minimize,cx f(z),
saying that it is a feasible solution (feasible point) if € X'. The value of a solution is f(z)

if defined. We distinguish between a locally optimal solution (local solution) z € X such
that f(z) < f(2’) for all = in the neighborhood U, C X of z, and a globally optimal solu-
tion (global solution) z € X such that f(x) < f(2') for all z € X. We denote the value of

a globally optimal solution with min,cy f(z) if the set of globally optimal solutions of an
instance denoted with Arg min,cy f(x) is not empty. A solution that is localy optimal but
not globally optimal is called spurious.

Suppose X is the set of points x € R™ satisfying a system of inequalities of the form
fi(x) <0 for i € {1,...,m}. If the objective function f and all of the constraint functions
fi are continuously differentiable at a feasible solution 2’ € X and the following conditions
hold for some nonnegative vector p € R7?

Vi) + 5wV i) =0
Z;; Mz‘fi(xl) =0

then the solution z’ is called a first-order stationary point. In case for the same 2z’ and u it

also holds that
sT IV F@) + > V2 fi(a')| s >0

=1
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is satisfied by every nonzero s € R", s # 0 such that s'Vfi(z') = 0 for all i € {1,...,m}
then 2’ is called a second-order stationary point. It is important within the scope of this
dissertation that local search methods commonly have guaranteed convergence to a first-
or second-order stationary point. It is also known that a locally optimal solution of an
optimization problem has to be a stationary point if a constraint qualification condition is
held at the solution. When considering non-convex landscapes, we will focus on smooth
problems where constraint qualifications hold everywhere over the domain, therefore we will
assume that the sets of first-order critical points, second order critical points, local minima
and global minima are nested.

Affine Rank Feasibility Problem

The first three chapters are concerned with the problem of recovery of a real n x n symmetric
and positive semidefinite matrix X of rank k that satisfies m linear specifications. In case
there is no such a matrix up to a given accuracy, we expect to receive the corresponding
information within a finite time. We refer to this problem as the Semidefinite Affine Rank
Feasibility (SARF), which can be formally written as:

find Xes§"
subject to (M., X)=vy,, r=1,...,m, (1.1a)
X =0, (1.1b)
rank{X} = k. (1.1¢c)
where My, ... M,, € S* are some known symmetric matrices, y1, ..., yn € R are some scalars

that parametrize the problem, and (-, -) denotes the Frobenius inner product.

The above problem is closely related to the Affine Rank Feasibility (ARF) problem,
which can be obtained by dropping the constraint (1.1b). It is clear that a solution to the
Semidefinite Affine Rank Feasibility problem must also be a solution to its ARF relaxation.
In addition, every ARF problem can be equivalently converted to a SARF problem [34, 68].

Both of the above feasibility problems encompass several practically important cases.
For example, the Phase Retrieval [18] and Quantum State Tomography [59] problems can
be treated as special cases of the Semidefinite Affine Rank Feasibility problem with rank-
one matrices M, and k = 1. In Power Systems Engineering, the State Estimation problem
consists in recovering complex voltages based on measured power flows and select voltage
magnitudes for a power grid, which can be formulated as the Semidefinite Affine Rank-one
Feasibility problem [121]. In this case, the matrices M, depend on the topology of the power
system and change a few times a day, while the measurements y, change every 5-15 minutes
based on the data updated by system operators. This defines a class of problems with
a fixed set of matrices M,’s. In wireless communication systems, the problem of Feasible
Downlink Beamforming [75] can be formulated as a block-diagonally shaped Affine Rank-one
Feasibility problem. The most commonly studied problem with the target rank being not
necessarily equal to 1 is the Low-rank Matrix Completion problem, for which each matrix
M, has exactly one nonzero element in its upper/lower triangular part [19].
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While the Affine Rank Minimization (ARM) [89] is probably the most studied rank-
constrained problem, the solution of any Affine Rank Minimization problem can also be
obtained from the solutions of O(n) Affine Rank Feasibility problems of the same size. The
same is also true for those problems with a positive semidefinite constraint, so the results of
this chapter can be extended to rank minimization problems as well. From the point of view
of computational complexity, the Affine Rank Minimization is an NP-hard problem, since it
contains Cardinality Minimization as a sub-problem [78]. Moreover, the work by Marianna,
Laurent, Varvitsiotis, et al. [70] establishes the result that the rank-constrained completion
of a semidefinite matrix with all diagonal entries equal to 1 is N'P-hard as soon as k > 2.
Hence, the Semidefinite Affine Rank Feasibility is also NP-hard.

Nevertheless, the above problems have been extensively studied over the past decade,
and practical approaches have been developed in various special cases. A major line of
research assumes that the matrices M, form a linear operator that satisfies a Restricted
Isometry Property. For example, those matrices whose elements are independently sampled
from the standard Gaussian distribution satisfy this property with high probability. Classical
papers with this assumption adopt Nuclear Norm Minimization [90, 19, 89, 15, 59], while
more recent developments deploy the minimization of other surrogate functions [28]. In
particular, the minimization of a rank function has received a lot of attention for applications
related to artificial intelligence. For example, Xu, Lin, and Zha [112] proposes a surrogate
of the Schatten-p norm as a spectral regularization, while Zhang and Zhang [117] attacks
the problem of rank-constrained distance matrices. For the Low-rank Matrix Completion
problem, a number of nonconvex techniques have been developed recently. More importantly,
Bhojanapalli, Neyshabur, and Srebro [12], Ge, Lee, and Ma [42], Ge, Jin, and Zheng [41], and
Zhang et al. [119] show that the classical lo-norm regression has no spurious local minimum
under a Restricted Isometry Property. In addition, Josz et al. [53] prove a similar result
for nonsmooth problems, including /;-norm regression. One possible option to avoid the
Restricted Isometry Property assumption is to require the distribution of the true solution
X* to belong to a certain ensemble [111].

Given ¢ € ® and an arbitrary ¢ > 0, it follows from the Stone-Weierstrass theorem
that there exists a polynomial p, : R®" — R that uniformly approximates f on X with
the precision error of €. This way, given the data 6 = {(v;, ¢;)}I",, there exists a nonlinear
regression model

Vi = pg: (T) + €4, Vie{l,..,m}

where each function py, () is a polynomial and é; is the difference between py, (z) and f(z, ¢;)
that is bounded from above by €. Notice that € is dense noise of a small value that we do not
consider in this paper since its presence just shifts the solutions recovered using our methods
by a small value that can be naturally bounded (this corresponds to the sensitivity analysis
of conic optimization). On the other hand, each polynomial equation can be converted to a
quadratic equation by introducing new variables and adding new quadratic equations [93].
As an example, the polynomial equation 1 = 2* — 2% + x can be written as 1 = 22 — 22 +x
with the additional variable z and measurement equation 0 = z — z? (note that the number
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of variables and constraints increases in a logarithmic fashion in terms of the degree of the
polynomial). This discussion implies that every nonlinear regression could be approximated
up to any arbitrary precision with a quadratic regression where the augmented model of the
system is quadratic. For this reason, the focus of this paper is only on quadratic regression.

As a far more general case of phase retrieval, a quadratic regression problem with the
variable x can be modeled as f(z;A;) = z*A;x. The state estimation problem for power
systems belongs to the above model due to the quadratic laws of physics (i.e., the quadratic
relationship between voltage and power), where each matrix A; has rank 1 or 2. Robust
regression in power systems is referred to as bad data detection. This problem was first
studied in 1971 by [73], and there are many recent signs of progress on this topic [31, 109,
69].

In the context of the electric power grid, the regression problem is known as state es-
timation, where the goal is to find the operating point of the system based on the voltage
signals measured at buses and power signals measured over lines and at buses [1, 69, 121].
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Chapter 2

Sampling Complexity of the Noiseless
Problem

In this chapter, we study a generic semidefinite affine rank feasibility (SARF) problem, which
consists in finding a positive semidefinite matrix of a given rank from its linear measurements.
We aim to quantify the dependence between the complexity of the problem and the number
m of linear measurements available in it. We measure the complexity with respect to the
algorithm based on solving a number of semidefinite programming problems of the dimension
n of the desired matrix. The complexity is higher the more semidefinite problems are required
to solve within the algorithm. In this chapter, we propose the first nontrivial analytical upper
bound on this number which depends on the number m of generic linear measurements in
the SARF. Our theoretical results suggest that the problem transits to a polynomial-time
solvable state when it has at least an order of n? of measurements.

Besides analytical bound, we propose a randomized version of the algorithm and study its
performance on a large sample of synthetic data. We obtain the approximate characteristic
for the point of “phase transition” of a uniformly sampled problem. It turns out that for the
uniform distribution over instances, the point of transition behaves linearly with n, which
suggests that our theoretical bound can be improved if the problem parameters 6 are assumed
to come from a specific distribution.

2.1 Introduction

Methods of solution of the SARF sub-problems vary depending on the assumed noise model.
Besides Gaussian additive noise [50, 74], a particularly interesting case is the presence of
sparse noise, which has been considered by Candes et al. [20], Klopp, Lounici, and Tsybakov
[57], and Akhriev, Marecek, and Simonetto [3] and will be addressed in the next chapter.
However, even under the absence of any noise, SARF remains a difficult problem if the
amount of information is not sufficient.

The key question studied in this chapter is the question of sampling complexity, which
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can be interpreted as the question on the amount of information contained in the linear
measurements (1.1a). This can be measured in terms of the number of measurements m
and/or the sampling strategy of selecting M,’s such that the problem becomes polynomial-
time solvable. The known results on this topic are related to the Matrix Completion problem
[19, 108]. The present chapter develops the first result in the literature that studies the
sampling complexity of a general Semidefinite Affine Rank Feasibility problem.

This work builds upon an important contribution into the Low-rank Matrix Recovery that
has been made by Madani et al. [68], where conic relaxations of linear matrix inequalities
(LMIs) are proposed and it is shown that there is a low-rank solution for any sparse LMI with
an upper bound on the rank being a function of certain graph-theoretic parameters such as
the treewidth. Note that any LMI Rank Feasibility problem is equivalent to a Semidefinite
Affine Rank Feasibility problem. From this perspective, there is another application of
Semidefinite Affine Rank Feasibility problem, which can be found in reducing the complexity
of large-scale semidefinite programs [40, 5].

2.2 Problem Formulation

To make the computational complexity analysis of Semidefinite Affine Rank Feasibility prob-
lem (1.1) meaningful, we consider a feasibility problem specified by the measurement matrices
{M, ..., M,,} and the measurements ¥y, ..., ¥y,,. This defines infinitely many feasibility in-
stances, where every rank-k£ positive semidefinite matrix X is a solution to some feasibility
problem in this class (by appropriately designing v, ..., ¥, ). The analysis of this problem
is partially motivated by data analytics for electric power systems, where the matrices M,
are designed based on the parameters of the infrastructure that are considered to be fixed

(as long as there is no network reconfiguration) while the measurements y, . . ., y,, used by
power operators change every 5-15 minutes. In this regard, we have infinitely many feasibility
problem instances with the same matrices My, ..., M,,.

The results of this chapter are based on the idea of constructing a semidefinite program-
ming (SDP) of the form

minimize (M, X) (2.1a)

Xesn
subject to (M., X)=vy,, r=1,...,m, (2.1b)
X =0, (2.1c)

corresponding to the Semidefinite Affine Rank Feasibility problem (1.1). Here, M is the ma-
trix of an orthogonal projection onto an (n — k)-dimensional linear subspace. In this case,
the convex problem (2.1) is called an SDP relaxation with the parameters (M, y). A
solution X™* of the Semidefinite Affine Rank Feasibility problem (1.1) is said to be recov-
erable through the SDP relaxation (2.1) with M if it is the unique optimal solution of (2.1)
with the parameters (M, [(M,, X*)|™ ).
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The recovery region of the matrix M associated with the class {My, ..., M,,} is the
set of all rank-k positive semidefinite matrices that are recoverable for their corresponding
feasibility problems via the SDP relaxation with the objective function (M, X). Figure 2.1
depicts a two-dimensional slice of the recovery region of a single matrix M for a randomly
generated problem (see the section “Numerical Results” for more details). It can be observed
that the recovery region is not convex in general, but there is a ball with a positive radius in
the space of matrices such that every matrix in the ball is recoverable via an SDP relaxation
with the single objective matrix M for the corresponding Affine Rank Feasibility problem.
This observation was first noticed and formalized in Theorem 1 of Ashraphijuo, Madani, and
Lavaei [6].

e N | >
-15 -10 -5 0 5 10

Figure 2.1: A slice of the recovery region of a single matrix. The z and y axes represent ¢; and
da, respectively (for definition, see “Implementation” in the section “Numerical Results”).

One of the main results of Ashraphijuo, Madani, and Lavaei [6] is that under m >
k(2n — k), there are a finite number of SDPs with specially designed objectives such that
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every instance of the Semidefinite Affine Rank Feasibility problem (1.1) in the infinite class
defined by {My,..., M,,} is recoverable via one of those SDPs. In other words, there is
a finite list of matrices M defining a set of SDPs that can be used to solve any of the
infinity many feasibility problems sharing the same model. The practical application of this
technique has been demonstrated by Ashraphijuo, Madani, and Lavaei [7] for solving a set
of polynomial equations. The paper by Madani, Lavaei, and Baldick [66] applies the above
technique to the power flow / state estimation problem for power systems, where a small
number of SDPs have solved many real-world feasibility problems and outperformed the
existing methods.

The main objective of this chapter is to find an upper bound on the number of SDP
problems (2.1) to be solved in order to guarantee obtaining a solution of (1.1). Since we do
not make any assumption on the structure of the matrices { My, ..., M,,}, the upper bound
cannot be a polynomial function but the methodology pursued in this chapter could be used
to study specialized problems (such as those appearing in power systems) to obtain a tighter
upper bound for structured problems. Although we do not make any assumption on the
uniqueness of the solution of (1.1), it is well known that the solution is unique when m is
large enough.

2.3 Main Results

Remember that veclt is a lower triangular vectorization operator and form a matrix H €
k(k—

RO “5)xm with the vectors veclt(M,) as its columns. To set up a uniform bound on

the size of a region that can be recovered through a single objective M, define the following

function of the measurements matrices:

r(H) = min Omin ([Veclt (TL, A ML) YY) ... veclt (1, 4 M,, 11}, Y)])
YeLmk.yy TeTnk; ’ '
AC{1..n}:|Al=k
Note that, according to Ashraphijuo, Madani, and Lavaei [6], it holds that r(H) > 0 if
m > k(2n — k), for a generic choice of {M,} ;. This implies that the inequality holds true
for almost every choice of {M, € S"} ;. A formal definition comes next.

Definition 1. A property (Q) is said to hold for every generically chosen member of a
topological space if there exists an open dense subset of it whose members all satisfy (Q).

The main analytic result of this chapter will be stated below, which sets up a bound on
the sufficient number of SDP relaxations.

Theorem 1. Given an arbitrary positive number k, there are constants Cy = Cy(k, {M,})
and Cy = Cy(k, {M,}, K, ||ly|l2) € R and at most

(n+1)
. k(n—k 2 mtl
rnm{Cl(" ),C'2 2 }
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SDP relaxations of the form (2.1) such that any solution (satisfying 3;8 < k) of a generic

instance of the Semidefinite Affine Rank Feasibility problem (1.1) in the class of infinitely
many feasibility problems defined by { My, ..., M, } can be obtained via one of those SDPs.

Proof. This is a direct corollary of Theorems 2 and 3 in the section “Proofs”. m

It can be observed that for a fixed k the bound in Theorem 1 is at most exponential
in terms of the dimension of the problem for a generic choice of the matrices M,., while all
known finite-time algorithms for the general ARF problem have at least doubly exponential
running times [89]. Moreover, the bound has a dependence on m, which implies the following
corollary:

Corollary 1. For every polynomial p(+), if the number of measurements obeys the inequality

n(n+1
m > "D og ) ~ O(n2),
then a generic problem becomes polynomial-time solvable with any fixed sensing constant k
and up to an arbitrary nonzero precision error.

This captures the fact that the problem is expected to be easy when m is large because
the feasible region of (2.1) for m = @ collapses into at most a single point that should
be the solution to the SARF problem (1.1).

The above result is the first one that studies the notion of “phase transition of complexity”
for the generic rank-constrained feasibility problem. This notion has already been studied
in the literature for other N'P-hard problems [27]. We will continue this topic during the

discussion of Numerical Results.

2.4 Proofs of the main result

The dual problem of (2.1) can be written in the form:

L. T
2.2

minimize yu (2.2a)

subject to M + g u;M; = 0 (2.2b)

=1

Since the primal and dual feasible matrices must be positive semidefinite, the Karush-Kuhn-
Tucker (KKT) conditions impose the relationship:

(M + Emj u,.MT> X =0. (2.3)
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Without loss of generality, we can assume that the vectors veclt(M,) form an orthonormal
basis. To support this, suppose that the original problem (1.1) is associated with the mea-
surement matrices M, ((M,, X) = §,). One can apply the Gram-Schmidt orthogonalization
process to the system of vectors Veclt(MT) to obtain an orthonormal system of vectors that
would generate symmetric matrices M, in the obvious way. Note that M, has a linear de-
pendence on M, and, therefore, y, = (M,, X) can be computed by applying the same linear
transformations to ¢,.. Furthermore, now we can refer to m as to the maximum number of
linearly independent matrices M,.

The next lemma states that each matrix of a potential solution can be represented through
a projection matrix onto the span of its eigenvectors.

Lemma 1. For any orthogonal matriz U, if X = UU" is not a singular point of [(M,, )™,
and recoverable with M, then X' = UAU" is also recoverable with M for any positive definite
diagonal matriz A.

Proof. Strong duality holds for the pair of problems (2.1)-(2.2) due to Lemma 4 by Ashraphi-
juo, Madani, and Lavaei [6]. Let (X, u) be a primal-dual optimal pair of the SDP relaxation
(2.1) with the parameters (M, [(M,, X)]™,). Then, the equation (2.3) is still satisfied after
being multiplied by X’ on the right. It takes the form (M + 3", u,M,) X' = 0, which im-
plies that Complementary Slackness holds for the SDP relaxation (2.1) with the parameters
(M, [(M,, X")]" ) together with primal and dual feasibility. O

Due to Lemma 1, it is enough to only consider the case when a solution X* of (1.1) to be
found belongs to T™*. We assume X* € T™* henceforth, except for the proof of Theorem 2.

Consider a matrix X € T™*  the set of indexes A C {1,...n} (JA| = k) of linearly
independent columns of X, and its Cholesky embedding C,,. 4 : STA — L™ defined as

T
Coa(X) 2 [ LY, L7 X1, npa) |

where LLT = X(a,4) is the Cholesky decomposition of X4 4. Using the Guttman rank
additivity formula, it is possible to show that X* = I} ;Cp;a(X*)Cpia(X*) "Il a. We will
rewrite this factorization in the form

X*=cc’ (2.4)
Let us introduce
J = [veclt(IT. 4 M,C) ... veclt(I,.aM,,C)]",

It follows directly from the form of the pushforward function of the mapping that J has full
column rank if and only if X* is not a singular point of the mapping [(M,, )], [6]. Consider
the dual vector

ut = —(J) veclt(MC)
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By multiplying both sides of this equation by J', it is easy to observe that if J has full
column rank, then u* solves the equation (2.3). Let R be a matrix whose columns form an
orthonormal basis in the space that is orthogonal to the span of the columns of C.

Lemma 2. Assume that X* is not a singular point of [(M,,-)|™ . The pair (X*,u*) is the
primal-dual optimal pair for the SDP problem (2.1) with the parameters (M, [(M,, X*)]™ ;)
if and only if ||RTFR||; <1 for the matriz F € S™ defined through the equation

veclt(F) = H(J ") veclt(MC)

Proof. Primal feasibility of X* is obvious. Complementary slackness (2.3) is satisfied by the
construction of u*. Now show the dual feasibility of u*:

r=1

(2]

where £;; is a matrix with the only nonzero entries equal to 1 in the (4, j) and (j,¢) locations
(ordjust (i,1)), while f;; = mu* with m;; = [M; ... M']". Note that m,; = veclt(E;;)" H
an

fij = —veclt(Ey;) T H(JT) veclt(MC)

It follows from (2.3) that the dual matrix has k zero eigenvalues in the subspace of the span
of X*. We study the minimum eigenvalue of the matrix in the rest of the space:

)\min(M + iU:MT) =

r=1
1— max 2 vivsveclt( B Tveclt(F)—
vi||v]l2=1;CTv=0 ; J (£i5) (F)

Z v2veclt(Ey) Tveclt(F) =

n

1- max Z [voT];;Fyj =

vi|lv||l2=1;CTv=0 <
i,j=1

1— max trace(¢' R' FRo),

pER™ k1 ||g[l2=1

which is greater than or equal to zero if and only if |RT FR|, < 1. O

Note that if m = n(n2+1), then rank(H) = n(n;l), and it is possible (e.g., using a Kronecker
product representation) to show that F' = II] ,MCC™, so [|[RFR"||; < 1, (this is expected
since the only feasible point of the SDP relaxation should be the solution to the SARF

problem).
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Lemma 3. If MX =0, then
IMC|lr <VEIX = X2

Proof.

|MC||p = v/trace(MX*M) = /trace(MX*X*M) =
1M X[ <VEMX |l =VE[M(X* = X)|l2 <
VMl X* = X[l < X = X[|:VE

The previous lemma and the definition of 7(H) lead to the result stated below.

Corollary 2. If M X = 0, then then the matrices R and F in Lemma 2 satisfy the inequality

VE
IRFR|; < WHX — X|2

The above result will be used to prove Theorem 1. In a normed vector space (V.| - ||),
let the symbol By, (r) stand for the closed r-ball centred at zero

By (r)={veV : [v] <r}

Define @ : (S™, | - |lr) — (S™, ] - ||r) such that ®(X) = XXT and =,,(t) = {X €
Bgsn jj.f1, (1) N S™F . g4 (X) > t}, where o (-) is the k-th largest singular value of a symmetric
matrix.

Lemma 4. For everyt > 0, the operator ® is Lipschitz over Z,,(t) with the constant L = %

Proof. It is known that the projection of X € (S",| - ||p) onto Bsn .|,(1) is given by the
matrix X’ which can be obtained from X by replacing with 1 all eigenvalues that are greater
than 1. Thus, X X can be viewed as the || - || -projection of X € Z,.,(1) onto the convex set
Bsn ), (1). Consequently, ® is Lipschitz with the constant 1 over =, (1). Consider X,Y €

En,k(t) :
|9(X) = @(Y)|lr =
71X (X)) T Y () || <
X =t Y =t X = Y]p
O

Note that =,.1(1) D T™!, so the function ® has the Lipschitz constant 1 over the entire
T
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Theorem 2. The number

n(n+1)

3evk max{|lyll3, 1} |
r(H) min{[[y[3,1}

—m+1

s an upper bound on the number of SDP relazations needed to find a solution with the
Z;E; < Kk for every instance of the Semidefinite Affine Rank Feasibility problem

defined by { M, ..., M, }.

Proof. By Lemma 1, Lemma 2 and Corollary 2, given A € T, every X* € S%* with the

property [[(X*)TX*— Al < T\([—ZI) is recoverable through M such that M A = 0. Now, we aim

to compute the covering number for the set of all possible solutions to the problem. Define

n(n+1)
m —3 m
x)::xOZE:yWNﬁ'+ j{:
r=1 r=1
and
S={X(z)lzeR" oy

where {K, € S"} are normalized as vectors that are orthogonal to {M,} and to each other.
X({zo = 1}) includes the set of all possible solutions to the SARF. By considering X* =
X (x*) as the solution to be found, ||X*||2 X<HX*|| ) belongs to S. In light of Lemma 1, if
X (W) belongs to the recovery region of M, then X* belongs to it as well. Therefore, it is

enough to cover S N Bgn |, (VE) N Enk(?}g“?
lies in one of them.
Lemma 4 yields that || X () X (m5m) " — All < PRSI X (57) — Alle. Therefore, it

is sufficient to cover S N Bgn .|, (VE) N un;k(m’}g“ 7:X0) w1th the || - || ~-balls of radius \I})ﬁ)’“((*” r(H)os(X?)

) with recovery regions to guarantee that X*

After noticing
1% (@)[IF = 25(1lyllz — 1) + 2[5 > [|l=[3 min{[|y[|3, 13,

IX (@)1 <[5 max{]lyl3, 1},

SN BS",H'HF(R) cX <{||SC“2 < - 1 })

we conclude

vmin{[lyl[3, 1}

X z|ls < ! S N Bsn . »(7).
<{H |2 < max{HyHg,l}}) C SN Bsn (1)

It is known that the covering number of the ball B wwiy ., (R) with balls of radius
R 77|

sll-ll2
—m+1

n(n+1)
r obeys the bound (2R) 2 [82]. Applying the function X (-) to this cover, one can
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obtain that S N Bsx .1, (V) N Enk(%) belongs to the union of

2t gt

3/max{|ly[|3, 1} vk
r(H)o(X*) e 2
\/E||X*H2 mln{HyH%l}

balls having radius % in Frobenius norm. This concludes the proof. O

Theorem 3. There is an absolute constant C' such that

C\/E k(n—k)
r(H)

1s an upper bound on the number of SDP relaxations needed to solve every instance of the
Semidefinite Affine Rank Feasibility problem in the class defined by { My, ..., M, }.

Proof. Due to Proposition 8 by Szarek [99], there is an absolute constant C' such that the
covering number of the Grassmann manifold G, obeys the inequality

C diam(Gp.x) ) Kln—k)
— :

Mg, (e) < <

Similarly to the proof of Theorem 2, the diameter of the Grassmann manifold for the ls-

induced norm is equal to 1. Therefore, the proof is completed by noting that ¢ = % O]

2.5 Numerical results

In this section, we present and study a randomized algorithm for solving the SARF problem
via an SDP relaxation that is based on the theoretical results of this chapter. Algorithm 1
iteratively solves SDP relaxations of the problem with randomly sampled objective matrices.
Under the assumption that no prior information is available about the unknown solution,
we sample M uniformly since it belongs to the compact set T™* that is isomorphic to the
Grassmann manifold G,,..

We present experimental results on the performance of Algorithm 1 on a large set of
synthetic data. The main goal of these experiments is to study the dependence between
the probability of success of the convex (SDP) procedure and the number of linearly inde-
pendent measurements in the problem. For a number of values of m and k, we sample a
random problem with the data {M,}™; and a random solution X* (from which we design
Y1, .-, Ym), and aim to solve it with Algorithm 1. After a successful ending, we sample an-
other dataset together with a solution and then start over. After constructing and solving
300 SDP relaxations for a particular value of m, we proceed to the next value. The details on
the sampling strategy are given below in the Implementation paragraph, and the results are
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Algorithm 1 Heuristic algorithm for solving the Semidefinite Affine Rank Feasibility prob-
lem (1.1)
Require: {M,,y,}",

1: initialization

2. forallt € {1,...,7} do

3:  Sample a random M

4: X = solution of (2.1) with M
5. if rank(X) = k then

6: return X

7 end if

8: end for

summarized in Figure 2.2. It can be observed that it is easy to design an SDP that recovers
the true solution even for those values of m that are much smaller than n(n + 1)/2. Notice
that the frequency of recovery decreases linearly at first, and then turns to exponential at
a certain point, which appears to be a constant loosely related to n but closely connected
to the value of k. This shows the existence and characterizes the behavior of the point of
“phase transition” of the problem from easy to hard, at least with respect to the considered
algorithm.

Implementation To build the region for the example in Figure 1, we randomly sample
M, € S™ and the matrix X € Si;k following the procedure to be explained later. After-
wards, we select M in such a way that MX = 0. Let Qo € R™* be the matrix with
orthonormal columns such that X = QoQJ. In this notation, y, is obtained as follows:
yr = (M,, Q(81,82)Q(d1,02) "), where Q(d1,d2) = Qo + 01 Ego + 02 Ep1. We solve problem (2.1)
with the parameters (M, y) for different values of §; and dy, compare the result to the matrix
Q(61,0,)Q(d1,02) ", and mark the points where they almost coincide.

Now, let us turn to the generation procedures. u({1,...,n}) denotes the uniform distri-
bution over the set {1,...,n}; the uniform distribution over all n x n orthogonal matrices,
named O(n) Haar distribution, is denoted as Haar(O(n)).

e Generating {M,} : We denote the uniformly distributed subset of indexes as v ~

u({1,..., "("2“)}), where |y| = m. For sampling a random matrix, we obtain H' ~

Haar(O(@)) and subsample H = H[’{1 e

metric matrix such that veclt(M,) = H n(nt1) )
{1, =5 1{r}]

o Afterwards, M, is the only sym-

e Generating X* : Similarly, we set up indexes o ~ u({1,...,n}), where |a| = k. Then,
we obtain X’ ~ Haar(O(n)) and set @ = X{; ., .. In this notation, X* = QT

For more statistically significant results, we also use the same scheme to design a random
objective matrix:
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Figure 2.2: These plots show the frequency of recovery for synthetic data. The x axis is the
percentage (normalized) of total number of extra measurements available. This means that
0 corresponds to m = My, = nk—k(k—1)/2, and 1 corresponds to m = My, = n(n+1)/2.

The y axis shows the probability of successful recoveries.
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e Generating M : We obtain 8 ~ u({1,...,n}), |f| = n — k and K’ ~ Haar(O(n)).
Similarly to the previous cases, set K = K[’{1 ’’’’’ . and M = KK.

The experiments have been scripted in Python with the use of CVXOPT as the mathe-
matical optimization library.
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Chapter 3

Complexity of the Problem Under
Sparse Noise

In this chapter, we focus our attention on the semidefinite affine rank-1 feasibility problem,
which can be equivalently thought of as the problem of quadratic regression. In this problem,
the goal is to find the unknown state (numerical parameters) of a system modeled by a set of
equations that are quadratic in the state. We study the setting when a subset of equations of a
fixed cardinality is subject to errors of arbitrary, possibly adversarially selected, magnitudes.
Our aim is to determine the conditions on the instances ¢ that guarantee tractability of the
problem of the exact state recovery. Understanding these conditions could clear the path
towards designing cyber-physical systems that, by design, limit the scope of instances of the
inference problem to the tractable ones, even in conditions of a cyber-attack, and therefore
are robust to cybersecurity threats of data augmentation.

To measure complexity, we develop two algorithm schemes that address the quadratic
regression problem. Both of them are based on conic optimization and are able to utilize a
prior guess of the solution if one is available. We develop a set of conditions on the properties
of the data (the coefficients of the equations), the quality of the prior guess, the size of the
support of the noise vector, and the hyperparameters of the algorithms from each of the
schemes. Under these conditions, polynomial-time recovery of the unknown state is possible
with the corresponding algorithms. We show that there exists a trade-off between the time
complexity of an algorithm schema and its tolerance to errors in the measurements. This
makes one method better at enforcing cybersecurity and the other better at scaling for larger
systems. The key feature of the obtained conditions consists in bounds on the number of bad
measurements each method can tolerate without producing a nonzero estimation error. It is
proved that the proposed methods allow up to half of the total number of measurements to
be grossly erroneous if the prior guess is close enough to the true solution. We also propose a
surrogate iterative method for quadratic regression which is based on conic programming and
does not rely on the prior guess. It offers another level of the trade-off between robustness
and the complexity of the algorithm. The efficacy of the developed methods is demonstrated
in four empirical experiments on learning dynamical systems and power network states under
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both sparse and dense errors in the measurements.

3.1 Introduction

Nonlinear regression aims to find the parameters of a given model based on observational
data. One may assume the existence of a potentially nonlinear continuous function f(x;¢) :
X x & — R defined over the set of models x € X and inputs ¢ € ®, where the goal is to
estimate the true model given a set of imperfect measurements y;’s:

yi = f(z:0") +n;, Vie{l,..,m} (3.1)

In this formulation, the unknown error vector ) could be the measurement noise with modest
values. However, a more drastic scenario corresponds to the case where the vector 7 is sparse
and its nonzero entries are allowed to be arbitrarily large. Under this circumstance, a prior:
information about the probability distribution of the sparse vector n may be available, in
addition to an upper bound on the cardinality of 7. This important problem is referred to
as robust regression and appears in real-world situations when some observations, named
outliers, are completely wrong in an unpredictable way. This could occur during an image
acquisition with several corrupted pixels, or result from communication issues during data
transmission in sensor networks. Such problems arise in different domains of applications
and have been studied in the literature. The problem of errors in estimation of the state of
an electric power grid is of a special importance. Outliers in this case are associated with
faulty sensors, cyber attacks, or regional data manipulation to impact the electricity market
(52, 69].

There are several classical works on robust regression and outliers detection. The book
by Rousseeuw and Leroy [91] offers an overview of many fundamental results in this area
dating back to 1887 when Edgeworth proposed the least-absolute-value regression estimator.
Modern techniques for handling sparse errors of arbitrary magnitudes vary with respect to
different features: statistical properties of the error, class of the regression model f(z; ¢), set
of possible true models, type of theoretical guarantees, and characteristics of the adversary
model generating errors [20, 77, 10, 116, 57]. There is a plethora of papers on this topic for the
well-known linear regression problem [17, 110, 95, 22, 11]. In this case, the function f(z; )
is linear in the model vector x, and can be written as ¢*z. Nevertheless, there are far less
results known for nonlinear regression. This is due to the fact that linear regression amounts
to a system of linear equations with a cubic solution complexity if the measurements are
error-free, whereas nonlinear regression is NP-hard and its complexity further increases with
the inclusion of premeditated errors. However, very special cases of nonlinear regression have
been extensively studied in the literature. In particular, the robust phase retrieval problem
that can be formulated with f(x;¢;) = |¢fz|* has received considerable attention [116, 48,
21]. Another special case is the trace regression problem that has been studied by Hamidi
and Bayati [47] under a low-rank assumption on the unknown matrix solution. However,
this has not yet been studied under adversarial sparse additive errors. The mathematical
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framework provided in the current chapter addresses the trace regression problem under a
low-rank assumption and sparse adversarial noise.

The existing approaches for robust regression include the analysis of the unconstrained
case [17, 95, 10, 11, 53], the constrained scenario with conditions on the sparsity of the
solution vector z [110, 77, 79, 71], and more sophisticated scenarios in the context of matrix
completion [20, 23, 57, 119]. Motivated by applications in inverse covariance estimation [106],
the papers by Xu, Caramanis, and Mannor [113], Yang and Xu [114], and McWilliams et al.
[71] consider sparse noise in the input vector ¢; as opposed to the additive error considered
in the present chapter. The work of [17] is based on [j-minimization, whereas [77] solve an
extended Lasso formulation defined as the minimization of ||y — Az + v||3 + u1 ||z |1 + pe||v||1-
The work by Dalalyan and Chen [29] proposes to solve a second-order cone programming
(SOCP) for robust linear regression, which is related to the current chapter with a focus on
robust nonlinear regression. In contrast to the above-mentioned papers that aim to develop a
single optimization problem to estimate the solution of a regression, there are iterative-based
methods as well. For instance, [22, 10, 11] propose iterative algorithms via hard thresholding.

Due to the diversity in the problem formulation and approaches described in different
papers, it is difficult to compare the existing results since there is no single dominant method.
However, the most common measures of performance for robust regression algorithms are the
traditional algorithmic complexity and the permissible number of gross measurements ||7]|o
compared to the total number of measurements m. In this chapter, the objective is to design
a polynomial-time algorithm, in contrast with potentially exponential-time approaches [104],
with guaranteed convergence under technical assumptions. As far as the robustness of an
algorithm is concerned, the existing works often provide probabilistic guarantees on the
recoverability of the original parameter vector z for linear Gaussian stochastic systems under
various assumptions on the relationship between ||n||o and m. In this case, the ratio %,
named breakdown point, is limited by a constant and could even approach 1 if the unknown
solution z is sparse.

Contributions and Organization

The main objective of this chapter is to analyze a robust regression problem for an arbitrary
quadratic model that includes power system state estimation and phase retrieval as special
cases. The focus is on the calculation of the maximum number of bad measurements that
does not compromise the exact reconstruction of the model vector z. In Section 3.2, we
formally state the problem. In Section 3.3, we propose two conic optimization methods
and study their properties. In particular, we obtain conditions that guarantee the exact
reconstruction of z. In Section 3.4, we develop the main results of this chapter. Under
certain technical assumptions, we discover the dependence between the number of perfect
measurements and the maximum admissible number of wrong measurements. After that,
we consider a stochastic setting based on Gaussian distributions. In this case, we show that
the number of bad measurements can safely be on the order of the square root of the total
number of measurements, and moreover the breakpoint approaches 1/2 if there is enough
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prior information. To provide a broader range of possible approaches to the problem, Section
3.5 designs an alternative iterative-based method. Numerical results are presented in Section
3.6, which includes a case study on a European power grid.

3.2 Problem Formulation and Preliminaries

The quadratic regression under sparse noise aims to find a vector z in R™ or C" such that

Yy ="M,z +mn., Vre{l,...,m}, (3.2)
where
® Yi,...,Yn are some known real-valued measurements.
® 71,...,N, are unknown but sparsely occurring real-valued noise of arbitrary magni-
tudes.
o Mi,...M, are some known n X n Hermitian matrices.

The regression problem could have two solutions £z in the real-valued case, which increases
to infinitely many in the form of z x eV~ in the complex case. To avoid this ambiguity, the
objective of this work is to find the matrix zz* rather than z since this matrix is invariant
under the rotation of z. At the same time, the recovery of z from zz* is a simple task that
can be accomplished using the spectral decomposition. If m is large enough, then zz* is
expected to be unique. In this chapter we aim to recover any solution zz* in case there are
multiple ones. In Problem (3.2), each measurement equation could have a linear term in
addition to its purely quadratic function z*M,z. By introducing one additional variable u
such that u? = 1, one can multiply the linear terms with « to make them quadratic [68]. As
a result, Problem (3.2) is a general quadratic regression problem.

Let Z be an initial guess for the unknown solution z. We refer to this as prior knowledge.
We do not make any assumption about the gap between Z and z, and develop different
methods that can be run independent of this gap. However, the goal is to show that as this
gap becomes smaller, the performance of these methods increases. More precisely, we define
a measure to quantify the amount of information in the prior knowledge and use it to study
the to-be-developed techniques. Note that it is easy to deduce prior knowledge for many
real-world systems. For example, we will show that the physics of power systems naturally
provide such useful knowledge.

Consider the complex-valued case and write t = a++/—1b € C" and M = A+ +/—1B €
H", where a,b € R", A€ S" and B = —B" € R"™". It is straightforward to verify that:

-
* _ T T TaAp— | @ A -B a
*Mx=a"Aa+2b'Ba+b Ab_{b} {B A }[b]
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Notice that the matrices in the right-hand side of the above equation are real-valued. As a
result, we will only develop the theoretical results of this work in the real-valued case z € R"
and M, € S™ since they can be easily carried over to the complex-valved case. However, we
will offer a case study on power systems where the unknown state is a complex vector.

In the regression problem under sparse noise, the vector 7 is assumed to be sparse. To
distinguish between error-free and erroneous measurements, we partition the set of measure-
ments into two subsets of good and bad measurements:

G={re{l,....m}n, =0}, B={l,....m}\G

To streamline the derivation of the analytical results of this chapter, we assume that G =
{1,...,|G|} and B = {|G|+1, ..., m}. However, the algorithms to be designed are completely
oblivious to the type of each measurement and its membership in either G or B.

The objective of this chapter is to develop efficient algorithms for finding z precisely as
long as n is sufficiently sparse. This statement will be formalized in the next sections.

3.3 Conic Optimization Methods

Consider a variable matrix X playing the role of zz". This matrix is positive semidefinite
and has rank 1. By dropping the rank constraint, one can cast the quadratic regression as a
linear matrix regression. Motivated by this relaxation, consider the optimization problem

inimize (X, M) + pllv[lx

subject to (X, M,) + v, =vy., Vre{l,...,m} (3.3a)
X=X"»:0 (3.3b)

where the notation >¢ is the generalized inequality sign with respect to C, which is either the
cone of symmetric positive semidefinite (PSD) matrices or the 2 x 2 principal sub-matrices
PSD cone [see 86]. The above cones are formally defined in Subsection 3.3.

The problem definition involves a matrix M that is to be designed based on the prior
knowledge 2 € R™ in such a way that the term (W, M) in the objective function promotes
a low-rank structure on W. The construction of M will be studied later in the chapter. We
refer to Problem (3.3) as penalized conic program, but call it with more specific names in
two special cases: (i) penalized semidefinite program (SDP) if C is the cone of PSD matrices,
(ii) penalized second-order cone program (SOCP) if C is the cone of matrices with all 2 x 2
principal sub-matrices being PSD. The penalized conic program is a convex problem and
can be solved in polynomial time up to any given accuracy.

A popular approach to solving rank minimization problems is via an approximation
technique that replaces the non-convex objective function with the nuclear norm of the
unknown matrix [20]. We exploit a different approach for three main reasons:
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e The nuclear norm minimization is rooted in the fact that the nuclear norm is a convex
envelope of the rank over a certain ball, but the connection between nuclear norm and
rank fades away when the ball is intersected with the hyperplanes given by (3.3a).

e In many practical applications, some prior knowledge about the unknown state is avail-
able. However, the nuclear norm minimization cannot incorporate such information
to improve the search for the unknown solution. This is in contrary to the stan-
dard numerical algorithms for optimization that allow the initialization of the process
for finding an optimal solution. Therefore, one would expect to have a new learning
method for quadratic regression that exploits prior knowledge about the solution.

e The minimization of the trace is meaningless in many applications where the trace of all
feasible matrices W is automatically in a narrow bound. In this case, the trace cannot
be used to distinguish low-rank solutions from high-rank solutions. This naturally
occurs in power systems, for which the trace is almost fixed since voltage magnitudes
are always close to nominal values (e.g., 110 volts) [67]

The method to be developed in this chapter addresses the above issues via a major general-
ization of the nuclear norm minimization. In particular, if Z = 0, then the proposed approach
is equivalent to the nuclear norm minimization. We refer to Z as prior knowledge, and aim
to show how the amount of information in the prior knowledge—measured in terms of the
closeness between Z and the unknown solution—affects the performance of the penalized
conic program and the estimation error.

In the following two subsections, we will introduce the functions x and &, matrices J
and J, and vectors d and cz, and then study the problem of designing M based on the prior
knowledge Z.

Penalized Semidefinite Programming

Consider the penalized SDP that corresponds to Problem (3.3) with C equal to the PSD
cone. Given a matrix X € S", define (X)) to be the sum of the two smallest eigenvalues of
X, ie.,
R(X) = A(X) + A1 (X)

Let the matrix M in the objective function of the penalized SDP be chosen to have the
following properties:

Mz =0,

rank(M) >n—1

k(M) >0
If there is no prior knowledge available, one can select Z to be zero and then choose M
as I. This will correspond to the famous nuclear norm minimization. As will become

evident later in the chapter, the linear term (X, M) with the above-mentioned matrix M
penalizes the deviation of X from 227. Since 227 is low-rank, the inclusion of this linear
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term automatically takes care of both prior knowledge and low-rank promotion. There are
infinitely many choices for M, and it is not important which one to select as far as the analysis
of this chapter is concerned. One natural choice for M is the matrix of orthogonal projection
onto the hyperplane that is orthogonal to z. This particular matrix is computationally cheap
to construct. However, if more than one initial guess is available, it is beneficial to design
the matrix M via an optimization problem that attempts to minimize the violation of the
above conditions for all initial values of 2.
Observe that the dual of Problem (3.3) can be obtained as:

maximize —y'A\
AER™
subject to M + Z A M, =0 (3.4a)
r=1
[RY/y (3.4b)

where > 0 is the positive semidefinite sign. Define the matrix .JJ and the vector d as:

=[Mz ... My,z] (3.5a)
Mz (3.5b)

Q)

where z is the solution of the original problem (3.2). The matrix J captures the coherence
between the model vector z and the measurement matrices M,. At its turn, the vector d
measures the alignment of the solution z and the prior knowledge . Note that J and d are
both completely noise-agnostic. The regularity property of the matrix J and the norm of
the vector d play important roles in guaranteeing the correct recovery of z. A preliminary
result is provided below, which will later be used to study the penalized SDP.

Lemma 5. Assume that there exists an index r € {1,...,m} such that 2" M,z # 0 and
p> |1J¢ (d - us sign(ns)) |l (3.6a)
k(M - .
D - | (d - us sign(ne)) I + 5] (3.60)

QmELXHMTHQ

~

Then, (227,7n) is the unique solution of the penalized SDP. Moreover, A= { ig } defined as
B

As = — u sign(ng)

Ao == J§ (d+ Jshs)

15 a dual solution.
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Proof. The proof is provided in Appendix. O

The conditions given in Lemma 5 will be refined and further studied in Section 3.4 to
uncover useful properties of the penalized SDP.

Penalized Second-Order Cone Programming

Although penalized SDP is a convex optimization, its memory and time complexities make it
less appealing for large-scale problems [14]. These complexities can be significantly reduced
if the union of the 0-1 sparsity patterns of the matrices M, M, ..., M,, is a sparse matrix itself
[40]. This requires a natural sparsity in the measurement matrices M, and also the design
of a sparse matrix M, which is not always possible. As an alternative, one can break down
the complexity of the penalized SDP by replacing its constraint X > 0 with second-order
conic constraints. Although penalized SDP offers better recovery guarantees than penalized
SOCP, the latter has a significantly lower computational complexity and can be efficiently
solved for large-scale problems using interior-point methods [4]. In this part, we study the
penalized SOCP as a counterpart of penalized SDP. This optimization problem is obtained
by building the cone C based on the 2 x 2 principal submatrices of W, as explained below.

Definition 2 (2PSM). A matriz X € S™ belongs to the 2 x 2 principal sub-matrices PSD
cone if each 2 x 2 principal sub-matriz of X is positive semidefinite, i.e.,

[e" I]"X e €] =0, Vi<y

Since the 2PSM cone is not self-dual, we introduce the scaled diagonally dominant cone
below.

Definition 3 (SDD). A matriz X € R™™ belongs to the scaled diagonally dominant cone
if there exists a set of 2 X 2 positive semidefinite matrices {X”}E]" such that

-1

.

[ei ej]Xij[ei ej]T:X
1

=21

The notation {X”}E]" in the above definition means { X% ‘j =2,...,ni=1,...,7—1}.
The next lemma explains the connection between 2PSM and SDD cones.

Lemma 6 ([86]). The dual of the 2 x 2 principal sub-matrices PSD cone is the scaled diag-
onally dominant cone of the same dimension.

In what follows, we will define and describe certain properties of a linear space of diagonal
decompositions of matrices. These definitions are somewhat more tedious than the ones in
the previous subsection, but they serve the same aim: they formally define the matrix M
and the counterparts of J and d for the penalized SOCP.
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Definition 4. The sequence {AY € S*},; is said to be a diagonal decomposition (or just
decomposition) of A € S™ if

3
<.
|
_

A= [ei, ej]Aij[ei,ej]T

=2 i=1

A decomposition that consists of PSD matrices is a certificate that a matrix belongs to
the SSD cone. Similarly to the function x defined for the penalized SDP, we introduce the
function x({X"},;) as follows:

X ({XY}ic;) == mintr(X") = min (A (X¥) + Xa2(X¥))
<

1<j 1<j

Consider a sequence {M% € S?}/=" such that
{X({Mij}i<j) >0

sz[éz éj]—l— =0 for all ¢ <]

Define the corresponding penalized SOCP as Problem (3.3) with C equal to the 2PSM cone
and
M=l IM[e €] (3.7)
i<j
Since M%7 = 0, the matrix M belongs to the SDD cone. Similarly to the penalized SDP,
there is an infinite number of possible matrices M, one of which can naturally be obtained

by selecting M% to be the orthogonal projection onto the line orthogonal to [2; 2,]T.
The dual of the penalized SOCP takes the form:

maxy g mgisi — yT)\
subject to M + Z NM, =H (3.8a)
r=1
Y leh H e @) = H (3.8h)
1<J
HY7 =0 (3.8¢)
Moo < g (3.8d)

where the variables are A € R™, H € S" and {H}/=!' C S?. Now, it is easy to observe that
each conic constraint [e! €] X[e! e’] = 0 in Problem (3.3) corresponds to the dual variable

matrix H%. Hence, the complementary slackness condition can be written as

(le" " X[e" €], HY) =0, foralli<j<n
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Define G to be a symmetric matrix such that M%7[z; 2|7 = [Giy; Gy]" for alli < j €
{1,...,n} and Gy = 0 for all ¢ € {1,...,n}. Furthermore, for every r € {1,...m}, define
R" as a matrix with the properties:

> R =Mj foralliec{l,...,n}
J=1
R, =0 forallie{l,...,n}

One simple example of this matrix is a matrix with the (i, j)-entry equal to R}, = i

for i # j. Given r € {1,...,m}, define G" € R™" as a matrix with the components
Gi; = ziMJ; + z Rj; and G7; = 0 for all 4,5 € {1,...,n}. Similarly to (3.5), define:
J = [ veend (G') ... vecnd (G™) ] (3.9a)
d = veend (G) (3.9b)
where the vectorization operator vecnd : R™*" — R~ puts all elements excluding the
diagonal of its matrix argument into the form of a vector. Similarly to the penalized SDP
case, here J captures the coherence between the data and the true model, while d captures

the correlation between the true model and the prior knowledge.
The counterpart of Lemma 5 is stated below for the penalized SOCP.

Lemma 7. Assume that the components of the initial guess are nonzero (i.e., zZ; # 0 for all
i€{l,...,n}) and that there exists an index r € {1,...,m} such that Z2*M,.z # 0 and

> 195 (d— s sign(ne)) [l (3.10a)

X{M"}ij)
max [tr({M}ic;)]

> |17 (4= nis sign(n)) | + plB| (3.10b)

~

Then, (227,n) is the unique solution of the penalized SOCP. Moreover, A= [ ;g } defined
B

as

A = — pu sign(ns)
Ao =~ Jg (d+ Jshs)
can be completed to a dual optimal solution.

Proof. The proof is provided in Appendix. m

We need to mention that while there is some freedom in the choice of 5\9 in the proof of
Lemma 7, the dual variables \g associated with the bad measurements are inflexible. This
is elaborated below.
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Lemma 8. \g = —u sign(ng) is the only possible choice for the optimal dual variables if the
optimal primal variables are (227,n).

Proof. The proof is provided in Appendix. O

3.4 Main Results

In this section, we develop the key theoretical results on the Robust Quadratic Regression
solution via the conic methods presented in the preceding section. The common structure
of the conditions in Lemmas 5 and 7 allows us to derive results providing guarantees for
both the SDP and the SOCP approaches simultaneously. To do so, we will use the universal
notations J and d to denote J and d (defined in Subsection 3.3) in the penalized SDP case
and to denote J and d (defined in Subsection 3.3) in the penalized SOCP case. Define

K(M) X({M}ic))
(0 = —-———"—— O0I' = —
SDP ™ 2]ld]l> max [ ]2 SOCP = Ydil max [er(M7)
T, 1<J

For the particular matrices M constructed in Section 3.3 using the projection operator, both
k(M) and x({M"Y},;) are equal to 1. In addition, one can normalize the equations in (3.2)
before solving the problem via a rescaling so that ||M,|| = 1, in which case the terms with M,
in the definitions of aspp and agocp can be eliminated (or bounded by a constant). Therefore,
we can write that aspp o | (i, ﬁ} ~Hand asoce < (30, ([ ) [ )~ which
imply that these parameters measure the amount of information in the prior knowledge.
Henceforth, we use the shorthand notation « to denote aspp or asocp depending on whether
the penalized SDP or SOCP is analyzed. The same notation is used for [ that takes one of
the following values:

. 2
lspp =n;  lsocp =n° —n

Deterministic Bound

In this subsection, we establish a uniform bound on the number of bad measurements that
a penalized conic relaxation can tolerate. To do so, we make use of two matrix properties
introduced in [11].

Definition 5 (SSC property). A matriz X € R™™ is said to satisfy the Subset Strong
Convezity (SSC) Property at level p with constant v, > 0 if

Y < min )\mm(XSXST)
|S|=p

Definition 6 (SSS property). A matriz X € R™™ is said to satisfy the Subset Strong
Smoothness (SSS) Property at level p with constant T') > 0 if

max \/ Aoz (XsXd) < T,
|S|=p
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Note that the notation |S| = p in the above definition specifies the index set of any p
columns of the matrix X. The ratio of the constants 7, and I',,_, can be interpreted as a
uniform condition number at level p.

Theorem 4. Consider Problem (3.2), and let N = |B| denote the cardinality of the support
of the noise vectorn. Without any future assumption on the noise, consider the corresponding
penalized conic problem. Consider arbitrary constants &, v and I' such that

(VNE+(1-5))Vm=N+N
y-T ’

o >

o If the exact solution z of (3.2), the prior knowledge Z and the measurement matrices
M, are such that J satisfies the SSC property at level m — N = |G| with the constant 7y
and the SSS property at level N = |B| with the constant ', then there exists a constant
w for which (227,7n) is the unique solution of the penalized SDP problem if aspp > a.

e If the exact solution z of (3.2), the prior knowledge 2 and the measurement matrices
M, are such that J satisfies the SSC property at level m — N = |G| with the constant
and the SSS property at level N = |B| with the constant ', then there exists a constant
w for which (227, n) is the unique solution of the penalized SOCP problem if asocp > @.

Proof. The proof follows from Lemmas 5 and 7, together with Lemma 9 to be stated later
in the chapter. O

Theorem 4 implies that the penalized conic relaxations are exact and the corresponding
instances of the A/P-hard problem (3.2) can be solved in polynomial time, provided that
they satisfy a certain condition. This condition is not restrictive as long as the amount of
information in the prior knowledge is not too low.

Notice that aside from the cardinalities of the sets G and B, Theorem 10 imposes no con-
dition on the noise values. Therefore, the guarantee provided by this Theorem is established
for the “worst-case scenario” when the adversary is adaptive and strategically selects the
indexes of the error vector 17 based on the true solution z to have the most impact. Theorem
4 in the chapter is based on two basic assumptions:

e Incoherence of the good measurements and dominance of good measurements over bad
ones: This is implied by the terms of the form v — I in the inequality bound;

e The amount of information in the prior knowledge: This is implied by the lower bound
o> Q.

Although Theorem 4 just states the existence of the hyperparameter p, we will identify an
interval for this parameter below.
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Lemma 9. Let J be a matriz in R™*™ that satisfies the SSC and SSS properties on levels |G|
and |B| with the respective constants g and I'\g (g > I'ig). Moreover, let d be a vector
in RY and \ be a vector in R™ such that \g = p - s, where i is a scalar and the entries of s
are only +1 or —1. If

ayig/(mgl — Tia) — 1Blvg > (\/Efuﬂ + (161 — F|B|)>\/@

then the interval

[ [EE <cmg|—m>udu2] (3.11)
el = Lisl /1BIIGIT s + 1Blyg

1s not empty and the system of inequalities

{ > H)‘Q”oo
alldlls > [[Agllr + pl B

is satisfied with \g = —Jg (JgAg + d) for every y in the interval (3.11).

Proof. The proof directly follows from Definitions 5 and 6, as well as Lemma 19 proved in
Appendix. n

Lemma 9 provides an interval for the hyperparameter p. The length of this interval and
its location depend on the solution z and the amount of information in the measurements,
but they are independent of the noise values. This is consistent with the existing results
for the precedents of the quadratic regression problem, such as Lasso [105] and Graphical
Lasso [88]. In such problems, the existence of this interval with unknown endpoints is
enough for developing iterative methods, such as bisection techniques, to repeatedly solve
the problem and update i based on measuring the quality of estimation at each run of the
optimization. This fits within the realm of model selection, where one can use information-
theoretic methods such as the Akaike criterion. In Section 3.6, we will verify that the simple
idea of trying multiple values for p with different orders of magnitude performs well on real
data.

Stochastic Bound

In the preceding section, we developed theoretical results on the correct recovery of the
state of the problem and the number of permissible bad measurements. Unlike the existing
results that focus on particular types of quadratic regression problems, these results apply
to any arbitrary set of matrices M,’s. This generality of the results has made the conditions
somewhat sophisticated. In what follows, we will simplify the results and provide some
intuition under a stochastic setting.

Definition 7. A matriz X is called standard Gaussian over R if its entries are independent
and identically distributed random variables with a standard normal distribution.
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The data in this subsection is assumed to be stochastic, and therefore the associated
theoretical results should be stated in a probabilistic sense. We select 6 € (0, 1), and define

. v/llog 3 +1og 2 \/llog 3 +log 2 .
€* = argmingsg 2v/6e - —5—" and T; = 2v/6e - $ where e is the Euler’s
number.

Theorem 5. Consider a random instance of Problem (3.2) where the measurement matrices
M, and the exact solution z are random and distributed such that J (either J or J) is a
standard Gaussian matriz. B consists of N elements selected uniformly on random from the
measurement index set {1,2, m} C’onszder an arbitrary constant 6 € (0,1). Introduce

shortcut notation: a = \/v/m — N — 15, b = VVN + 715 and ¢ = /vVm — N + Ts, let @ be a

constant satisfying

(m—N)i—Nib4 & {%+ : }
@ N1 (m-N)%

a— Ni(m— N)"ib

e If the exact solution z of (3.2) and the prior knowledge Z are such that aspp > @,
then with probability at least (1 — §)? there ewists a constant u for which (zz",n) is the
unique solution of the penalized SDP problem.

e If the exact solution z of (3.2) and the prior knowledge Z are such that asocp > @,
then with probability at least (1 — §)? there exists a constant u for which (zz",n) is the
unique solution of the penalized SOCP problem.

Proof. The proof follows from Lemmas 5 and 7, together with Lemma 10 to be stated later
in the chapter. [

Unlike the results of the previous subsection, the stochastic bounds given above are es-
tablished for a “random scenario” when the adversary is oblivious and selects the indexes of
the nonzero components of the error vector n on random with a uniform distribution. Never-
theless, we still consider the noise values to be completely arbitrary and possibly engineered
to have the most negative impact on the regression problem.

It is important to discuss when J becomes a Gaussian matrix in order to use the stochastic
bounds in Theorem 5. The easiest scenario corresponds to the case where the true solution
z is a deterministic Vector while M,’s are stochastic matrices. For example, [M,];; with
the distribution A(0, -1z) makes [M, 2] a standard normal vector, independent of any other

.7

column vector in the matrlx J. Likewise, an example of the data distribution for the SOCP

case is [M,]; ~ N(0,n — 1) and [M,];; ~ N(O, (%)2) when ¢ # j. Indeed, R;; ~ N(0,1)

whenever i # j will make J a standard Gaussian matrix.

The major difference between Theorem 5 and Theorem 4 is the elimination of the SSC
property conditions. The simplification of the deterministic bounds was carried out for a
Gaussian setting, but the developed techniques could be used to study other distributions
as well. We will identify an interval for the hyperparameter p below.
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Lemma 10. Let J be a matriz in R™>™™ that is sampled from a normal standard Gaussian
distribution. Moreover, let d be a vector in R' and X be a vector in R™ such that \g = ju - s,
where v is a scalar and the entries of s are only +1 or —1. Consider arbitrary numbers

/ / 2
5 €(0,1) and € > 0. Denote 75, = df_;;:gﬁ where ¢ = 24¢€? logg and ¢ = 24¢%. If

A Ag A
VIl > VIBIYRE  i Iet (3.12)

where Ay > == o5 fort = |B| and |G|, then with probability at least (1 — 6)? the interval

lldll2 (y/(1—Ajg)—Dlldll2 (3.13)
\/lg\(1—A\g|)—\/|3|(1+A|B|)’ |B|(\/(1+A|B\)+\/(1+AIQ\)) '
s not empty and the system of inequalities

{ > H)‘Q”oo
alldlls > [[Agllr + pl B

is satisfied with \g = —Jg (JgAs + d) for every pu in the interval (3.13).
Proof. The proof is provided in Appendix. m

As explained after Lemma 9, the existence of the unknown interval given in (3.13) enables
the design of iterative techniques to adaptively find a suitable value for p. We will illustrate
the insensitivity of the conic programs to the exact value of p in Section 3.6.

It can be verified that to satisfy the condition (3.12), the number of good measurements
|G| must grow quadratically in the number of bad measurements |B| for both the penalized
SDP and the penalized SOCP relaxations. Nevertheless, in the case when o — oo, this
condition on |G| and |B| can be reduced to the simple inequality

GI(1— 22) > |B|(1 4+ —2=)

VIg] V18I

g] > 2
€ 3.14
{\B\ < 1G] + 72, — 273/[C] (3.14)

The above inequalities imply that the number of bad measurements |B| is allowed to increase
from O(+/]G]) to O(|G|) as the amount of information in the prior knowledge increases.

Numerical studies show that the function 75, is expected to be fairly flat with respect
to e for practically important values of the parameters. For illustration purposes, consider
[ =100 and 6 = 0.05. In this setting, € = ¢* = 0.05514 is the minimum of 75. and

or equivalently

2
.~ 893.71 + 223.6 log 55T
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which demonstrates the asymptotic behavior of the function. Since lspp = n but lsocp =
n? — n, it can be concluded that the guarantee for the SDP approach works whenever the
number of measurements is on order of the size of the problem, while the guarantee for
the SOCP approach requires a higher number of measurements. This gives rise to a salient
difference between the penalized SDP and the penalized SOCP: the SDP approach offers a
higher performance over the SOCP approach but is computationally more expensive. An-
other important difference between the SDP and SOCP approaches—coming from the nature
of the problem itself—is rooted in the definition of the coefficient . The amount of prior
knowledge needed for the SDP approach to work is less than or equal to that needed for the

SOCP approach.

3.5 Robust Least-Squares Regression

Taking a step back from the penalized convex program, note that the literature on regres-
sion under sparse noise utilizes other methods along with convex relaxation techniques. To
consider an alternative baseline, in this section we focus our attention on the development of
an iterative technique inspired by Bhatia et al. [11]. This new method is most useful when
no prior knowledge about the unknown solution is available. To build an iterative algorithm
for solving Problem (3.2), consider the optimization

minimize
XeSn, veR™

DN | —

Z ((Xv M'f‘> + Vp — yr)2

(3.15)
subject to X >0

where k is a parameter. This problem is nonconvex due to a cardinality constraint.
Definition 8. Define HT), : R™ — R™ as a hard thresholding operator such that

if |zi| is among the k largest-in-magnitude entries of z

) i
[HTy.(y))i = { 0  otherwise,

where [HT}(y)]; denotes the i*" entry of HTy(y).
Consider the function

and let W(u) denote a solution to this problem. We propose a Hard Thresholding method
for solving the quadratic regression problem, which consists of the iterative scheme

V' = HT.(v — d(vY))
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where
m

d(V) - %VV (Z (<Xa Mr> - (yr - Vr))z)

r=1

X=W(v)

(the symbol V, stands for the gradient with respect to ). By Lemma 3.3.1 in [9], if W (v)
is a continuously differentiable mapping, then V f(v) = d(v). Inspired by this fact, one may
informally regard d(v) as the gradient of the optimal value of the optimization problem (3.15)

without its cardinality constraint. Define w = vec (X), w(v) = vec (W (v)), a, = vec (M,)
forr=1,...,m,and A=[a; ... ay]'. It can be verified that

dlv) =Aw(v) —y+v

which implies that

A

HTy(v — d(v)) = HT(y — A - vec (W (v)))

Based on this formula, we propose a conic hard thresholding method in Algorithm 1. Unlike

Algorithm 2 Conic Hard Thresholding

Input: Covariates A, responses y, corruption index k, tolerance ¢, and cone C
Initialization :
10«0, t<« 0
LOOP Process
2: while [[v! — 71| > ¢ do
X it . t\)2 .
3 Wh=arg min 3, (X, My) = (yr = 22))"
VI = HTy(y — A - vec (W1));
t+—1t+1;
end while
return Wit

the penalized SDP and penalized SOCP methods, Algorithm 1 does not rely on any prior
knowledge. Instead of the penalty terms in the objective, it solves a sequence of conic
programs to identify the set of bad measurements through a thresholding technique. In
the regime where m > @, this algorithm with a high computational complexity can be
further relaxed by letting the cone C be the set of symmetric matrices. We refer to this as
Algorithm 2, where the condition W >=¢ 0 is reduced to W = W . Note that Algorithm
2 is not effective if m < n(n + 1)/2 because the number of measurements becomes less
than the number of scalar variables in W. On the other hand, as m grows, the feasibility
constraint W >¢ 0 would more likely be satisfied for free (since the feasible set shrinks) and
Algorithm 1 would perform similarly to Algorithm 2. Inspired by this property, we analyze

the asymptotic behavior of Algorithm 2 for Gaussian systems below.
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Lemma 11. Suppose that |B| < o000, M = n?, and M, is a random normal Gaussian matriz
forr =1,...m. For every e > 0, Algorithm 2 recovers a matriz W such that |W —z2" ||y < ¢

within O(log(@) +log(3%-)) iterations.
Proof. Tt follows from Theorem 4 by [11]. O

Let W* be any solution obtained by Algorithm 2. Then, one can use its eigenvalue
decomposition to find a vector u such that v = arg m(icn lovT — W||y. Therefore,
veln

luu” — 22" [l2 = [[(uu" = W) = (227 = W)z

3.16
< Jluw’ = Wz + flzz" = W*lp < 2¢ (310

This means that Algorithm 2 can be used to find an approximate solution v with any arbi-
trary precision for the robust regression problem for Gaussian systems with a large number
of measurements and yet it allows up to a constant fraction of measurements to be com-
pletely wrong. Comparing this with the guarantee O(|B|) = O(|G|2) for the penalized conic
methods, given by Theorem 5, it can be concluded that Algorithm 1 (or 2) is asymptoti-
cally more robust to outliers than the penalized conic program since it solves a sequence of
optimization problems iteratively as opposed to a single one. This leads to another level of
tradeoff between the complexity of an estimation method and its robustness level.

The theoretical analyses of this work were all on a regression model subject to a sparse
error vector. However, the results can be slightly modified to account for modest noise
values in addition to sparse errors. The bounds derived in this work remain the same, but
the solutions found by the penalized conic problem and Algorithm 1 would no longer match
the true regression solution being sought (as expected, due to a corruption in all equations).
The mismatch error is a function of the modest noise values. The details are omitted for
brevity; however, the this scenario will later be analyzed in numerical examples.

3.6 Experiments

In this section, we study the numerical properties of the penalized conic methods and the
conic hard thresholding Algorithm 1. The simulation results in Section 3.6 and 3.6 are on
physical systems for which we use the realistic prior knowledge that can be inferred from
the physics of the problem (without having access to any information about the solution).
In addition, we do not use any prior knowledge for the simulations in Sections 3.6 and 3.6,
and select M to simply be a diagonal matrix.

Synthetic Data

Remember that, following [65], we define the representation of a sparsity pattern of an
arbitrary matrix X € S” to be a binary matrix N € S™ whose (i, j)-entry is equal to 1 if and
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Figure 3.1: Estimation error as a function of: (a) the number of data points m, (b) the dimen-
sionality n, (c) the standard deviation o of additive white noise.
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Figure 3.2: Estimation error as a function of the number of bad measurements k for different
magnitudes of additive dense Gaussian noise.



CHAPTER 3. COMPLEXITY OF THE PROBLEM UNDER SPARSE NOISE 47

only if X;; # 0. Define the set of all of the matrices with the same sparsity pattern
S(N)£{X eS"|XoN =X}

We conduct some experiments on synthetically generated quadratic regression data sets with
corruptions. The true model vector z is chosen to be a random unit-norm vector, while the
input matrices M,’s are chosen from S(N) according to a common random sparsity pattern
N. The nonzero entries of M,’s are generated from a normal standard distribution. The
matrix N has all diagonal elements and 3n off-diagonal elements nonzero. The off-diagonal
positions are selected uniformly. The measurements to be corrupted are chosen uniformly
at random and the value of each corruption is generated uniformly from the interval [10, 20].
The measurements are then generated as y, = z*M,z + 1, + w,, where in addition to the
sparse error vector 7 there is a random dense noise vector w whose entries are Gaussian with
zero mean and standard deviation o. All reported results are averaged over 10 random trials.

By assuming that no prior information about the solution z is available, we set the matrix
M to be the identity matrix. The parameter u is chosen as 1072. Regarding Algorithm 1,
the parameter k is selected as the true number of corrupted measurements, the tolerance ¢ is
set to 1073, and the algorithm is terminated early if the number of conic iterations exceeds
50. In both of the methods, C is considered to be the 2PSM cone. Hence, we refer to these
methods as penalized SOCP and SOCP hard thresholding. Due to the sparsity in the data,
the SOCP formulation can be simplified by only imposing those 2 x 2 constraints in (2) that
correspond to the members of {(4,j) | V;; = 1}.

We measure the performance of each algorithm using the root mean squared error
(RMSE) defined as %, where x is the output of the algorithm and z is the correct
solution. Figure 3.1 shows the RSME in three different plots as a function of the number
of data points m, the dimensionality n, and the additive white noise standard deviation o.
Figure 3.2 depicts the RSME as a function of the number of bad measurements & for different
magnitudes of additive dense Gaussian noise. It can be observed that both the penalized
conic problem and the conic hard thresholding algorithm exhibit an exact recovery property
for systems with up to 700 randomly corrupted measurements out of 2500 measurements in
the absence of dense Gaussian noise. The same behavior is observed in the presence of dense
Gaussian noise of different magnitudes: the error of the penalized SOCP solution grows
gradually, while the error of the hard thresholding algorithm has a jump at around 800 bad
measurements. These simulations support the statement that up to a constant fraction of
measurements could be completely wrong, and yet the unknown regression solution is found
precisely.

Although the theoretical analysis provided in this chapter favors Algorithm 1 over the
penalized conic problem, our empirical analysis shows that the penalized SOCP method
has a better performance than the hard thresholding algorithm uniformly in the number of
measurements, dimensionality, noise magnitude and the number of outliers. To explain this
observation, note that the derived theoretical bounds correspond to the worst-case scenario
and are more conservative for an average scenario. Moreover, the implementation of Algo-
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rithm 1 in this section has limited the number of iterations to 50, while Theorem 11 requires
the number of iterations to grow with respect to the amount of corruption.

The results of this part are produced using the standard MOSEK v7. SOCP-solving
procedure, run in MATLAB on a 12-core 2.2GHz machine with 256GB RAM. The CPU
time for each round of solving SOCP ranges from 3s (for n = 250, m = 2500) to 30s (for
n = 400, m = 2500).

State Estimation for Power Systems

In this subsection, we present empirical results for the penalized conic problem with a PSD
cone C tested on the real data for the power flow state estimation with outliers. As discussed
in [69], this problem can be formulated as robust quadratic regression. The experiment is run
on the PEGASE 1354-bus European system borrowed from the MATPOWER package [38,
54]. This system has 1354 nodes and the objective is to estimate the nodal voltages based
on voltage magnitude and power measurements of the form y, = 2*M,z 4+ 1, + w,, where
w is a dense additive noise whose 7" entry is Gaussian with mean zero and the standard
deviation equal to o times the true value of the corresponding voltage /power parameter. The
dimension of the complex vector z is 1354, which leads to 2708 real variables in the problem.
In this model, the measurements are voltage magnitude squares, active and reactive nodal
power injections, and active and reactive power flows from both sides of every line of the
power system. This amounts to 3n 4 4t = 12026 measurements, where ¢t = 1991 denotes the
number of lines in the system. Note that the quadratic regression problem is complex-valued
in this case.

The penalty parameter i of the penalized conic problem is set to 10? and the matrix M
is chosen as —Y + I, where Y is the susceptance matrix of the system and -y is the smallest
positive number that makes M positive semidefinite. This choice of M corresponds to Z being
equal the eigenvector of —Y associated with its smallest eigenvalue. This eigenvector provides
a combination of voltages that results in the minimum amount of reactive power loss, as
shown by Madani, Lavaei, and Baldick [66]. Hence, by using this particular M, we implicitly
assume that the ground truth vector of voltages does not create a large amount of reactive
power loss, which is a physical feature of real-world power systems. Since the penalized SDP
problem is large-scale, we employ a tree decomposition technique to leverage the sparsity of
the problem to solve it more efficiently [64]. The width of the tree decomposition used to
reduce the complexity is equal to 12. We do not report any results on Algorithm 1 because it
requires solving large-scale SDPs successively and this could be time-consuming. Moreover,
the number of measurements is not high enough to use Algorithm 2, and, therefore, we will
not test this method either.

The numerical results are reported in Figure 3.3. Remarkably, if the dense Gaussian
noise is non-existent, the conic problem recovers the solution precisely as long as the number
of bad measurements is less than 150 (note that \/m ~ 109). Note that power systems are
sparse networks, their models are far from Gaussian, but the bounds from Theorem 5 are
still valid in this numerical example.
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Figure 3.3: This plot shows the RMSE with respect to the number of corrupted measurements k
for the PEGASE 1354-bus system.

Dynamic State Estimation

In this subsection, we demonstrate the usefulness of the proposed mathematical technique
for solving sequential decision-making problems. We again consider data analytics for power
systems, but leverage the fact that state estimation is solved regularly due to the time-varying
and stochastic demands requested by millions of consumers. At each time instance, we use
the estimated state of the system at the previous time as prior knowledge for inferring
the current state of the system. We use the IEEE 300-bus benchmark system from the
MATPOWER package and simulate two hours of its evolution under varying nodal active
and reactive powers to reflect the changes in supply and demand. The net nodal powers
are the only time-varying measurements of this system (each net power is the difference
between the generation and the consumption at the node). To make the analysis realistic,
we simulate both continuous changes and sudden jumps in the time-varying nodal powers.
The continuous changes are modeled by a Wiener random process, while the jump values and
locations are sampled from a uniform distribution that affect each time-varying measurement
(curve) 5 times over the considered interval on average. The evolution of some of these
measurements is depicted in Fig. 3.4.

At each time step of the simulation, happening every 2 minutes, we solve the state
estimation under sparse noise via the penalized SOCP method described in Section 3.3. We
let the number of corrupted measurements be 20% of the total number of measurements



CHAPTER 3. COMPLEXITY OF THE PROBLEM UNDER SPARSE NOISE 50

520.4 %
@ 20.2 o
c;> <;3217 5
% 20.01 | | e il . |
0 50 100 0 50 100
Time (min) Time (min)
= 1.0 =
~3 X1
% 0.5 O
S 3
A 0.0 o 0]
0 50 100 0 50 100
Time (min) Time (min)
< 106.5 -
E E 0.50;
2106.0 2 0.25]
(@] (@]
(a1 (a1
| | L‘“ 0.00+¢ , :
0 50 100 0 50 100
Time (min) Time (min)

Figure 3.4: Net active (top) and reactive (bottom) powers at buses 2 (left), 50 (middle) and 93
(right) over the period of simulation.
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Figure 3.5: This plot shows the root mean squared error over the time period of the simulation.
The dashed line denotes the error obtained by applying the SOCP penalized method with the
objective matrix M constructed from the matrix Y as in Section 3.6. The solid line denotes the
error obtained by applying the same method, but using a dynamic method for designing M through
the path-following approach.

m = 3444. In the first time step, we construct the matrix M according to the formula
(3.7) based on the true state of the system, set in accordance with the IEEE 300-bus system
data set. At each subsequent time instance, we construct the matrix M based on the
solution obtained in the previous time step. We refer to this procedure as the path-following
experiment.

As a baseline for comparison, we also study a different strategy where we apply the
penalized SOCP method at each time step with the objective matrix M constructed from
the matrix Y as in Section 3.6, without using the prior knowledge in the solution of the
previous time instance. Both the baseline and path-following experiments were conducted 5
times to produce an average result. The values of the parameter . were chosen prior to the
experiment as 5 - 107! for the baseline and 5 - 10~* for the path-following part. They were
chosen experimentally from the set {5,5-1071,5-1072,5-1073,5-107%,5 - 107°}.

Figure 3.5 demonstrates that the errors produced in the path-following experiment are
smaller than the errors produced in the baseline experiment by an order of magnitude. Given
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Figure 3.6: This plot shows the average estimation error of 15 random ground truth realizations
with respect to the number of corrupted observations.

that the only difference between these two approaches is in the construction of the objective
matrix, one can conclude that the solution of the problem in each time step can serve as
useful prior knowledge for the next time step.

There is also a notable uptrend of the bottom curve, which reflects the error accumulation
during the path-following experiment. This is due to the fact that the prior knowledge at
each time is considered to be the state estimated at the previous time, rather than the true
state of the system at the previous time. As a result, if the previous estimated state has some
error, it affects learning the current state and this error accumulates over time. However,
since the model (e.g., topology) of a power network changes on a slow time scale (e.g., every
few hours), there is a reset in the process that eliminates the error.

Linear System Identification

Following [33], this case study is concerned with the problem of identifying the parameters
of a linear dynamical system, given limited observation and non-uniform snapshots of the
state vector. Consider a discrete-time linear system described by the equations

z[r + 1] = A*z[r| + B*u|7] r=12,...,T -1, (3.17a)
y[t] = C*z*[1] + w*[7] r=12,...,T, (3.17b)

where
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o {z[r] € R"}1I_, are the state vectors that are known at times 7 € {7,...,7,},

=1

e {u[r] € R™}I_, and {y[r] € R¥}I_, are the known control and observation vectors,
respectively,

o A* € R B* ¢ R™™ and C* € RF¥*™ are fixed unknown matrices, and

o {w*[r] € R*}T_, are the vectors of sparsely occurring observation errors that are un-
known.

We propose to determine the triplet (A*, B*, C*) by solving the following system of quadratic
equations:

0=cex x[r+ 1] — (e x B)u[r] — Az[7] r=12,...,T -1, (3.18a)
y[r] = Cx[r] + w[r] r=12,...,T, (3.18b)
x[r] = e X 7] T =T1,T2, - Tos (3.18c¢)
1=é? (3.18d)
with the unknown vector
v = e, 217, 2[2]", ..., 2[T]",vec{A}" vec {B}" vec {C}']" (3.19)

and the noise estimation vectors {w[r] € R¥}_,. The auxiliary variable e is added to make
the system of equations homogeneous, similar to the canonical quadratic regression problem
(3.2). In order to solve the system of equations (3.18), we formulate the penalized SDP
problem (3.3) by introducing the matrix variable X accounting for za . In this experiment,
we use the objective function

(M, X) +1x Y |lwlr]lh (3.20)

T=1

where M = diag{[0, 0.001 X 11xn7, lixnz, O1xnm, lixnk)} and = 0.1.

We consider system identification problems with n = 5, m = 2, k = 3, and T' = 50
time epochs. We assume that, for every 7 € {5,10, 15,20, 25, 30, 35,40, 45,50}, the state
vector z[7] is unknown. The elements of the ground truth matrices A* € R>*® B* € R5*2,
C* € R3*5 and the control vectors {u[7]}1_,, as well as the initial state z[1] have independent
Gaussian distribution with zero mean and variance % Unstable ground truth matrices A
with an eigenvalue outside of the unit circle are excluded. For various values of p, we
randomly choose p elements of {y[7]}1_, and corrupt them by adding observation errors
chosen uniformly from the interval [10,20]. Figure 3.6, demonstrates the average estimation
error for 15 trials. As shown in Figure 3.6, with up to 35 corrupted observations, the triplet
(A*, B*,C*) can be recovered with zero error. Exploiting the sparsity of the problems [76],
each round of penalized SDP has been solved within 5 minutes.
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Appendix

Proof of Lemma 5
The following lemma studies Slater’s condition for the dual problem (3.4).

Lemma 12. If there exists an indexr € {1,...,m} such that 2T M,% # 0, then the interior of
the feasible region of the problem (3.4) is not empty and strong duality holds for the penalized
SDP.

Proof. Choose ¢ € {—1,+1} such that ¢2"M,2 > 0. To construct a strictly feasible point
for Problem (3.4), it is enough to consider A\ = ue”, where u > 0 is a constant that is smaller
than p and M + cuM; > 0. Such a constant exists due to Lemma 3.2.1 in [8]. O

Proof. of Lemma 5 Strong duality of the penalized SDP follows from Lemma 12. We
aim to prove that under such a choice of A, the matrix M + 3. A, M, is a PSD matrix. The
complementary slackness condition:

(22", M +) \M,) =0

r=1

or equivalently

(M +> A\M,)z=0. (3.21)

r=1
It is straightforward to verify that the condition (3.21) is satisfied for A = A. Therefore,
rank(M + Z AM,) < n — 1. In light of Corollary 4.3.39 in [49], that x(-) is a concave

function. Now it follows from condition (3.6b) that

RIM + Y NM,) > 6(M) 4+ k(AM,) = k(M) =2 " [A] [|M,]lz >0

which, combined with (3.6b), yields that rank(M +> " A M,) > n—1. Dual feasibility for
j\g follows from condition (3.21), the above inequality, definition of x and condition (3.6a).
On the other hand, primal feasibility is satisfied for (zzT,7). Therefore, (zz",7) and X is a

primal-dual optimal pair for the problem. This completes the proof. O

Proof of Lemma 7
Lemma 13. The sequence {AY € §*},; is a decomposition of A if and only if:

{[A%HAM] = Ay = Ay
i Xt (A7, + T, T 4] = A
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Proof. The proof is based on basis linear algebra and is omitted for brevity. O]

We define linear operations over decompositions below.

Definition 9. Given the sequences { A" € SQ}EJ" and {BY € SQ}E;L, define the sum:

{Aij}j<n + {B”}J<T‘ = {AT ¢ Bij}jgﬂ

1<] 1<J 1<J

Definition 10. For a sequence {AY € SQ}EJ" and a scalar ¢ € R, define the multiplication.:

fATVIE = [ ATVIZD

1<] 1<)

In the following statements, we sometimes omit the indexes of decompositions when they
are obvious from the context.

Lemma 14. If {AY € S?Y/=" and {BY € S*}/=" are decompositions of A and B respectively,

then {AY + B} is a decomposition of A+ B and c{A"} is a decomposition of cA, for all
ceR.

Proof. To prove the first part, one can write:

Z[ei ¢l (A + B) [¢f ] =

i<j
D¢ A T4 ) e 1Bt )T = A+ B
i<j i<j
Moreover,
Z[ei eI)cAifel )T = cZ[ei A eI]T = cA
i<j i<j
This proves the second part of the lemma. O

Recall that x is a concave function, and an analogous property of y will be stated below.

Lemma 15. Given the sequences { A%} = {AY € SQ}EJ" and {BY} = {BY € SQ}EJ" as well
as ¢ € R, the following properties hold:

x({A7} +{B7}) > x({4"}) + x({B"})
x(c{A7}) > —|e| max |tr(A™)]

Proof. Introduce
(i,7") = argmin tr(AY);
1<J

(i",7") = argmin tr(BY);

1<j

(Z*,j*> = arg min tr(Aij + Bij);
1<]
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The proof of the first inequality follows from the following expression:

AT} + {BT)) 2 (477 4 BT) = (A7) + (BT 2

> tr(A™) +tr(B"7") = x({A7}) + x({B7})
For the second inequality, one can write

x(c{AY}) = min tr(cAY) = min c tr(AY) > —max |c tr(AY)| > —|c| max ltr(AY)|
i<j

i<j i<j i<j
This completes the proof. O
Lemma 16. If the components of the initial guess are nonzero (2; # 0 for alli € {1,...,n})

and there exists an indexr € {1,...,m} such that Z*M,.z # 0, then the interior of the feasible
region of Problem (3.8) is not empty, and strong duality holds for the penalized SOCP.

Proof. Recall that Z is an initial guess for the solution z and M a matrix in the objective
function constructed based on 2. We choose ¢ € {—1,+1} such that c2" M,z > 0, and
select A = uce”. It is desirable to show that if u is a sufficiently small positive number, then
M + ucM, belongs to the interior of the SDD cone, i.e., it can be written as

M + ucM, = Z[ei | H et )T,

1<j

where each HY is a 2 x 2 symmetric positive-definite matrix. By construction, the matrix
M can be written as
M = Z[ei I Mt eI]T
i<j

where each M is a 2 X 2 symmetric positive semidefinite matrix that has rank 1 and [2;, 2;]
belongs to the null space of M*. Now, we need to find a decomposition {BY},; of F' := cM,
such that M% + wB% becomes positive definite if u is small. Since the null space of M%¥ is
one dimensional, it suffices to show that [2; 2;]BY[2; 2;]T > 0 (due to Lemma 3.2.1 in [8]).
To this end, consider the following decomposition:

[BZ:J:]H = (d; — dj — Fzy)z_i + nil
[BY],5 =
[Bl']']zl = L
[B”]QQ = (dj —d; Fﬂ)? + nil
where d; = ZT?# for every i € {1,...,n} and s = % To complete the proof, it suffices

to show that o
{ F = ZZ.J.[eZ e’| BV e’ eJ]T

[,”27, ZA’]]BZJ[ZA'z ZA']']T >0



CHAPTER 3. COMPLEXITY OF THE PROBLEM UNDER SPARSE NOISE o7

Which according to lemma 13 is equivalent to the following three conditions satisfied simul-
taneously:

B, =F; By =F; Vi<j (3.22)

BUsi+ B2 > —(Fy+ Fy)z2 Vi<j (3.23)
> Bl+) Bi=Fi Vi (3.24)
J<i J>i

Condition (3.22) is straightforward to verify. To verify (3.23), notice that

ij 22 ij 22
Bz + Bypz;

_ Zj 52 Zi S \2
= ((di=dj = Fy) o DA+ ([~ di= B2 4+ )5
22 4 22
= (=B = Fjo)aiz; + s——5 > = (Fy + F) 2
To analyze (3.24), one can write:
> By + 2B
J<t 7> . N
= 2 ((di—dj = Fyj)Z+5) + 2 ((di —dj — Fyy) 3 + %)
1<t . 1>
— S —d— Fy)Z s
je
= LN 5 - 2) - 2D dig — dig) — (0 Fys — Fag) + s
J J
= %Zé] — Z%Zdjéj — %ZFU,%]—FS‘FEZ
J J J
J
= E1T2 - =Y [2TF — 28]5 — L[] F2 + s + F
J
4172 — L [2TF2— 5272 — L[] F2 4+ s+ Fy

2

As a result, if u is small, then ||uce” || < p and AY + uB"Y is positive definite. Therefore
M + uF belongs to the interior of the SDD cone. m

Using the notation from Section 3.3, define

. R M.
1] . — 1] 1]
=

and state the following lemma.
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Lemma 17. The sequence {M},j}ff]" is a decomposition of M,.

Proof. 1t is straightforward to verify that

n -1 n Jj—1
>3 i+ S-S0 =3 -
=2 j=1 7j=2 =1
The rest of the proof follows from Lemma 13. n

Lemma 18. {M“},; + > M{MY},; is a decomposition of M + > A\, M,
r=1

r=1

Proof. The proof follows immediately from Lemmas 14 and 17. O

Proof.  of Lemma 7 Strong duality of the penalized SOCP follows from Lemma 16. In
sight of Lemma 18, it is desirable to show that under A = X each matrix M% + > X\, M is
a PSD matrix. The complementary slackness condition can be written as

(2 zllz 2] M7+ \MT) =0

or, given M 4+ 5" \.M% = 0, equivalently,
r=1

(M7 43"\ M) { j } = 0. (3.25)

J
The condition (3.25) combined with x({M¥},.; + S A {M¥},;) > 0 yields
r=1
MY+ 3 MY =0
r=1

for all 4,5 € {1,...,n}, and thus M + > A\, M, € SDD (by Lemma 14). To satisfy the
r=1
condition (3.25), A must be such that:

= Rr. M, 2 e o
17 17 1 _ (¥
Z)\TLW' R’l}{zl_ {Gﬁl vi<y

r=1 J J

Y ONRm=— > MMz -Gy Vi#j

reguB reGuB

or equivalently
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Use the definitions given in (3.9) and rewrite this as
Jorg = —(Jsg + d)
One solution to the above system is
Ao = —Jg (Jphs + d)
To conclude with dual feasibility, it is sufficient to show that
XM7Y icj + 3 AAM}icy) > 0,
r=1

which is guaranteed by condition (3.10b) and Lemma 15, and ||A|os < g which is guaranteed
by condition (3.10a). On the other hand, primal feasibility is satisfied for (22", n). Therefore,

(zz*,n) and (A, {M%7} + 3 A\ {M#}) is a primal-dual optimal pair for the problem. This
r=1
completes the proof. O

Proof. of Lemma 8 Consider strong duality:
(227, M) + pllnll = —y " =

2T Mz + plnsll = — ZzTS\TMTz — g Ap =

r=1
2 (M + ZX«MT> z=- (/LH?78H1 + 77;5\3)
r=1

By complementary slackness condition, we have

2T(M 4+ S MM,z =

r=1

= ZT{Z[ei (MY + 3N M)[ ej}T}Z

1<j

- Sl slar s [ ] <o

i<j
Subject to the constraint ||A|l. < p, the only solution of p|nsli + ngAs = 0 is A\g =
—p sign(ns) 0

Proof of Lemma 10

The next lemma will help prove some key results of this Chapter.
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Lemma 19. Let J be a matriz in R>™, d be a vector in R! and \ be a vector in R™ such

that \g = 1 - s, where p 1s a scalar and s consists of +1 or —1. If

Umin<Jg) > Umaz(JB)

and

(Umin(Jg) - Umax(JB)>(aUmin(Jg) _\/@) > |B|U?nax(Jl'j’)\/@+ |B|Umzn(Jg) (326)

then the interval

[ Il (0Tin(J) —/1G]) ]2 327

Umm(Jg) - O'max(JB)’\/ |B||g|0'maac(<]l3) + |B|0min(<]g)

1s not empty and the system of inequalities

1> ol
3.28
{ alldls > [olls + ulB] (3.28)

is satisfied by A\g = —JJ(JB)\B + b) for every p in the interval given in (3.27).

Proof. Set \g = —Jg (JgAs + d) and check the set of values of y under which the system
(3.28) is satisfied. It can be shown that ||[Agllec = u; || Asll2 = 14/]B|. One can use several

auxiliary inequalities:
L g dl <\/1G11I1g dll: <1614 Izl dll2
2. g dlloo < IlJg dll> < [[Jg ll2l1dl2
3. g JsAslly <V1G11Jg JsAsllz <1611 Izl TsAsllz < i/1GTBII G Iz Ts]l2
4 g IsAsllee < 117G TsllclAslloe < pillJg Jill2 < pllJg 1211 Ti]l2

It is desirable to show that

{ 1> ||Jg (JsAs + d)||o (3.29)

allbllz > 17g (JsAs + )1 + p|B]

One can use ||JF (JgAg + d)|| < [|J5d|| + ||Jg JsAs|| and relax the inequalities in (3.29) by
applying the auxiliary inequalities:

{ > NG N2lldll2 + pll I [l2ll 52

olldlla >+/1G11 I llzlldll2 + m/1G111 & /1Bl Jisll2 + 1l B]

Using ||Jg||2 = 0mae(J5) and ||Jg||2 = Omin(Jg) ™1, it yields that

Omaz (J] d
(1 — ((J;)) ~ -

Tmin U'min(Jg)

4 [4
alldlls > 9 dll> + 1 ( I /B mas () + |Br)

Omin
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One can express the bounds on p as

L lldll2
O'mzn(Jg)_O'maac JB)

00 min(Jg) | dllz~/1G1l1bll2
\/ ‘B O'mg,a;(JBW“F'BIUnLML JQ

This gives rise to a condition to guarantee that the interval is not empty:

(@min(J5) =—/1G]) 1d]l2 ]2
|B|O-maa:(<]8)\/ |g| + ’B|Umzn((]g> Umin(Jg) - Uma$<JB)

The above inequality holds by (3.26). This concludes the proof. ]

Proof. of Lemma 10 Note that the inequality (3.12) is stronger than

V1911 = Aig) > \/IBI(1+ Apg)

In light of Lemma 14 in [10], any randomly sampled Gaussian matrix X € R™™ satisfies the
inequalities

Anaz (XX T) <m+ (1 — 25)_1\/cml + ¢'mlog 2
Anin(XXT) >m — (1 — 26)_1\/le + ¢'mlog 2

with probability at least 1 — § for every ¢ > 0, where ¢ = 24¢? logg and ¢ = 24e®. This

implies that the relations

omin(Jg) € /16101 = Aig)), /1611 + Ag))]

and

Omas(J5) € [y/IBI(L = Aysp), /1BI(1 + Ajgy)]

are each satisfied with the probability 1—9, and both are met simultaneously with probability
at least (1—0)?. By tightening the bounds in Lemma 19 with these limits on singular values,
it is straightforward to verify the statement of the theorem. O
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Chapter 4

Complexity of Linearly Structured
Problem

In this chapter, we come back to studying a generic semidefinite affine rank feasibility (SARF)
problem, which consists in finding a positive semidefinite matrix of a given rank from its
linear measurements. Here we assume that instances 6 belong to a low-dimensional manifold
of a known structure and investigate the conditions on this manifold that would impose
tractability on the corresponding SARF sub-problem. In this chapter, we measure the com-
plexity of SARS sub-problems with respect to an approach based on local optimization of
a non-convex objective, called non-convex matrix sensing. It is popular in the applications
where the low-dimensionality assumption on © holds, such as sensor networks data process-
ing. It is known that the optimization landscape of the non-convex matrix sensing problem
may have many stationary points to which a local search method can converge. Thus, we
connect the tractability of the problem and the inexistence of spurious second-order station-
ary points. The existing results on the properties of the landscape of non-convex matrix
sensing are related to the notion of restricted isometry property (RIP). The RIP-based con-
ditions are likely to hold for data coming from a Gaussian distribution but are too strong
in the context of real-world applications where the amount of data is not exorbitantly high,
especially those with inherent sparsity coming from the graph and network structure. To
relax these conditions, we develop the notion of Kernel Structure Property (KSP) and use
it to formulate the necessary and sufficient conditions for the inexistence of spurious local
solutions in matrix sensing problems. We demonstrate the applicability and use of the novel
results in analytical and numerical studies on data analytics for power systems.

4.1 Introduction

Non-convexity is the main obstacle for a guaranteed learning of optimal continuous param-
eters of any cyber-physical system. It is well known that many fundamental problems with
a natural non-convex formulation are N'P-hard [83]. Sophisticated techniques for address-
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ing this issue, like generic convex relaxations, may require working in an unrealistically
high-dimensional space to guarantee the exactness of the solution. As a consequence of com-
plicated geometrical structures, a non-convex function may contain an exponential number of
saddle points and spurious local minima, and therefore local search algorithms may become
trapped in any of those points. Nevertheless, empirical observations show positive results re-
garding the application of these approaches to several practically important instances. This
provokes a major branch of research that aims to explain the success of experimental results
in order to understand the boundaries of the applicability of the existing algorithms and
develop new ones. A recent direction in non-convex optimization consists in studying how
simple algorithms can solve potentially hard problems arising in data analysis applications.
The most commonly applied class of such algorithms is based on local search, which will be
the focus of this chapter. In some cases, prior information about the location of the solution
is available, which significantly reduces the complexity of the search.

The analysis of the landscape of the objective function around a global optimum may
lead to an optimality guarantee for local search algorithms initialized sufficiently close to the
solution [55, 56, 51, 124, 123, 98]. Finding a good initialization scheme is highly problem-
specific and difficult to generalize. Global analysis of the landscape is harder, but potentially
more rewarding.

Both local and global convergence guarantees have been developed to justify the suc-
cess of local search methods in various applications, such as dictionary learning [2], basic
non-convex M-estimators [72], shallow [94] and deep [115] artificial neural networks with
different activation and loss functions [61, 81], phase retrieval [24, 103, 16] and more general
matrix sensing problems [41, 53]. Particularly, significant progress has been made towards
understanding different variants of the low-rank matriz recovery, although explanations of
the simplest version called matriz sensing are still under active development [126, 25, 63,
41, 26, 119]. Given a linear sensing operator A : §" — R™ and a ground truth matrix
z € R™" (r < n), an instance of the rank-r matrix sensing problem consists in minimizing
over R™*" the nonconvex function

Fralz) = |Alzz " — 2273 = [|A(zz ") — bII3, (4.1)

where b = A(z2"). We consider this function over a general set X C R™ " although in this
section we assume X = R™*". Recent work has generally found a certain condition on the
sensing operator to be sufficient for the matrix sensing problem to be “computationally easy

to solve”. Precisely, this condition works with the notion of Restricted Isometry Property
(RIP).

Definition 11 (Restricted Isometry Property). The linear map A : S* — R™ is said to
satisfy 3,-RIP for some constant 6, € [0,1) if there is v > 0 such that

(1= )X < VA5 < (1 +6,) X7

holds for all X € S™ satisfying rank(X) < r.
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The existing results proving absence of spurious local minima using this notion (such
as [43, 97, 96, 12, 42, 41, 84, 126]) are based on a norm-preserving argument: the problem
turns out to be a low-dimensional embedding of a canonical problem known to contain no
spurious local minima. While the approach is widely applicable in its scope, it requires fairly
strong assumptions on the data. In contrast, [119, 120] introduced a technique to find a
certificate to guarantee that any given point cannot be a spurious local minimum of the
problem of minimizing f, 4 over the set X C R™" where z € Z C R™" and A satisfies
d2,-RIP. Note that two different sets X and Z are involved here. Since f, 4 is parametrized
with 6 = (z,.A), this introduces a problem defined as

{minir}\gize fea(x) | A satisfies 62,-RIP, z € Z } . (Problem®?)
Te

(Problem®?¥) consists of infinitely many instances of an optimization problem, each corre-
sponding to some point z in Z and some operator A satisfying d,,-RIP. The state-of-the-art
results for (Problem™?) are stated below.

Theorem 6 ([12, 41, 120]). By taking X = Z = R™*", the following statements hold:
e If 6y, < 1/5, no instance of (Problem®™¥) has a spurious second-order critical point.

o Ifr =1 and 5, < 1/2, then no instance of (Problem™") has a spurious second-order
critical point.

e Ifr =1 and 6y > 1/2, then there exists an instance of (Problem™®) with a spurious
second-order critical point.

Non-existence of a spurious second-order critical point effectively means that any algo-
rithm that converges to a second-order critical point is guaranteed to recover zz' exactly.
Examples of such algorithms include variants of the stochastic gradient descent (SGD) that
are known to avoid saddle or even spurious local minimum points under certain assump-
tions [30], and widely used in machine learning [58, 13]. Besides SGD, many local search
methods have been shown to be convergent to second-order critical points with high prob-
ability under mild conditions, including the classical gradient descent [60], alternating min-
imizations [62] and Newton’s method [85]. In this chapter, we present guarantees on the
global optimality of the second-order critical points, which means that our results can be
combined with any of the algorithms mentioned above to guarantee global convergence.

Theorem 6 discloses the limits on the guarantees that the notion of RIP can provide.
However, linear maps in applications related to physical systems, such as power system
analysis, typically have no RIP constant smaller than 0.9, and yet the non-convex matrix
sensing still manages to work on those instances. The gap between theory and practice
motivates the following question.

What is the alternative property practical problems satisfy that makes them
easy to solve via simple local search?
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This question was studied earlier for special cases of matrix sensing, namely phase re-
trieval [96] and matrix completion [42]. In case of the phase retrieval problem, the alternative
property consists in the particular distribution of the measurements operator. Regarding the
matrix completion problem, the assumption includes conditions on the properties of the ma-
trix being recovered along with conditions on the measurement operator itself. We address
the above mentioned question by developing a new notion that deals with the measurement
operator and precisely captures when a structured matrix recovery problem has no spurious
solution over an arbitrary ball. We focus the analysis over a given ball since local search
methods tend to search over a neighborhood rather than the entire space, based on prior
knowledge. In Section 4.2, we motivate the need for a new notion replacing or improving
RIP with real-world examples. Section 4.3 introduces some formal definitions and develops
a mathematical framework to analyze spurious solutions and relate them to the underlying
sparsity and structure of the problem, using techniques in conic optimization. Sections 4.4
and 4.5 give the theory behind this notion and examples of its application. In Section 4.6, we
present numerical results on the application of the developed theory in a real-world problem
appearing in power systems analysis. Some of the proofs, technical details and lemmas are
collected in the appendix.

4.2 Motivating example

In this section, we motivate this work by offering a case study on data analytics for en-
ergy systems. Remember that the state of a power system can be modeled by a vector of
complex voltages on the nodes (buses) of the network. Monitoring the state of a power
system is obviously a necessary requirement for its efficient and safe operation. This crucial
information should be inferred from some measurable parameters, such as the power that is
generated and consumed at each bus or transmitted through a line. The power network can
be modeled by a number of parameters grouped into the admittance matrix Y € C**". The
state estimation problem consists in recovering the unknown voltage vector v € C™ from the
available measurements. In the noiseless scenario, these measurements are m real numbers
of the form

v Mo, Yie{l,...,m}, (4.2)

where M; € C™*" are sparse Hermitian matrices that are obtained from Y and model power
flow, power injection, and voltage magnitude measurements. The sparsity pattern of the
measurement matrices is determined by the topology of the network, while its nonzero entries
are certain known functions of the entries of Y. Since the total number of nonzero elements
in the matrices M; exceeds the total number of parameters contained in Y, one can regard
the mapping Y — {M;}", as an embedding from a low-dimensional space. For a detailed
discussion on the problem formulation and approaches to its solution, please refer to e.g.
[122].

To formulate the problem as a low-rank matrix recovery, we introduce a sparse matrix
A € C™" with its i-th row equal to vec(M;)T. The measurement vector can be written as
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Figure 4.1: Examples of the structure patterns of operators A (left plot) and H (right plot)
in power system applications. The positions of the identical nonzero entries of a matrix are
marked with the same markers.

Avec(vv'). To find v from the measurements, one may solve the non-convex optimization
problem:

minimize [|Avec (xxT - va)H2 (4.3)

z€C z—w|F<R

where w € C" and R € RU {400} are some parameters determined by the prior knowledge
about the solution v. In practice, this non-convex optimization problem is usually solved
via local search methods, which converges to a second-order critical point at best. Since
fo(x) = ||Avec (zz" —vv")||2 = (22" —vv", AT Avec (zz7 —vv")), the set of critical points
of the problem is defined by the linear map represented with the matrix H = AT A, which
thus is the key subject of the study. Problems arising in power systems analysis are based
on operators that possess a specific structure. An example of a structure for the matrix A
is given in Fig. 4.1a, and the structure of the corresponding H is described in Fig. 4.1b.
The respective power network will be considered in more details in Section 4.6. As discussed
previously, given H, it is practically important to know if there exist v, x € C" such that x is
a critical point of (4.3) while zz" # vv". Absence of these points proves that a local search
method recovers v exactly, certifying safety of its use. For example, in case of unconstrained
optimization (R = 400), the answer is affirmative if the optimal objective value of the
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following problem is equal to zero:

minimize ||A(zz" —vv")]|?
v, T€Cn”

subject to Vf,(x) =0
Vif(x) =0

where V and V? denote the gradient and Hessian operators. However, this is an NP-hard
problem in general and cannot be solved efficiently. Even if we were able to solve it, the
sensing operator A could change over time without changing its structure, and therefore
any conclusion made for a specific problem cannot be generalized to other instances of the
problem for real-world applications where the data analysis is to be performed periodically.
One way to circumvent this issue is to develop a sufficient condition for all mappings H with
the same structure.

4.3 Introducing Kernel Structure

Consider a set of linear operators A : S® — R™ with the matrix representations A € Rm™x"”
and a sparsity pattern S4. Assume that there is a set of hidden parameters ¢ € R? with
d < m such that A is the image of w in the space of a much higher dimension. In this
way, A has a low-dimensional non-sparsity structure beyond sparsity, which is captured by
A = A(§). Without loss of generality, we assume A(0) = 0. The motivating complex-valued
example in Section 4.2 is a special case of this construction since it could be stated entirely
with only real-valued vectors and matrices of a bigger size. We define the nonconvex objective

f R >R such that flx) = |A(zz" — 2272

parametrized by A and z € R™*". Its value is always nonnegative by construction, and the
global minimum 0 is attainable. To emphasize the dependence on certain parameters, we
will write them in the subscript. To align the minimization problem with the problem of
reconstructing zz ", we need to introduce a regularity assumption:

Assumption 1. For all x,z € R"*":
|A(zzT — 22)|| = 0 if and only if za" = 22"

We will rely on Assumption 1 throughout the chapter. Note that this assumption is
weaker than the assumption of existence of a 2r-RIP constant, although it is stronger than
the assumption of existence of a r-RIP constant. Another way to express the objective is

f(@) = (v’ — 22" H(za" — 227)).

Here, H = A" A is the linear kernel operator that has the matrix representation H= ATA
and sparsity pattern Sy;. Namely, (i, j) € Sy if and only if there exists k such that (k,i) € Sy
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and (k,j) € S4. Sparsity of H is controlled by the out-degree of the graph represented
by S4, and tends to be low in applications like power systems. Sy is represented by a
matrix S, so that Sy-sparse operators are exclusively those satisfying the linear equation
S(H) = S o H = 0. Besides sparsity, H inherits the low-dimensional non-sparsity structure
from A, which can be captured by H = A(£)TA (&) = H(E) where ¢ € RY. This dependence
can be locally approximated in the hidden parameter space with a linear one. More precisely,
suppose that there is a linear operator W defined over S*° such that W(H(€)) = 0 for the
values of ¢ under consideration. Thus, from now on we focus exclusively on low-dimensional
structures of the form W(H) = 0. Together, the sparsity operator S and the low-dimensional
structure operator W form the combined structure operator 7 = (S, W) that accumulates
the structure of the kernel operator.

Definition 12 (Kernel Structure Property or KSP). Given a linear structure operator T :
S — R, the linear map A : S® — R™ is said to satisfy T-KSP if it satisfies Assumption 1
and

T(ATA) =0
where A is the matrixz representation of A.

Notice that a particular sensing operator A can be kernel structured with respect to an
entire family of structure operators, and we can possibly select any of them for our benefit
in the following section.

4.4 Analysis based on KSP

Given a kernel structure 7, w € R™" and R € RU {400}, we can state the problem under
study as follows:

{minimize foa(x) | A satisfies Assumption 1 and T-KSP, z € B R(w)} ,  (Problem®St)

z€BR (W)

Note that (Problem®5F) consists of infinitely many instances of an optimization problem,
each corresponding to some point z € Br(w) and some operator A satisfying T-KSP.

The RIP constant is designed to characterize the input-output behavior of the system
represented with A. This input-output relationship can also be controlled by imposing the
following constraint on the matrix H:

(1-8)I<H =< (1+0)T,

where 7 is the identity operator. More precisely, the above inequality guarantees that the
operator A will have an RIP constant less than or equal to 4. Inspired by this observation, we
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define the function Q(z, z; T) to be the optimal objective value of the convex optimization
problem:

minimum ¢

SERH
subject to L, ,(H) =10 (4.4a)
M, .(H) =0 (4.4Db)
T(H)=0 (4.4c)
(1-0)ZH=2(1+)T (4.4d)

where £, .(H) = V f,3(x) and M, .(H) = V?f,3(x). This optimization is performed over
all operators H satisfying the 7-KSP. We will later show that the function O sets an upper
bound on the dy, such that none of the functions f,. 4 with A satisfying 7-KSP and d,,-RIP
has a spurious second-order critical point at x, provided that z is not on the boundary of
the optimization domain Br(w).

For completeness and for further reference within this chapter, we calculate the analytic
forms of the first- and second-order derivatives of f, 4 below. Introduce a vector e and a
matrix X such that for all u € R™*" it holds that

e = vec (va’ — z27), Xvec (u) = vec (vu” 4 uz?).

We write the operators £, M and their transpose operators in closed form:

L,.:S" = R™ L,.(H) =2 - XTHe,

L], R — s LD (y) =ey" X" + Xye”,
M, :S¥ =S M, .(H) = [I, ® (mat(He) + mat(He)")] + XTHX,
ML, ST — S ML (V) =vec(V)e" +evee (V) + XVXT.

where mat is the inverse operator to vec. Since f, #(z) is linear in H, the operators £, . and
M, . are both linear operators. Thus, the problem defining the function O is convex.

The function O is useful only for analysis of those points x that are located strictly
inside the domain Bg(w) . This is due to the constraints (4.4a) and (4.4b) are meant to
be optimality conditions for a point inside the domain Bg(w). For a point z that lies on
the boundary, we define the corresponding function Q% (z, z; T, w) as the optimal objective
value of the convex optimization problem:

minimum o

5.u>0,H
subject to L, ,(H) = —p(r —w) (4.5a)
Py oM. (H)P, =0 (4.5b)
T(H)=0 (4.5¢)
)

11— <H=(1+0T (4.5d
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where P,_,, € R =Dx"" ig the matrix of orthogonal projection onto the subspace orthogonal
to £ — w. The role of the function Q%% is the same as of @ but is designed to analyse only
those values of x such that ||z — w|| = R. Note that (4.5a) and (4.5b) are the necessary
optimal conditions for a solution on the boundary of Bg(w).

To relax the d5,-RIP condition, we consider those operators that have a bounded effect
on a linear subspace of limited-rank inputs. Indeed, for any 2r linearly independent vectors,
the linear span of them is a linear subspace of the manifold of the 2r-rank matrices. Thus,
for any linear operator P from a 2r-dimensional (or lower) vector space to R™, the following
condition on H holds if A satisfies §-RIP:

(1-=8P'"P<XP'HP < (1+46)P'P. (4.6)

Based on this observation, we define the function Qp(z, z; T) as the optimal objective value
of the following convex optimization problem:

minimum 6

SERH
subject to L, ,(H) =10 (4.7a)
M, .(H) =0 (4.7b)
T(H)=0 (4.7¢)
(1=0)P"P<PTHP < (1+48)P'P (4.7d)

where P is the linear operator from R (= 2)* to R"* that is represented by the matrix
P = orth([z z])®orth([z z]). Note that (4.7) is obtained from (4.4) by replacing its constraint
(4.4d) with the milder condition (4.6). We will show that the function Op sets a lower bound
on the dy, such that none of the functions f,. 4 with A satisfying 7-KSP and §,-RIP has
a spurious second-order critical point at x, provided that = is not on the boundary of the
optimization domain Bpr(w).

Similarly to Q%8| the function Q% (x, z; T, w) is defined as the optimal objective value of
the convex optimization problem:

minimum )
,u>0,H

subject to L, .(H) = —p(r — w)
Py M (H)P,_, = 0
T(H)=0
(1—=6)PT"P<P"HP <(1+0)P'P

which is designed to lower bound the constant ds, such that none of the functions f,. 4 with
A satisfying T-KSP and d,-RIP has a spurious second-order critical point at x, provided
that x is on the boundary of Bg(w).

Now, we are ready to state one of the main results of this chapter.



CHAPTER 4. COMPLEXITY OF LINEARLY STRUCTURED PROBLEM 71

Theorem 7 (KSP necessary and sufficient conditions). For all instances of (Problem®S?),

there are no spurious second-order critical points if

{(O)p(x, 2:T) =1 over Br(w) x Br(w) \ {za" = 22"} (48)
0% (2,2, T,w) =1 over OBr(w) x Br(w) \ {zz" = 22T}
and only if
O(x,2;T) =1 over Br(w) x Br(w) \ {za" = 22"} (4.9)
0% (z,2;T,w) =1 over OBr(w) x Br(w) \ {zz" = 22"} '

This theorem is formally proven in the appendix. To elaborate on implications and
practicality of the result, we present its application for a specific structure of the sensing
operator below.

Ellipsoid norm: Rank 1

In this subsection, we prove a special case of Theorem 7 for the ellipsoid norm objective
function and R = 4o00. This proof first provides useful intuition behind the proof of the
general case and then simplifies the conditions of Theorem 7 to show that they always hold
for a specific class of operators.

Consider the ellipsoid norm of zz" — 2z given by a full-rank matrix @ € R"*", denoted
with h(zx) :

h(z) =1Q(wa’ — 22" = foal2)

With no loss of generality, assume that ¢ € S" since h(:) really depends only on
QTQ. The function can be implemented with a block-diagonal sensing operator ma-

trix A = diag(Q,...,Q) € S”Q, which generates a block-diagonal kernel matrix
H = diag(QQ,...,QQ). Thus, the kernel matrix is a block-diagonal matrix H =
diag(Hy1, ..., Hpy) € S™ with blocks of size n x n equal to each other; in other words,

H;; = Hjj for all i,j € {1,...,n}. This generates a kernel structure. By applying the theory
introduced above, we obtain the following result for the rank-one case.

Proposition 1. Consider a kernel structure operator T = (S, W) such that
e SH) =0 iff H=diag(Hy1,...,Hu)
L4 W(H) =0 ZﬁHm = Hjj fOT' all Z,j S {1, R ,n},

Then, no instance of the (Problem®") with R = oo has a spurious second-order critical
point over R™,

The proposition implies that the function hA(x) can never have a spurious solution for
rank-1 arguments. To prove this result, first notice that, Assumption 1 and the following
lemma combined imply that H;;, and, consequently, its decomposition H; = QQ), are full-
rank matrices.
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Lemma 20. Given a constant 6, € [0, 1), the matriz Q € S™ satisfies
(1= 0)IXNF < QX|F < (1+6,)IX]%
for every X such that rank (X) < r only if rank (Q) = n

Proof. By contradiction, suppose that u € Ker(Q) and u # 0. Take X = uu' and observe
that QX = 0, which contradicts that (1 —§,)[| X ||% < [|QX||%. O

The following lemma provides a version the conditions (4.8) and (4.9) combined for this
particular structure operator.

Lemma 21. Given z € R™™", a point x € R™ " is not a first-order critical point of the
function h(-) for an arbitrary full-rank matriz Q if and only if there is X € R"*" such that

0 # Sym [(a:)\T + Az ) (2" — zzT)] =0
Proof. By expanding h(x + u) as

h(z +u) = h(z) + tr(2z" ((zz’ — 22")M + M(zz" — zz"))u) +
tr(u' ((z2” —22")M + M(za" — 22"))u + (zu” +uz")M(zu” +uz’))) +o(|ul?)

one can arrive at a more specified expression for the second-order necessary conditions for
local optimality:

(Vh(z),u) = 2(Q(zx" —22"),Q(zu’ +uz")) =0 (4.10a)
(V2h(z)u,u) = 2(QQ(zx" — 22" ), uu’) + |Q(zu’ —uz")||% >0 (4.10b)

for all uw € R"*". We re-arrange the first-order condition (4.10a):
(zz” — 22" )M+ M(zz" —22"))2=0 (4.11)

If the equation (4.11) does not hold for some M > 0, then x cannot be a critical point for
that z and M. Consequently, the problem

minimize -«

MeS™ ,aeR

subject to (yy" =2z )M+ M(yy" —2z"))y=0 (4.12a)
M—al=o0, (4.12b)

is bounded from below by 0 if and only if the equation (4.11) does not hold for arbitrary
M = 0. If z is critical for some M > 0, then it is unbounded.

The problem (4.12) is a semidefinite program with a zero duality gap, since M = 0 and
a = —1 constitute a strictly feasible primal point. We introduce the dual variable A € R"*"
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for the equality constraint (4.12a) and the dual variable G € S™ for the positive semi-definite
(PSD) constraint (4.12b). The dual problem can be written as

: T T T T\ o
peiex o ain tr((28ym{(yAT + Ay gy —eeh)] = G) M)+ a(ex(G) — 1)

The inner optimization problem has a finite solution if and only if

{ G = WA M)y e+ gy —ar A+ )
tr(G) = 1

The dual problem can be expressed as

maximize 0

AERMXT GeSn

subject to G = Sym|[(yAT + My )(yy" — 2z ")),
tr(G) =1,
G»~0

This is feasible if and only if the primal problem (4.12) is bounded. Consequently, it is
feasible if and only if the point x € R™™" is not a critical point of the function A for all
M > 0.

To eliminate the condition on the trace, notice that a PSD matrix has a nonnegative
trace that is equal to zero if and only if the matrix is the zero matrix. Since the constraints
are homogeneous in GG, the trace can always be normalized to 1. Thus, the dual feasibility is
equivalent to the condition 0 # G > 0. This concludes the proof. O

This condition will be relaxed further for simplicity below.

Lemma 22. Given z € R™™", a point x € R™" is not a first-order critical point of the
function h(-) for an arbitrary full-rank matriz Q if there are Ty € R™" and Ty € S" such

that the matriz T = [ 0

T . ,
7T T, } satisfies the relations

0# [~z ] (TP + PT) [ _;TT } -0 (4.13)

LT
where P = [IT } [z z .

Proof. Suppose that there exists T' satisfying the condition of the lemma. Notice that

1 1 — T
a1 2" + §ngxT + 2T’ + §nga:T =[—z [ 79T TTl } { ;T ] =
1 2

=] g ][]
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and . .
T T —Z T Z
TT 2z _[Zx][xT}_[zx][xT]
We use the above formulas to expand the condition (4.13) and obtain

T T
0 # Sym|[(z (=T} + %)T + (211 + %)xT)(xxT —22")] =0,

The proof follows immediately from applying Lemma 21 with A = 27} + %ng. O]
To prove Proposition 1, we check the previous condition for all pairs of z and .

Proof of Proposition 1. We start by proving that no point other than 0 and £z can be a
first-order critical point of the function h. Assume that = ¢ {0,+z}. By Lemma 22, it is

sufficient to prove that there are o and S in R such that the matrix T = 0 «a satisfies

—a B

T
0#4G=[-z 2| (T"P+PT) { ;T } =0
T
where P = 2T [z z]. Consider three scenarios for z and z :
Case 1 x = yz: One can write

G=[-z 2] (T"P+PT) [ o7 } =2v(y* = 1)(2a + By)zz 22"

For a = y(y*—1) and 8 = 0, it holds that G = (27(72 — 1)zzT)2 > 0. The matrix is nonzero
for x ¢ {0, £z}.

Case 2 2"z = 0: The matrix P takes the form P = {
and § = 1, it holds that

2 0 ]
. Therefore, for a = 0
0 [l

G =2||z|?zz" =0

The matrix is nonzero for x # 0.
Case 3 0 < (2"z)? < ||z]]3||z||3: By scaling, we can assume without loss of generality that
2 1
2Tx =1; thus P = [ 1213 5
1 I3
G to be nonzero and PSD. To show this, we use Sylvester’s criterion. The upper-left corner
of this matrix is equal to —2a. Moreover,

} . It is sufficient to show that 7" P+ PT > 0 to guarantee

det(T" P+ PT) = (= (ll«l3 = lyll3)* = 4)o® — 2(|l=[I3 + llyll2) e — 52

For a« = —1, the discriminant of this quadratic polynomial with respect to [ is equal to
D = 16(||z||3||z||3 — 1). By the strict Cauchy-—Schwarz inequality in the assumption of the
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case, D is strictly greater than 0. Thus, there exists J such that the matrix is positive
definite. This implies that none of « ¢ {0, £z} satisfies the first-order necessary condition
of local optimality for an unconstrained problem. Assume that x = 0. The quadratic form
on the Hessian at this point

(V2h(0)u,u) = —2(Qzz",uu')

takes a negative value at u = z. Thus, it does not satisfy the second-order necessary condition
of local optimality for an unconstrained problem. The points x = 42 are not spurious points,
which concludes the proof. O

Ellipsoid norm: Higher ranks

The function A(-) defined over R"*" is significantly harder to study analytically if » > 1. An
empirical analysis of Theorem 7 allows us to make a conjecture.

Conjecture 1. For the kernel structure operator introduced in Proposition 1, no instance of
the (Problem®SP) with Z = R™ " has a spurious second-order critical points over R™" for
an arbitrary r.

This conjecture is based on the evaluation of O(z,z;7) at 72000 pairs of points z, z €
R8*3 randomly sampled from a standard Gaussian distribution. All of them have the optimal
value 1. However, if we consider first-order critical points as well, then it is straightforward
to find a counterexample. After dropping the constraint on M, , in the formulation of
O(x,z;T) and Op(z, z;T), one can formulate a statement similar to Theorem 7 tailored to
first-order solutions. The following proposition presents a corollary of the result.

Proposition 2. For the kernel structure operator introduced in Proposition 1, for every
n > 8 and r > 1, there is = € R™" such that (Problem®5Y) has a spurious saddle point.

Proof. First, we prove it for n = 8 and r = 2 by a counterexample. Consider the two points

0 —1] -1 1

1 -1 11

11 1 -1

R |-t
0 0 |’ 10

-1 1 1 -1

-1 1 1 -1
0 0 | -1 -1 |

and find a matrix #H that solves O(x, z; T) without the constraint on M, ,. This will result
in H such that M, ,(#H) has both negative and positive eigenvalues. For larger values of n
and r, one can fill up the extra entries with zeros and the proof carries over. O]

The code for reproducing the result is available on-line!. It took 482 tosses to generate

lgithub.com/igormolybog/matrix-sense-global
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the counterexample of the matrices containing only 41 or 0 as their components. We used
the uniform distribution over those matrices to generate the tosses.

DC power systems with acyclic topology

In the previous subsection, we studied one particular structure for the operator A. Now, we
analyze a real-world problem to highlight the role of the KSP. Recall that the power system
discussed in Section 4.2 was an AC network for which the voltages were complex numbers.
To simplify the computation, we analyze a DC system in this section, where all voltages are
real-valued [44]. Assume that there are n nodes, associated with the unknown real-valued
voltages 1, ..., Z,. The power is measured at each node i € {1,...,n} and is denoted as p;,
which can be calculated according to the formula:

p@) = S Fii— i)~ = i

7"‘. .
JEN(3) "

where N (i) C {1,...,n} is the set of nodes adjacent to node ¢ and r;; = r; > 0 is the
resistance of the line between nodes 7 and j. The least-squares formulation of the voltage
recovery problem consists in minimization over the set v € Br(1) of

n

flz) = Z(pz(ﬁ) — i)’

i=1

which is a special case of the function (4.1). Let R be a number such that 2z; > z,, for all
i €{1,...,n—1}. In this subsection, we will demonstrate the application of our results on
a specific topology of the network, although as discussed later on, our conclusion applies to
any acyclic topology.

Suppose that the network possesses a star topology, meaning that each node i among
{1,...,n—1} is connected to only one node — namely, node n — and no others. This means
that N(i) = {n} if i # n and N(n) = {1,...,n — 1}. As a result, the power measurements
in this particular case can be written as

n—1

Pn(2) = ;xn(xn_xj)L

Tin

which generate a particular structure for the sensing operator. Solving a;vec (za' —27")

for a;, we conclude that the rows aq,...,a, of A can be written as

=Di

a; = &vec (B — Ey), ied{l,..,n—1}
n—1

a, = —vec(&Enn+ > EEnm)
—~

J
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Figure 4.2: Sparsity pattern of the matrix H corresponding to a DC power system with a
star topology consisting of four buses.

where E;; is an n X n matrix with (4, j)-th entry equal to 1 and all other entries equal to
zero, and where & = - = 7% > (0 for ¢ # n and &, = — Z;:ll &;. The corresponding kernel

rl’ﬂ
matrix is given by

Hoo($) =H=ATA=) a/q
i=1
As a result, H has a structured sparsity pattern: it is a block-diagonal matrix with n blocks
My, ..., M, € S” such that the first n — 1 blocks each have only four nonzero entries:
Mi = 52[Ez — Ein — Em + Enn] = 52[671 — ei][en — ei]T, 1€ {17 ey — ]_}

7 K3

where e; is the ¢-th column of the n x n identity matrix. The last block of H is a full matrix:
M, = gg—l—

The sparsity pattern of H is visualized for n = 4 in Figure 4.2. The matrix H = H,,(§) also
has a low-dimensional structure: the 4(n— 1) +n? nonzero entries of H quadratically depend
on only n — 1 parameters &, ...,&,_1. In Section 4.6, we will demonstrate how linearization
of the structure can be applied, while here we provide an analytical proof that deals with
the nonlinear low-dimensional structure directly. This proof sheds light on some of the ideas
behind Theorem 7.

The 2-RIP constant of the sensing operators that correspond to star topology power
networks does not exist due to their sparsity. Therefore, Theorem 6 cannot be applied.
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Nevertheless, we will show that the non-convex voltage recovery problem on a system with
a star topology possesses no spurious local minima.

Proposition 3. Consider the problem

{mmnmze foa(@)[H = Huor (€): 2 € Byys(1) and €7 p(2) # 0} ,

z€By/3(1)

or equivalently, (Problem®SY) under the additional constraint €' p(z) # 0. No instance of
this problem has a spurious second-order critical point.

Proof. Since R < %, it holds that 2z; > z, and 2z; > z, for all i € {1,...,n}. We are

interested in the landscape of the function
h(z) = vec(zx" — 22") Hvec (za” — 227)

= M(ww — z2) " Mi(zw — 22)

i=1

To find the first and second derivatives, consider

h(z+u) = Y (w1 — 22 + xu + ww + uu) " My(2;0 — 232 + 100 + wx + uiu)
i=1

= h(z 2Z(xu+uz )T Mi(2ia — 2i2)+

=1

)+
Z(mzu + ) T My (2 + ux)+

§< W) Mi(aiz = 22) + of uP)

Selecting the term that is linear in u, the gradient takes the form
V.h(z) = Z[ M;(x;x — 22) + tr[a " My(xvx — 2:2)]es]

= 2% Exi(en —e)(en — ) (ww — 22)+

+tr[ (e, —e)(en —e) T (zix — 2z:2)]eit
+22,6 T (mix — 2z:2) + tr[z T EET (mix — 2i2)]e;

which can be written in the compact form

V.h(z) = B(z)[p(z) — p(2)]

where the (7, j)-th component of the n x n matrix B(z) is

&i(2w; — ) ifi=ji#n

0 otherwise
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and p(z) is a vector with its i-th component eqal to p;(z). If B(z) is non-singular at a
point z, then z is a first-order critical point of i(z) in the open ball By/3(1) if and only if
p(z) —p(z) = A(zax" — 227) = 0, which implies that it is a global minimum. Therefore, it
is essential to identify all points x such that det(B) = 0.

With a slight abuse of notation, we denote B(z) with the shorthand notation B. Let 3,
denote the (n,n)-th entry of B, which is equal to S0~ £,(2x, — x,). Represent the matrix

/ T
B as a block matrix: B = { B; g,, } with the scalar B = & (2x; — x,,) and the (n — 1)-
dimensional vector b" = [0,...,0,—&x]. Since x € By3(1), we have B’ # 0. One can
write:

det(B) =0 <= det(B"—B'b") =0

The new (n — 1) x (n — 1) matrix B” — B'~'bb" is equal to B” in all components but its
(n — 1,n — 1)-th entry, which changes to

Boo1 = =G5+ [
= G-+ &2z, —a1) + Z & (22, — x5)

= —26 (;;1 l‘; + 2255(2xn — )

Repeating the above matrix reduction argument n — 1 times yields that det(B) = 0 if and
only if g1 = 0, where

(2 xn)Q
— 9 .
/81 Z 51 2:[;2 —a,
i=1
Since 2x; — x, > 0, we conclude that §; = 0 if and only if xy = --- = x,,. Therefore, there
are no spurious solutions outside the set {z : ;1 = --- = z,,}. To study this set, we derive

the Hessian of h(zx) by extracting from h(x + u) the term that is quadratic in u :

Vi h(z) = 22M;+ xi(e;x’ M; + Myze]) + e;x " Mixe! +
i=1
+M;(zix — zi2)e] + ei(wiw — 22) T M)

and substitute x; = --- = x, = 2’ or x = 2'1. At the same time, we substitute M; =

Ele, — eillen — €]" and M, = &7, and note that (e, —¢;)'1 = 17(e,, — ¢;) = 0 and
€71 =17¢ = 0 by construction. After simplification, we obtain that

V2 (@), =22 X len —ei)(en — )T+ €8T — (€e) + en€T) 2z e~

— 2 & ((en —ei)e] +eilen —ei)")zi(zn — 2)]
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Consider the quadratic form ¢(s,t) = [s ... s t]szh(x)’mzx,l[s ... s 1", where
[s ... s t] € R". One can write:
n—1 n—1 2
.0 = ee-or (T -
=1 i=1

otz ("f s+ tfn) ("i it zngn) -

i=1 i=1

2u(t— )5 (e — ) =

=1

= (c14 2c2)t* — 2(c1 + co + ¢3)st + (1 + 2¢3)s°

where ¢y, ¢ and ¢z are some constants introduced to shorten the expression. If (s, t) takes
negative values, then V2_h(z) ’r:m’l has a negative eigenvalue, and therefore z = 2’1 cannot
be a spurious second-order critical point.

n—1 n—1 2
Now, consider the polynomials ¢(1,¢) and ¢(s,1). Suppose that > & > (Z &) and
i=1 i=1

, it must hold that

© |00

2
3
n—1 n—1 2 ] n—1 2 n—1 6 n—1 2
c1 + 2¢9 > 124— i — 2= i = ZQ — = i >0
oo (Se) -5 (Se) -Ee-3(50)
Thus, ¢(1,t) is a polynomial of order 2 with respect to ¢ with a positive leading term. Suppose

n—1 n—1 2
that > & < (Z fz) . Similarly,
i=1 i=1

consider any point z € By/3(1). Since |z, (2 — 2,)| < % .

n—1 n—1 2 n—1 n—1 2 n-1
o +25> ) &+ (Z@) —222&3 — (Z&) - gzgf >0
i=1 i=1 i=1 i=1 i=1

and thus ¢(s, 1) is a polynomial of order 2 with respect to s with a positive leading term. At
least one of the polynomials ¢(1,¢) or ¢(s, 1) has a positive leading term. Both ¢(1,¢) and
q(s,1) have the same determinant and thus the argument to be made below can be made
for any of them. Without loss of generality, assume that ¢(1,t) has a positive leading term
and takes negative values if and only if its determinant is strictly positive:

4(01 + co + 63)2 — 4(61 -+ 202)(01 + 2Cg> > 0.
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It is positive if and only if (co — ¢3)? > 0, which is equivalent to ¢y # c3. After substituting

e = (U0 G (TN Gznlzi — 2) = —(X05 &)palz) and ¢5 = (305 iz — 2)) =

— Z;:ll &pi(2), one can guarantee that V2 _h(x) |$:I/1 has a negative eigenvalue unless

'p(2) = 0.
Otherwise, ¢(1,t) only reaches zero at ¢ = 1 and never crosses it. O

The technique of using the properties of the Schur complement to reduce the dimension
of a matrix one by one can be applied to any arbitrary network with an acyclic topology. For
any such network, the gradient V,h(z) also takes the form V h(z) = B[p(z)—p(2)], but with
a different matrix B. Applying elimination of the rows and columns of B that correspond to
the leaves first, then to the first layer of parent nodes, then to the second layer of parent nodes
and so forth leads to a similar result on the location of first-order critical points. Thus, in a
similar way, the conclusion of Proposition 3 can be proven for any arbitrary acyclic network,
but for a different value of the radius R that may not be analytically calculable. However,
the proof is not generalizable to networks with cycles. The proof of Proposition 3 was based
on analyzing the first- and second-order optimality conditions and exploiting the properties
of the operator A that benefits from both sparsity and a low-dimensional structure. The
ideas used in the proof help the reader understand Theorem 7. Since Proposition 3 does not
apply to networks with cycles, one may instead use Theorem 7 to numerically evaluate the
inexistence of spurious solutions for any particular cyclic network. This will be carried out
in Section 4.6.

4.5 Combining KSP with RIP

After fixing the hyperparameters w € R™" and R € R U {400} together with the kernel
structure of the sensing operators and the RIP constant, we can state the problem studied
in this section as follows:

{minimizefz,A(x) A satisfies d,-RIP and T-KSP, z € BR(w)} . (ProblemXSP+RIF)

2€BR(w)

Note that (Problem®SP+RIP) consists in the minimization of a class of functions f, 4 that
correspond to some point z € Br(w) and some operator A that satisfies T-KSP and §g,-
RIP simultaneously. This is a generalization of both (Problem®?*) and (Problem®S?). For
(Problem®SPHRIP) © we provide necessary and sufficient conditions for having no spurious
second-order critical point, and consequently no spurious local minimum.
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Theorem 8 (KSP+RIP necessary and sufficient conditions). For all instances of
(Problem®SP+RIP) “there are no spurious second-order critical points if

(g < min Op(z,2;T) (4.14a)
2€BR(w),2EBR(w)
x| #zz T
dor < min OF(z, 2T, w) (4.14b)
2€0BR(w),2€BR(w)
. x| #zz "

and only if
(g < min O(z,z;T) (4.15a)
2€BR(w),2EBR(w)
zx #zz
dop < min 0% (2,2, T, w) (4.15b)
2€IBR(w),z€EBR(w)
. x| #zz T

Following the results of [120], the necessary and sufficient conditions coincide for the
trivial structure operator 7 =0 and R = +4o00.

Robustness

Consider the scenario where the measurements are corrupted with independent and identi-
cally distributed Gaussian noise. More precisely, we assume that the measurement vector
b is corrupted by an additive noise that can be written as A(V) for some random matrix
V' that is probably full rank (since A(-) is from the high-dimensional space S" to the pre-
sumably low-dimensional space R™, we just need the mild surjectivity assumption). In this
section, we show that the resulting recovery error can be bounded with high probability. For
simplicity, we consider the case R = 400, but a similar argument can be used to analyze the
case with a finite radius.

Theorem 9. Consider (Problem®SP+RIP) with R = 400 for which the condition (4.14a)
holds. Let V € S™ be a random matriz of arbitrary rank. Define the noisy recovery loss

g(x) = |A(zz" — 22" + V).

For every p € (0,1) and ¢ > 0, there exists 0 = o(p,e;A,z) > 0 such that for V. ~
N(0,021), with probability at least p, every second-order critical point x* of g(x) satisfies
|o* T — 22T < e

Proof. Expand the recovery loss:

g(z) = (za’ —zz" +V, (xz" — 22T +V))
(@) (VH(T — 22T) b — 22T) 4 (V. (V)

We outline the proof below:
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e Split R™ into four regions according to the behavior of f(z) associated with the noiseless
scenario:
1. e-neighborhood of the second-order critical points of f(x)
2. some neighborhood of the remaining first-order critical points of f(x)

3. inner compact region where the value of |V f|| is bounded by some positive con-
stants from below and from above

4. Outer region, where ||V f|| is large;

e Show the existence of o such that there are no second-order critical points of g(z) in
regions 2, 3 and 4 with high probability;

e Conclude that the only region that contains the second-order critical points of g(x)
with high probability is region 1, which coincides with the set {z : [[zz " — 22| < &}.

The illustration of the regions used in the proof can be found in Figure 4.3. To prove formally,
first calculate the gradient

Vog(z) = Vo f(z) + Vo (V. H(zz ") + z2")

Forie {l,...,n} and j € {1,...,r}, one can write:
0

81‘1‘]‘

(Viaa") = (Ve +zje] ) = 2e] Vay

where e; is the i-th column of the n x n identity matrix. Moreover,

0

31‘1-]-

(V,H(za")) = <V,’H(eiij + xjel-T»

The Hessian can also be written as
V2.9(x) = V2, fz) + Vi (V, H(zz") + zzT)
Similarly, for i € {1,...,n} and j' € {1,...,r}, we have

82
81’” 8$i/j/

(V,az") = 20;;(V, Eii)

1if j = §

where §;;; € R is defined as d;;; = , and E;;; € R™" is a matrix whose

0 otherwise
(i,4")-th entry is 1 and other entries are 0. Similarly,

82

8@]31‘”/

(Vi H(zz")) = 6,5 (V, H(Eiw + Eui))
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By assumption, there exists v > 0 such that %Hmﬁ —zz'|% < |JA(zz" — 227)|)% for
all z. This implies that f(x) is a coercive functions of = for any given A and z. Moreover,
|V.f(x)] is also a coercive function. To show this, using the notation from Section 4.4,

consider , .
(i Vel = s (ee (), X )
x2”F<Xvec( z), He)
f” (zx" +zx’ H(mm —227))
= EIF) + (=T e — 2T
[zl
Knowing that f(z) grows as fast as HxxTHF = ||z]|% and — (227, H(xz" — 2z")) grows at

most as fast as ||z]|%, we conclude that <H f(z)) — oo as ||z|| — oo, which implies
that |V, f(x)|| — oo as ||z|| — oo.

For an arbitrary K’ > 0, define the set Cx» = {z|f(z) < K',||V.f(x)|]] < K'}. Tt is
compact due to the coerciveness. The difference V,g(z) — V. f(z) is linear in both V' and
x, while V, f(z) is cubic in z. Noting that |V,g(x)|| > [|V.f(@)|| — |Vf(z) — V.g(z)],
one can conclude that ||V,g(x)|| is also a coercive function. Therefore, for any px € (0, 1)
there exist K and o = o such that ||V,g(z)| > 0 over R"\Ck with probability px. Select
px = /p and fix the corresponding K and og.

The set Oy, of first-order critical points of f(x) is closed due to the closed graph theorem.
Moreover, it is bounded due to coercievness of f(z), and thus compact even when R =
+00. Denote the set of second-order critical points of f(z) with O, C Oy,. It coincides
with the set of global minimizers of f(x) since the condition (4.14a) holds and Theorem
8 can be utilized. Define Uyin = Uzeo,, Be(2), and the set O = Oo\Unmin that is
compact. Note that the minimum eigenvalue of V2_f(z) is strictly negative for every x €
Oyest. Since minimum eigenvalue is a continious function, there exists A < 0 such that
Min,co,.., Amin(V2,f(2)) = \. By continuity of V2_f(z) with respect to , there exists £ > 0
such that A, (V2 f(x)) < % for all * € Uyest = Upreo,...Be(2). The difference of Hessians
V2,9(x)— V2, f(x) is linear in V and constant in z. Therefore, for any ¢ > 0 and py, € (0,1),
there exists o, such that Wlth probability py, it holds that ||Vmg( )= V2, f(@)|lr < for
all x € Ck. Select ¢ = 2 and py = /P, and fix the corresponding oy. Notice that under
o < oy, with probablhty py there are no second-order critical points of g(z) in U, est.

Denote Us, = Uyest U Upnip, and notice that Ck\Uy, is a compact set that contains no
first-order critical points of f(x). Therefore, there exists p > 0 such that |V, f(z)| > p for
all z € Ck\Uy,. Due to the continuity of V,g(z) — V,f(z), for any ¢ > 0 and ps; € (0,1),
there exists o = o, such that with probability p, it holds that ||V,g(x) — V. f(z)|lr < ¢
for all z € Ck. Select ¢ = p and py = ¥/p, and fix the corresponding o4. Notice that under
o < 04, with probability p, there are no second-order critical points of g(x) in Cx\Uy,.

To conclude the proof, select o < min{ok, oy, 04} and observe that with probability at
least px X py X pp = p there are no second-order critical points of g(z) in the set R™\Uppip, =
[R™N\Ck] U Upest U [Cr\Uyo).

O
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Figure 4.3: Schematic of the domain of the function f(z) with highlighted regions. The
grey area denotes the compact region Ck. The bold lines denote the set of first-order critical
points named Oy, whose subset shown in red corresponds to the set of global minimizers
named O,,;,, while the blue part corresponds to O,.s. The area countered by the red shaded
line is the e-neighborhood of O,,,;,, namely U,,;,, while the area countered by the blue shaded
line is the £&-neighborhood of O,.q, namely U,... The proof finds that with high probability
there are no second-order critical points of g(x) outside of Cx (outer region 4), or inside
Upest (region 2), or inside Ck \ [Uyest U Upnin]. Therefore, all such points must be located inside
Umin-

Sparse structure and normalization

Due to Theorem 6 for the rank-1 case, the instances of (Problem®SF+RIP) have no spurious
solutions with 7" = 0 as long as the RIP constant 5 is upper bounded by % In this subsection,
we are concerned with the question of how much sparsity can impact the best bound on RIP
that certifies global convergence. Formally, we set W = 0 and 7 = S and find a tighter
upper bound on d,. After enforcing sparsity, it is natural to expect that the bound grows
and becomes less restrictive. However, this turns out not to be the case.

Let n = 2 and r = 1, and consider the smallest sparsity pattern possible for H = AT A >~
0. It consists exclusively of elements (i,4), and thus enforces H to be diagonal. Consider the
point z with respect to the instance of the problem given by z and A as in the example
below:
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Example 1. Assume that
r=(1,1); z=(2,-V2); A = diag(v/3,1,1,V/3)
Then, z is spurious for f, A since it satisfies the second-order necessary conditions:

11

Vial@) =0, Vf a(zx)=16 [ 11

B

which makes it a spurious second-order critical point (note that zax" # zz'). Notice that
H = AT A is indeed diagonal. Moreover, for all X € S2, the operator A satisfies the tight

bound || X3 < [A(X)]* = | { \{g \}5] o X|| < 3||X||%. Therefore, the largest number
dy for this instance is equal to 1/2, which coincides with the upper bound for unstructured
problems. Somewhat counter-intuitively, the tight bound established in [119, 120] holds even
when a very restrictive sparsity pattern of the kernel operator is enforced. Nevertheless, for an
arbitrary low-dimensional structure W, a tighter sparsity constraint entails a less restrictive
bound on the RIP constant as discussed below.

Proposition 4. If the sparsity pattern S has a sub-pattern S’ meaning that S C S, then
O(z, z;W,S8") < O(z, 2, W, S) for all x,y € R"™". Thus, the necessary bound on the RIP
constant for H with S" is not more restrictive than the bound for H with S.

In other words, a more restrictive assumption on the sparsity of the kernel operator can
only push the upper bound on the RIP constant higher up. Consequently, Example 1 shows
that there is no sparsity pattern of cardinality greater than 3 that can itself compensate
the lack of isometry. Note that the example is given for the case n = 2, but there is
a straightforward extension to an arbitrary n by adding zero components to x and z. It
is common in practice to normalize the rows of the sensing matrix before proceeding to
recovery. In the context of power systems, it is expressed as « ' Mz — % For Example
1, after normalization, A turns into the identity. The corresponding instance of the problem
is known to have no spurious critical points. This illustrates how normalization helps to
improve the isometry property of the sensing operator and removes the spurious second-
order critical points out of the corresponding instance of the problem. Normalization in this
case can be regarded as inducing structure on top of sparsity.

4.6 Numerical results

It is desirable to numerically study the non-convex matrix recovery in problems with a
structured sensing operator. The objective is to show how the general theory developed in
Section 4.3 can be applied to a real-world problem, namely the power system state estimation
discussed in Section 4.2. In general, optimization problems in (4.14) and (4.15) are non-
convex. Thus, we propose to use Bayessian optimization [39] in order to obtain a numerical
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estimation of their solutions. We have empirically observed that Bayesian optimization tends
to obtain the same optimal solution to this problem much faster than random shooting or
cross-entropy.

Power systems

In this section, we focus our attention on three networks named case9, casel14 and case30
that are provided in the MATPOWER package [127]. For case9, the number of buses is
n = 9 and there are m = 63 possible power measurements that can be collected, while we
have n = 14 and m = 98 for casel4 and have n = 30 and m = 210 for case30. We denote
the corresponding sensing operators with A?, A% and A*. Both matrices A3® and H?® are
visualized in Figure 4.1.

We linearize the low-dimensional structure that was discussed in Section 4.4. Repetition
of the nonzero entries of H' (after some scaling) is considered as a form of low-dimensional
structure, instead of the nonlinear dependence on the admittance. For example, if the entries
(i,7) and (i, j") of H3® are equal, then W3° is constructed to be such that its kernel consists
of matrices, for which the entries (7, j) and (¢, ') are equal.

Based on this property, we form the linear operators 72, 74 and 73°. All of the matrices
in their kernel subspace are rank deficient. In this case, Theorem 8 can only provide us with
the trivial upper bound on the RIP: §, < 1. However, this operator will allow us to use
Theorem 8 to find a less conservative bound on RIP to certify the inexistence of spurious
solutions for the structured mapping.

The purpose of the experiment is to study the dependence of d,, that is sufficient for
the absence of spurious solutions in (Problem®SP+RIP) on the radius R of the ball domain.
Intuitively, one would expect the dependence to be monotonically decreasing, since the larger
the domain is, the more solutions can appear there with some being spurious. However, this
is not exactly what can be observed. Figure 4.4 shows the right-hand side of the inequalities
in (4.14) from Theorem 8 for a range of values of R for three structure operators: 79, T
and 77°. In these experiments, the vector w has the unit entries. The red line provides
a guarantee on no spurious solutions in the interior of the domain, while the blue dashed
line takes care of the spurious solutions on the boundary. Indeed, the red curve decreases
monotonically and converges to a value around 0.64 for all of the experiments, while the
blue dashed line decreases to 0.5 and recovers back to the same value afterwards. It turns
out that 0.64 is the bound on ds, for R = +o0 in each of the cases as well. This interesting
behavior can be explained qualitatively. Consider a toy example with three cases in Figure
4.5, where the domain grows from Case I to Case III. There are no spurious solutions in
case I, whereas one appears in case II and disappears in case III. Notice that the spurious
solution can only appear on the boundary, which motivates the steady behavior of the red
curve in Figure 4.4. Recall that the threshold 0.5 is valid for the trivial structure operator
T = 0 and R = +o0o and the blue curve never goes below it. Therefore, the constructed
conditions of the absence of spurious local optimality are strictly superior to the previously
known bound.
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Figure 4.4: The outcome of the minimization of Qp(z, 2) and Q% (x, z) with the Bayessian
optimization toolbox. The resulting value is the approximation of the right-hand side of
the inequalities in (4.14) and can be used in Theorem 8 to estimate the lower bound on
the sufficient RIP constant for global optimality. The values of the radius of the domain
ball Br(w) are on the x-axis, and the corresponding approximations of min Qp(z, z) and
min Q% (z, z) are on the y-axis. The red line depicts the lowest observed value of the function
Op(z, ) and the blue dashed line depicts the minimum value of the function Q% (z, 2).
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Figure 4.5: TIllustration for the local solution on the boundary. Three cases are considered,
each marked with a different color. The colored intervals along the x-axis depict the domain
in each of the cases, while the colored crosses denote the local solutions.

The above simulations were based on the networks provided in the package MATPOWER
7.0b1 [127]. Keeping the structure of a network, we set the parameters of the lines equal to
each other to be able to better visualize the operator H. All of the presented simulations
were performed using the MATLAB bayesopt toolbox, and the MATLAB modeling toolbox
CVX [45, 46] with SDPT3 [101, 102] as the underlying solver.

Synthetic data

In this subsection, we present numerical studies of the matrix recovery problem for structured
sensing operators obtained from random ensembles. For simplicity, we set R = +o0. In this
section, the smallest value of §, such that A satisfies the 6,-RIP property is referred to as
the best RIP constant of the map A.

Recall that the structure operator is defined by two operators stack together: T = (S, W).
Here, W captures the underlying structure that is not captured by the sparsity operator S.
We consider the same form of this operator as in the experiment on power systems data.
Given the matrix representation H of the kernel operator, denote the unique nonzero values
in this matrix with the scalars hy, ..., hg,. It means that H is representable in the form
H = hE + - + hg,FEq, , where E; is a matrix of the same size as H with 0 and 1
entries. The operator YV that we use in this section is any operator that has the subspace
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Figure 4.6: The average of sufficient best RIP constant obtained from the developed analytic
framework (Theorem 8) for random structures generated from the distribution RS(po,U)
(each colored line stands for one specific value of py), compared with the baseline method
from Theorem 6 (shown as black and dashed). Shaded area represents the standard deviation
window.

{BLEyv+ ...+ Bay, EaylB1, - -+, Bayy € R} as its kernel.

We introduce a distribution RS(pg, U) over the space of structure operators by describing
the sampling scheme below. First, we generate the measurement structure matrix Ay such
that each of its components takes value 0 with probability py and any of the values 1,...,U
with the equal probability of 17%. We then form the kernel structure matrix as Hy, = ASTtAst
and construct the sparsity operator S and the extra structure operator W as discussed before.
The obtained structure operator 7 is such that the operator represented with A satisfies the
T-KSP. Note that the average sparsity of Ay is pp and the number of unique nonzero values
is U with high probability, which implies that py is a parameter qualifying the amount of
sparsity structure in the problem, and U is a parameter qualifying the amount of additional
structure.

Figure 4.6 depicts the estimated sufficient RIP to guarantee the existence of no spurious
second-order critical points in random problems with different values for the sparsity (po)
and the unique counter (U). The sufficient RIP is obtained from Theorem 8 by imposing the
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KSP. Observe that the sparsity and the additional structure (the number of unique nonzero
values in the measurement matrix in this particular case) both have a significant impact on
the sufficient RIP. Note that a higher py means more sparsity and a lower U means more extra
structure. Although it was observed theoretically that sparsity alone could not guarantee
an increase in the sufficient best RIP constant, it appears to be an important characteristic
when combined with the additional structure. Even for structures with a considerably low
sparsity (0.85), the tight extra structure (U = 2) has the sufficient best RIP of 1, which is a
counter-intuitive result. The sufficient RIP seems to decay exponentially as we relax extra
structure by increasing U, but with different bases for different py. This behavior coincides
with the one predicted in Proposition 4. If the goal is to make the RIP higher than a certain
threshold, the amount of extra structure needed to achieve this reduces dramatically with
the increase of the sparsity structure.

The experiment demonstrates that our method can be successfully applied to matrix
sensing with randomly generated structure. The key takeaway from this experiment is that
our method captures the trade-off between the sparsity and the low-dimensional structural
properties of a given mapping. It shows that imposing restrictions on structure significantly
affects the sufficient RIP, which leads to certifying the absence of spurious solutions under
far less restrictive requirements (by improving the previous RIP bound 0.5 for arbitrary

mappings).



CHAPTER 4. COMPLEXITY OF LINEARLY STRUCTURED PROBLEM 92

Appendix

In this part, we will prove Theorems 7 and 8 via showing the nonexistence of a counterex-
ample. Specifically, given T, for a point x and a parameter value z, we aim to find a value
05" for which the following claim holds:

“There exists A that satisfies T-KSP and d,,-RIP such that x

is a second-order critical point of f, 4 if and only if da, > 57"

X is equal to Br(w) in the notation from Section 4.1. The conditions for a point x to be a
second-order critical point of a function f over Br(w) can be expressed in the compact form:

{Vf(ar) =0, Ju<0: V@) = pa —w),

if + € OB
P V2 f(2)PL =0 if € OBr(w)

V2f(z) > 0 if v ¢ OBgr(w) or {

where P,_,, € R =Dx7" ig the matrix of orthogonal projection onto the subspace orthogonal
to  —w. With that in mind, we construct the two functions: é(x,z) and 96(x, z) via the
following optimization procedures:

z,z) = minimum dor

subject to L, .(ATA) =0
M, (ATA) =0
T(ATA) =0
A satisfies d5,-RIP.
dé(x, z)

minimum  dg,
521" ,HGR:ﬂzoy-A

subject to L, (AT A) = —pu(z — w)
Po-wMa:(ATA)PL, = 0
T(ATA) =0
A satisfies d,,-RIP.

In each of the problems, the first two constraints represent the requirement that x is a second-
order critical point of f, 4, the third constraint takes care of the KSP, and the last one is
the RIP. It is straightforward to verify that min{d,d0} takes the value of the desired 05"
Minimization of 05" over {x € X,z € Z : xx" # 2z} gives &, such that (ProblemXSP+RIP)
with d2, has an instance with a spurious second-order critical point if and only if da, > 93,.
Suppose that we are able to find 057 and 057 such that 657 < 657 < 637 forallz € X,z € Z.
Then,
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This inequality shows that dy, > &% is a sufficient, and dy. < 0%, is a necessary condi-
tion for the absence of spurious second-order critical points in the instances of the problem
(Problem®SF+RIP) * Now, it is desirable to show that min{Q%(x, z; T, w),Op(z, 2; T)} can

serve as 0y, , and min{Q%(z, z; T, w), O(x, z; T)} can serve as d,,".

Lemma 23. The following statements hold all x € X and z € Z:
Op(z,2) <(z,2) < O(z, 2) (4.16a)
0% (z,2) < 06(x, z) < 0%%(z, 2) (4.16b)

Proof. Here, we show only inequality (4.16a) since (4.16b) can be shown similarly. Notice
that for P = orth([x, z]), the following sequence of inclusions holds:

{PYPT .Yy e Sronkl= 2D} € {X € S": rank (X) < 21} C S™. (4.17)

Let (H*,0*) denote the minimizer of the problem corresponding to LM I(z, z). By the defe-
nition of the O function, for every X € S™ it holds that

(1= IXNE < (X, H(X)) = A (O < 1+ ) IX]E

The decomposition H* = A*T A* exists because H* = 0. If the inequality holds for all
X € §", it must hold when rank(X) < 2r, as noticed in (4.17). Thus, we conclude that
the pair (A*, %) is feasible for the problem defining d(z, z). This proves the upper bound.
Similarly, if (A, d,) is the minimizer of the problem defining 6(z, z), then by (4.17), the pair
(AT A,,d,) is feasible for the problem defining Qp(z, z). This can be verified after rewriting
the last constraint of the problem defining Op in the form

(L= 0)[PY P < (PY P, ALA(PY P)) = [A(PY PT)||* < (1 +6)| PY P|%

for all Y € S"®*(@2) Tt is important to notice that the same argument works for an arbitrary
choice of P € R™? with d < 2. O

The above lemma completes the proof of Theorem 8. Theorem 7 follows by substituting
1 in the right-hand sides of (4.14) and (4.15). Notice that the linearity of the gradient and
the Hessian with respect to the kernel operation matrix is the only property of the objective
function that has been extensively used here. It can be exploited for generalization of the
developed theory.

Proof of Proposition 4. We write the dual of the problem defining the function O as:

maximize tr[Uy — Uy (4.18a)
YAUL=0,U2-0,V =0
subject to  tr[U; + Us] =1, (4.18Db)

L;.(y) =M (V) +TT(N) =
U = U (4.18c)
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This problem is the exact reformulation of

]

(4.19)

maximize

yeR™ T VE0ueRt SO (4L (y) = M (V) + T (1))

S (=N (L () = MI(V) + T (1)

For details, please refer to Lemma 14 in [120]. Both primal and dual problems are bounded
and the dual is strictly feasible. Recall vector e and matrix X from Section 4.4, where for
all v € R™ " it holds that

e = vec (va’ — z27), Xvec (u) = vec (vu” 4 uz®)

A strictly feasible point of (4.18) can be chosen asy =0, A =0,V =¢l, Uy =nl —eW and
Uy = nl + W, where 2n = n=2, 2W = r[vec (I)eT + evec (I)T] — X X7 and ¢ is sufficiently
small to ensure that both U; and U, are PSD. Consequently, Slater’s condition and strong
duality hold, and thus the optimal solution of (4.19) coincides with O(z, ).

T =(S,W), then T (u,T) = W' (u)+ST(T). If S represents a sparsity pattern then there
is a matrix S such that S(T) = ST(T) = SoT. Let S and S’ be the matrix representations
of S and &', respectively. S’ C S means that there exists S® such that S = S’ U S? and
therefore S = S + S2. It is straightforward to verify that for every R € S" there exists
T € S™ such that SoT+ S20 R = S"oT. The opposite is also true: for every T € S"* there
exists R € S” such that SoT 4+ S2oR = 5"0T.

We introduce the short-hand notation V(y,V,u) = L] ,(y) — M. (V) + WT(u). One can
verify that the following expression holds:

Oz, W, S') = minimize Y (N, Viu) + e T))y
- | YER™ "V =0,ueR’, TGSH2 Zfl 1(+ z( (ya V u) + S’ o T))-f—
Ai(V ) )
)

d A
; T
minimize 222:1( (y, Viu) + So +SAOR <
yeR™* " V0,ueR!, Tes?” Res?” Y i (FM(V(y, Viu) + SoT + SA2 o R))4
S (=M, Viw) + SoT + 5% 00)),

minimize y =0z, z;W,S)
yeR<r Viouer!,res” D iy (FA(V(y, Vou) + S o T + 52 00))4

This completes the proof. O
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Chapter 5

Model-Agnostic Meta Learning as a
Path to Tractable Sub-problems

Let us consider a decision process formulated for a system through an optimization problem
{minimizeycx (- f(x;7) : TET}

where T is the set of all possible states the system can be found at. Given this optimization
problem, a task would be to come up with a tractable algorithm that solves the problem,
or at least with a heuristic that solves the problem efficiently in the most important cases.
One way to define the importance of cases is to introduce a probability distribution Py
over T, measuring the probability that the system would be found in the state with the
parameters 7 € 7. One idea that may help to automatize the process of designing this
heuristic is the idea to teach a machine learning model to take in a dataset of a number
of instances 7; ~ P+ and output an optimization algorithm that solves a potentially hard
optimization problem very efficiently. Since the search in the space of all of the algorithms is
not a tractable problem, we assume that the model would output an algorithm a : 7 — R"
from a parametric family of efficient algorithms A. For a given algorithm a € A, the set of
parameters that defines the largest problem which can be solved with a is

T*(a) = Arg max {IP’T [S] : a(r) € Arg min) f(z;7) VT € S}

SCT xeX (T
The Bayesian optimal rule for this ML formulation would take in the pair (7, P7) and return

tgiop € AT max Pr[T*(a)]

which implies that it would need to recognize the largest subproblem of 7 that can be solved
with an algorithm from A.

The global optimization property over a sub-problem is a desirable feature of an algorithm
a, especially for safety-critical systems. However, there are high-scale applications of data
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analysis, where an efficient heuristic can be of a greater value than an exact algorithm. For
designing a heuristic, an alternative Bayes optimal rule should be formulated:

a* € Arg max /TeTf(a(T)ﬁ)dPT(T)

The corresponding optimization problem characterized with all couples (A, T) of interest
is the problem we are considering in this chapter. A practical machine learning model, at
the exploitation stage, would take in a dataset {7;};cp and return an estimate a of a*. One
example of a successful application of this approach lay inside the field of Machine Learning
itself and called Meta-Learning, with the Model-Agnostic Machine Learning algorithm being
a prominent representative. Therefore, in this chapter, we study the non-convex optimization
problem solved within the MAML framework to understand its tractability with respect to
local search methods. We consider 6 = (A, T) to be a single instance of the MAML problem,
where a task set T is a subset of instances of the Linear Quadratic Regulator problem due to
MAML’s typical area of application lying in Reinforcement Learning and Control. To align
well with the previous research, we consider A that consists of single-step gradient descent
routines with a fixed step size but different initialization points. Nevertheless, the findings
reported here can be easily generalized to T consisting of instances with benign optimization
landscapes and A made of multi-step local search methods with small enough step sizes.
This chapter shows that the MAML objective inherits the benign optimization landscape
from the underlying tasks if their objectives are close pointwise. This desirable property
fails to hold for the objectives that coincide up to a multiplicative constant. We proposed a
modification of MAML that does not possess this drawback. We conclude that for the choice
of A that is common in the machine learning practice and even for elementary practically
important tasks 7, MAML is unlikely to obtain the Bayes optimal rule a* presented above.

5.1 Introduction

Meta-learning, along with transfer learning, is a rapidly developing research area in machine
learning which aims to design algorithms that gain computational advantages out of inherent
similarities between optimization problem instances of learning, otherwise referred to as
tasks. In this work, we study one of the most popular meta-learning algorithms, named
Model-Agnostic Meta-Learning (MAML), which has been developed by Finn, Abbeel, and
Levine [36]. In the reinforcement learning domain, the algorithm is expected to rapidly adapt
a pre-learned policy to a new task. However, measuring the quality of adaptation is vague and
therefore the domain of application of meta-learning remains uncharted. In the core of meta-
learning, there is an optimization problem that is concerned with the expected generalization
performance averaged among considered tasks. In this chapter, we propose to measure the
performance of MAML by the optimality gap of the corresponding optimization problem. We
consider a space of tasks to be suitable for meta-learning if the algorithm converges to a global
optimizer of the meta-learning objective or to a point with a similar value. This approach
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enables distinguishing those meta-learning problems that are solvable by MAML from the
problems that are not. Intuitively, a particular algorithm should perform satisfactorily on
a meta-learning problems that consists of tasks united by a particular type of similarity.
For the purpose of demonstration, we consider linear quadratic control problems, although
our theory applies to a broad class of RL tasks with benign optimization landscape. The
term benign landscape in this chapter is used to describe optimization problems which can
be (approximately) solved with common tractable optimization techniques. It is formalized
in Section 5.2. We aim to theoretically study the global convergence properties of the
original MAML algorithm on sequential decision-making tasks. In short, our findings can be
summarised as follows:

e Meta-Learning objective inherits a benign landscape from the objectives of the indi-
vidual tasks if they are similar pointwise. As a result, the original MAML and other
meta-learning algorithms that rely on local search are guaranteed to perform well on
the corresponding problems.

e As a strongly negative result, those problems consisting of linear quadratic tasks that
coincide up to a scaling of the reward function are not solvable by MAML. We propose
an alternative scheme that addresses the issue with this type of similarity.

For the clarity of explanation, we investigate discrete stationary infinite-horizon decision
problems and note that the generalization of the results to non-stationary and finite-horizon
cases is straightforward. A stationary discrete dynamical system is described as

St+1 ™ T(Sm at) )

where T is a probability distribution over the next state s,.; € R? given the current state
s; € R? and action a; € R". The initial state s is assumed to follow the distribution T,. The
objective of the infinite-horizon problem is to find a control input a; minimizing the total
discounted cost (the negation of the reward)

ZVtC(Su at)]

subject to  sp41 ~ T(sy,a;) VE€{0,1,...}

minimize Eg .z,

where 7 € (0, 1] is the discount factor that is assumed to be 1 for the LQR problem and E|[-]
denotes the expectation operator.

Linear-Quadratic Regulator

One of the important examples of decision-making problems is related to the control of lin-
ear dynamical systems with a quadratic objective, referred to as linear-quadratic requlator
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(LQR). LQR and Iterative LQR (iLQR) [100] are fundamental tools for model-based rein-
forcement learning. Moreover, linear-quadratic problems enjoy a rich theoretical foundation
with a large number of provable guarantees, which make them a compelling benchmark for
the mathematical analysis of novel learning algorithms.

We consider the following infinite-horizon exact LQR problem:

[e.e]

Z(sj@st + a; Ray)

t=0
subject to s;11 = As; + Ba;, Vte{0,1,...}

minimize K,

(5.1)

where () and R are positive semidefinite matrices. Assuming that the matrices A and B are
such that the optimal cost is finite, it is a classic result that the optimal control policy is
deterministic and linear in the state, i.e.,

ay = —W*St

where W* € R™? [9]. Moreover, the matrix W* can be found from the model parameters
by solving the Algebraic Riccati Equation (ARE)

P=A"PA+Q—-A"PB(B"PB+ R)'B"PA,
and substituting the positive-definite root P into
W*=(B'"PB+ R)"'B'PA.

This implies that in order to find the solution of LQR, it suffices to only search over deter-
ministic policies of the form a = —W's parameterized with a matrix W € R,

In an effort to build a bridge between practical RL algorithms and the optimal control
theory, [35] shows that W* can be found by applying the policy gradient algorithm to a
reformulated cost function. The LQR cost of a linear deterministic policy with respect to
W can be defined as

CW) :=Eg~m, [Z(sj@st + a/ Ray)
=0
where a; = —Ws; and s, = (A — BW)s;. This can be reformulated as

C<W> = Esyomy SJPWSO

where Py is the solution of Py = Q+W T RW +(A— BW)T Py (A— BW). We only consider
the cost of stable policies, and assume the cost to be infinite for unstable ones.
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Model-Agnostic Meta-Learning

Given a set of tasks 7T, each represented by an objective function L., and a probability
distribution P over the tasks, [36] proposes an algorithm for finding an initialization of the
policy gradient method that allows a fast adaptation to a task through just several gradient
updates. In case the task consists in regression, classification, or clusterization, £, is a risk
or an empirical risk. In case of a reinforcement learning task, £, is the cost (the negated
return) of a policy.

If the space of considered policies is parameterized via w € W, then a single-shot MAML
(which uses just one gradient update) aims to minimize the objective

L(w) = Erer [fr(w — nVgr(w))] (5.2)

where f. and g, can be two different approximations of the objective function of the task
7 and V is the gradient operator. Similarly, a multi-shot version applies multiple gradient
updates within the adaptation procedure. For example, if £, is the risk of a learning problem,
then f,. can be the empirical risk conditioned on a large dataset, while g, is the empirical risk
conditioned on a smaller dataset. The generality of this formulation will be used in Section
5.2, but for the study of LQR we will assume that the functions £,, f. and ¢, all coincide
and are equal to C(WW). When it is clear from the context which task is being discussed, we
will omit the subscript.

Being based upon gradient descent with a constant step size, Algorithm 3 is a basic
version of a few-shot MAML although other versions have been developed in the literature,
e.g. FO-MAML, HF-MAML [32], iMAML [87], Reptile [80] and FTML [37]. We do not
directly address the other formulations in the chapter, but the conclusions of this work are
applicable to them as well since they are created to minimize essentially the same objective
function (5.2) and the convergence to at least a first-order stationary point has been proven
for the majority of these variants.

An interesting modification of MAML is based on exact proximal optimization as an
alternative to a gradient update. [125] proposes the proximal update MAML algorithm
with the adaptation procedure that finds the best set of parameters in the neighborhood of
initialization, while [107] proves that a similar idea can be shaped into a meta-RL algorithm
that is proven to converge globally under some overparametrization assumption. However,
the exact optimization in the adaptation procedure may be problematic in meta-learning
setup, since adaptation is supposed to be fast, meaning that there are sharp constraints on
sample complexity and the amount of computation allowed for it.

As meta-learning seeks to improve learning performance by exploiting similarities between
tasks, it is important to understand what type of similarities a particular meta-learning
algorithm can take advantage of. A highly desirable feature of a meta-learning algorithm
is an acceptable meta-test performance at least on the tasks it has been meta-trained on.
In other words, if the set of tasks 7 is finite and the meta-training procedure has access to
all of them, then it should succeed at global optimization on the meta-testing stage. For
MAML, this translates into a requirement of successful minimization of the objective (5.2).
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Algorithm 3 Model-Agnostic Meta-Learning (MAML)

Require: p(7): Probabilistic task generator
Require: 7, 3: Step size hyperparameters
1: Randomly initialize w
2: while not done do

3:  Sample batch of tasks 7; ~ p(T)

4:  for all 7; do

5 Evaluate Vg7, (w)

6: Compute adapted parameters with gradient descent: w} = w — 9V, g7 (w)
7. end for

8 Update w < w — BV D 7 ) 7 (W)

9: end while

[37] shows that the global minimum is achieved in case the functions f, = g, are all smooth
and strongly convex. However, the objective of many practical decision-making tasks are
not convex, although may possess benign landscape, like the LQR objective (5.1). Tasks
with non-convex objectives are substantially harder to analyze, and thus [32] only shows
convergence of MAML to a first-order stationary point of (5.2) if f, are non-convex. We
aim to study the global convergence properties of MAML applied to tasks with non-convex
objectives.

The landscape of (5.1) has been studied in [35], which has observed that there exist
instances of LQR that are not convex, quasi-convex, or star-convex, which means that none
of the existing results on global convergence of MAML can be applied even to such a basic
decision problem as LQR. However, (5.1) possess benign landscape, and our study shows
that this property can be transferred to (5.2).

The purpose of this chapter is not to design a new algorithm or conduct a study of its
application on a specific real-world case, but rather to prove the basic properties of a popular
existing algorithm for a vast variety of cases. Meta-Learning algorithms are supposed to
capture similarities between tasks, although there is no clear way to determine whether or
not a similarity has been captured. For MAML, we propose a criterion that is based on
the properties of the landscape of the optimization associated with MAML. Specifically,
we declare that a version of MAML captures the similarities between the tasks in 7T if
the objective of the algorithm on 7 has benign landscape. Otherwise, the tasks in 7 are
recognized to be too distinct for this particular version of MAML.

The advantage of the above criterion is that it correlates with the computational complex-
ity of the problem that MAML aims to solve. If the objective function has benign landscape,
then the optimization problem has a low computational complexity and one can solve it by
a local search method, which is implemented within MAML. If the objective does not have
benign landscape, then MAML can become stuck in a spurious local minimum, which can
potentially be arbitrarily worse than the optimal solution.

A drawback of this approach is that it does not allow to compare Meta-Learning algo-
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rithms against each other, since it does not take into account the computational complexity
of the adaptation algorithm. In this chapter, we do not consider this aspect because of our
focus specifically on the few-shot MAML. We consider MAML primarily with applications
to linear-quadratic systems because they are realistic and yet easy to analyze although our
conclusions go far beyond this application.

5.2 Main Results

In this section, we study the MAML algorithm under four different scenarios. We consider
MAML applied to a single task and to several identical tasks. Afterwards, we introduce a
metric between tasks and extend the study to a number of close tasks, and, finally, we study
the convergence of MAML on a large number of distant LQR tasks.

We provide theoretical results for general multi-dimensional systems, while all of the
presented examples and counter-examples are on one-dimensional LQR tasks since they are
easy to visualize. Note that these examples are extendable to multi-dimensional systems as
well. The details on the exact tasks used for the computations are moved to the Appendix.

Single task

We begin by analyzing MAML applied to a singleton task set 7. If MAML fails under this
scenario, then its global convergence for the multiple-task scenario becomes questionable.
For the single task, we rewrite the MAML objective (5.2) as

hw) = f(w —=nVg(w))

where f is assumed to be a continuously differentiable function and ¢ is assumed to be
twice continuously differentiable. As noticed in Section 5.1, the existing results on global
convergence of MAML are not applicable to LQR. Figure 5.1 demonstrates an example of the
MAML objective (5.2) applied to a single LQR task. It is non-convex and has three distinct
strict local minimizers. Nevertheless, all of these three points are also global minimizers,
which implies that Algorithm 3 would converge to its global minimizer from almost any
initial point. The minimizer in the middle corresponds to W* of the task, while the rightmost
and leftmost minimizers are some points W such that W —nVC(W) = W* and VC(W) # 0.
The minimizers on both sides rely on the rapid adaptation during the meta-testing stage,
which has been assumed in the design of the algorithm.

This example gives rise to a hypothesis that the MAML objective for a single LQR
possesses some sort of benign landscape and, more generally, that benign landscape of the
cost of the underlying task results in benign landscape of the resulting MAML objective.
Following [53], we formalize the notion of benign landscape by defining global functions

Definition 13. A continuous function ¢ : Z — R is called global if every local minimizer of
¢ 1s a global minimizer.
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Figure 5.1: MAML objective (5.2) on a single LQR task.

This property is also referred as having no spurious local minima and generalizes the
notions of convexity, quasiconvexity, and star-convexity. As a relaxation of this property, we
define e-global function:

Definition 14. A continuous function { : Z — R is called e-global if for every local mini-
mizer Z of £ it holds that
0(Z) —min,ezl(z) < e

Being global is equivalent to being 0-global. This property is more likely to be satisfied
than a perfect no-spurious property for cost functions coming from real-world applications,
providing with a broader way to formalize the intuitive meaning of a benign landscape.
These two notions of benign landscape characterize when a coercive function is easy to
optimize using local optimization methods based on gradient descent. The following theorem
shows that the benign landscape of the cost of the underlying task indeed leads to a benign
landscape for the resulting MAML objective.

Theorem 10. Let f: W — R be global and g : W — R be twice continuously differentiable
with ||V2g(w)|| < M < oo for all w € W. If Algorithm 3 with the parameter n chosen to be

smaller than < converges to a local miminizer w* € W of h, then w* is a global minimizer

M
of h.

Theorem 10 is proven in the appendix, and its proof relies significantly on the following
technical Lemma:
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Lemma 24. Let { : Z — R be an e-global function, and consider a continuous map F :
W — Z with Z = range(F) that is locally open at a local minimizer w of ¢ o F. Then, it
holds that

{(F(w)) — min ((F(w)) < e

In the context of LQR, Theorem 10 results in the statement below.

Theorem 11. Let w* € R™ be the limit point of the sequence generated by Algorithm 3
(MAML) with n < m applied to a single LQR task, meaning that h(W) = C(W —
nVC(W)). Then, w* is the global minimizer of h, which implies that C(W —nVC(W)) is a

global function.

Proof. Tt is shown in [32] that MAML converges to a first-order stationary point of a smooth
nonconvex loss. Therefore, if the limit point w* exists, it must be a stationary point of
C(W —nVC(W)). Consider the first-order stationarity condition for w* :

0=VC(w* —nVC(w")) =
_ 2 *\1T
_[I_ UV C(w >] VC(W)‘W:w*anC(w*)
Similar to the proof of Theorem 10, Z —nV2C(w*) is a full-rank marix, meaning that w* is a
first-order stationary point for the MAML objective if and only if VC(W) }W:w*—nv Cwr) = 0.

Theorem 7 of [35] states that the Gradient descent algorithm finds an e-approximation of
the global optimum of C'(W) in polynomial time for any initial point with a finite value. This
directly implies that all first-order stationary points of C(WW) are the global minimizers of
C(W) because otherwise we could initialize the Gradient descent algorithm at a stationary
point and since it converges to the point of initialization, it will lead to a contradiction.
Being a first-order stationary point is a sufficient condition of local minimality, and hence
guaranties that C'(W) is a global function. By Theorem 10, the MAML objective is global
for a sufficiently small 7.

Since w* — nVC(w*) is a first-order stationary point of C. it is a global minimizer of C
and since miny C(W) < miny C(W — nVC(W)), the point w* is the global minimizer of
the MAML objective. m

Theorem 10 has implications far beyond the study of LQR. For example, Theorem 4.3
in [118] states that, under certain conditions, the objective of Hy linear control with H
robustness guarantee is a global function. Applying Theorem 24 to this objective yields
that MAML on the mixed Hs/H state-feedback control design will also have no spurious
local minima under the corresponding conditions. It is also applicable in case f is not a
reinforcement learning objective but an objective of a regression or a classification task.
It also has a straightforward extension to the multi-shot MAML and other variants of the
MAML algorithm. Theorem 10 can also be viewed as a practical guideline for proving
global convergence post-factum. If the function f is global and one runs Algorithm 3 with a
parameter 7 that converges to a point w* such that Vi(w*) = 0, then one can check whether



CHAPTER 5. MODEL-AGNOSTIC META LEARNING AS A PATH TO
TRACTABLE SUB-PROBLEMS 105

V2g(w*)
case f is not global but its landscape has benign properties, then the following generalization

takes place:

V2h(w*) = 0 and n < ﬁ and if so, w* is guaranteed to be a global minimizer of h. In

Proposition 5. If f is e-global for some ¢ > 0 and w* € W is a local minimum and
< rerr—mr, then
S 2w , ,
N <
(w) — min h(w) < e
Proof. The mapping F(w) = w—nVg(w) is continuously differentiable over W. The Jacobian
of this mapping is VF(w) = Z — nV2g(w). By assumption, n < and consequently

1
_ V2g(w*)ll2
there exists o such that n < m for all w € Bs(w*). Similar to the proof of Theorem

10, V.F(w) is positive definite for all w € Bs(w*), and therefore by Theorem 9.25 in [92],
F ‘@5 (") is an open mapping and hence locally open at w*. By Lemma 24, it means that

h(w) — mingew h(w) < e. O

So far, we have shown that the benign landscape properties of MAML applied to a
singleton 7 are inherited from the benign landscape of the objective of the task to which
MAML has been applied. In particular, this holds true for the LQR tasks.

Several identical tasks

Results obtained for the single-task scenario give rise to a hypothesis that the benign land-
scape of every individual task would help with the convergence of MAML in a multi-task
setting as well, provided that all of the tasks have a similar structure. Thus, in this part we
study multiple-task learning for which the MAML has originally been designed for. Starting
with some tasks that are the most similar to each other, we consider LQR tasks that coincide
up to multiplication of the cost by a positive scalar. This is the highest degree of similarity
one may hope to have between sequential decision-making problems. More precisely, the
landscape features of the cost function (local and global minimizers, maximizers and saddle
points) are preserved under this transformation, and therefore we refer to tasks of these
types as identical henceforth.

We consider a finite set of LQR tasks with a uniform distribution among them, which
allows us to reduce the MAML objective (5.2) to the form

1

7 2 CW =V O (W)

TET

Figure 5.2 demonstrates an example of the MAML objective applied to two identical LQR
tasks. Although the MAML objective of each individual task is global, only one global
minimizer coincides among all of them. This is the minimizer that corresponds to W*. The
two minimizers on the sides are shifted and after interference they produce spurious local
minima for the total objective function. Hence, we can conclude that MAML fails to capture
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Figure 5.2: Two MAML objective functions (5.2) for identical LQR tasks (dashed lines) and
the MAML objective for the uniform distribution among them (solid line). 5.2b demonstrates
spurious local minima of the solid line.
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this type of similarity between the tasks. One practical lesson to learn from this figure is that
keeping the cost (or the reward) function of the considered tasks normalized may improve the
quality of the solution provided by MAML. Another lesson is that the design of meta-learning
algorithms may benefit from considering the analysis of identical tasks as the simplest form
of common structure in the tasks.

As an alternative, we propose a modification of MAML with normalized adaptation step.
It turns out that this modification manages to capture the similarity between tasks with
scaled rewards. The objective function for this version of MAML under single-task scenario
is b :

) = £ (= e

For which a statement similar to Proposition 5 holds.

Proposition 6. If f is e-global for some ¢ > 0 and w* € W is a local minimizer of h(w)
with n < H”VVQQ(%, then
h'(w) — min A’ <
(w) — min h(w) < ¢

Proof. The mapping F(w) = w—n ng Ez;\\ is continuously differentiable over W. The Jacobian
of this mapping is

V) = - [ (191 - VoveT)]

Observe that

(IVg|]’Z — VgVg")

H Vg H3
V2l

||V ||3 HHV ||2I VQVQTH

Since VgVg' is a rank-one matrix, the largest eigenvalue of [|[Vg||*I —VgVg" must be equal
to [[Vg||* and therefore
[IV9IIP’Z = VgVg'| = [Val®

Hence, n < % is a sufficient to conclude that there exists § such that VF(w) is
positive definite for all w € Bs(w*), and therefore by Theorem 9.25 in [92], F ‘B 1s an open

mapping and thus locally open at w*. By Lemma 24, it follows that h'(w ) mlnwew B (w) <
E. [

In general, the objective of this modification of MAML can be written as

51 (v~ e
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and its first-order stationary point can be found by utilizing the gradient descent with Armijo
rule as noticed by [8] in Proposition 1.2.1. The claim that MAML with normalized gradient
step inherits the benign landscape from the identical tasks can be formulated for LQR tasks
as follows:

Theorem 12. Let the normalized-gradient version of MAML be applied to k LQR tasks
{(A;, By, Qy, R)}Yr_, with scaled dynamics and rewards, meaning that there exist oy, . .., oy, >
0 and By, ...,0Br > 0 such that

A== Ay
By =+ = By;
1@y = = g Qx;
arRy = = ap Ry,
and h(W) = Zf wiCi (W 77||VC E%go . Let w* € R™? be a local minimal point of h(W)
with n < Hlvvg%% for some i € {1...k}. Then, w* is the global minimizer of h.

Proof. From the construction of the function C;, it follows that for all W € R™ ¢ there exists
C(W) such that

(W CrL(W
Cw) = (W) - G(W)
o1 Qg
Consequently, VC(W) = %ﬁw) N ch_k and V2C(W) = VQ(;;EW) S V2C;¢kk(W)

for all i € {1...k}. Hence,

S v e
- [Z o C(W ”||vc<W>||)

Since w* is a local minimum, by Proposition 6, we conclude that w* is also a global minimum.
m

Several similar tasks

Moving forward, it is desirable to consider a different type of similarity between different
tasks in the MAML setting. Therefore, we study the landscape of MAML on those tasks that
are similar to each other in terms of the norm of the difference between parameters. For LQR,
the parameters are the matrices A, B, () and R. Our result states that the benign landscape
of the underlying tasks carries over to the MAML objective if the tasks are sufficiently close
to each other. For LQR, it will be informally stated below.

Proposition 7. For every ¢ > 0 and k € N, there exists 6 > 0 such that the MAML
objective (5.2) is 5 -global for almost any set T of k LQR tasks defined through the parameters
{(A;, B, Qy, R)Yr_, such that for alli,j € {1...k}

[Ai = Ajll + 1Bi = Bjll + 1Qi = Qill + [[R: — R;|| <6
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The formal statement along with the proof of the result and additional discussions are
provided in the Appendix. Intuitively, as long as the dependence of the cost of a single task
on the parameters is continuous, for a set of tasks that are close to each other, the multi-task
landscape of MAML remains close to the landscape of MAML for just one of them. However,
for this reasoning to hold true, we need to determine the continuity properties of a manifold
of parametric e-global functions. In order to do that, we make an assumption below.

Assumption 2. Let / : X x R™ — R with a compact set X C R"™ be a twice continuously
differentiable function with respect to x € X with {,V 0 and V?_{ being continuous with
respect to t € R™. Assume that £(-,t) has a finite number of first-order stationary points for
all t € R™ and that the Hessian is non-singular (det[V?2 ((x,t)] # 0) for all t € R™ and all
x € X such that Vil(x,t) = 0.

The following Theorem determines the continuity property of e-globality over the mani-
fold of parametric functions satisfying Assumption 2.

Theorem 13. If for somet and € > 0 the function ((-,t) satisfying Assumption 2 is e-global,
then for any €' > 0 such that €' > ¢ there exists § > 0 for which the function ((-,t) is &'-global
for all t € Bg(t).

Proof. We prove the theorem in three steps. Step 1: /(-,¢) has stationary points in the
neighoborhoods of the stationary points of £(-, ). Step 2: the types of the stationary points
coincide. Step 3: There are no stationary points outside of the considered neighborhoods.

A finite number of stationary points means that all of them are isolated. Consider a
stationary point Z of ¢(-, ). By Theorem 9.28 of [92] (Generalized implicit function theorem),
there exist 1 > 0 and ¢ > 0 such that for all ¢+ € By(f) there exists a unique z(t) € By(z)
with the property that V,¢(x(t),t) = 0. This implies that for every function ¢(-,¢) with
t € B,(f) there is a unique stationary point over B(Z).

Note that for any v € R the function h(z,t,v) = v'[V2_{(x,t)]v is continuous in both z
and ¢. By the assumption of the theorem, det[V2_{(z,t)] # 0, and therefore V2 _((Z,t) = 0 if
T is a local minimum, V2 _{(z,t) < 0 if it is a local maximum, and V2_((z, ) indefinite if it
is a saddle point. In each of these cases, we describe how to find values ¢’ and ¢ such that
¢ has a bounded value of local minima over By (Z) x By (f).

Case 1: T is a local minimum. The value of h(Z,t,v) is positive for all v € R*\{0}. By
continuity, there exist ¢/ > 0 and ¢’ > 0 such that ¢ < ¢ and ¢’ < ¢ and h(x,t,v) > 0 for
all x € By (z), t € By (f) and v € R™\{0}. This way, V2_¢(x(t),t) = 0 and therefore z(t) is a
local minimum of £(-,¢). By continuity of ¢(x,t) with respect to = and t, there exists 6’ > 0
such that & < ¢ and |[0(z(t),t) — ((7,t)] < <5< for all t € By (7).

Case 2: T is a local maximum. The value of h(Z,t,v) is negative for all v € R"\{0}. By
continuity, there exist ¢/ > 0 and ¢ > 0 such that ¢’ < ¢ and ¢’ < ¢ and h(z,t,v) < 0 for
all z € By(2); t € By (f) and v € R"\{0}. This way, V2, ¢(z(t),t) < 0 and therefore x(t) is
a local maximum of £(-,¢). In this case, we assign to the point  the value §' = ¢/'.
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Case 3: T is a saddle point. There exist v € R™ and u € R™ such that h(Z,t,v) > 0 and
h(Z,t,u) < 0. By continuity, there exist ¢/ > 0 and ¢ > 0 such that ¢’ < ¢ and ¢/ < ¢
yet h(x,t,v) > 0 and h(z,t,u) < 0 for all z € By (Z), t € By (f) and v € R™\{0}. This way,
V2 {(z(t),t) is indefinite and therefore z(t) is a saddle point of £(-, ). In this case, we assign
to the point Z the value §' = ¢/.

As a result, having selected a single stationary point T of £(-,t), we can find ¢" and ¢’
such that all the stationary points of (-, t) for t € By (%) are of the same type as , and in
case they are local minimizers, they have a value that is not too different from ¢(7,t). One
can repeat this argument for all the stationary points and therefore form sets of numbers
{0/} and {¢}} Y, where i corresponds to the index of each of the N stationary points z;
of £(-,1).

Consider the set V = X'\ Uicq1..n} IE%,;(@). It is a compact set as a compact set minus
an open set and ||V 0(x,t)|| > 0 for all z € Y. Since ||V, £(z,t)|| is continuous in x over a
compact set, it is uniformly continuous and it reaches its lower bound, meaning that there
exists & > 0 such that |V 0(z,t)|| > € for all x € Y. By continuity of ||V ¢(x,t)| with
respect to ¢, there exists §” such that ||V, ((z,t)|| > § over Y x Bs(f) and therefore there
are no stationary points of £ over ) x B (%).

We select § = min[{0}]i € {1...N}} U {0”}] and observe that for all ¢ € Bs(f) the
only local minimizers of ¢(-,t) are those close to the local minimizers of ¢(-,7). In Case
1, the corresponding ¢’ was selected such that, given a local minimizer x(t) of ¢(-,t) that
is neighboring a local minimizer T of £(-,¢) and a global minimizer 2’(¢) of ¢(-,t) that is
neighboring a local minimizer &’ of £(-, ), it holds that

((a(t), £) — min (1) = L(x(t), 1) = (& (1), £) =

0(x(t),t) — 0z, t) + 0z, t) — (T, 1)+
+0(T' ) — (2! (t), 1) <
|0(2(t),t) — €(2,D)] + [6(2, 1) — £, 1) |+
+0(Z' 1) — (2 (1), )] <
g —e g—e

5 +e+ 5 =€

]

Proposition 7 goes beyond the uniform distribution and holds for any distribution on a
finite number of tasks. An example of the MAML objective for five similar LQR tasks is
demonstrated in Figure 5.3a. Similarly to the results for single-task scenario, the statements
of this section are generalizable to other tasks with benign optimization landscape. In the
end, we conclude that MAML is able to capture the common structure among different tasks
given through similar values of the parameters.
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A number of tasks with common dynamics

Figure 5.3 demonstrates the MAML objective for several LQR tasks that share the same
dynamics but have different cost functions. Increasing the number of considered tasks im-
proves the features of the landscape of the total MAML objective. In the eleven-task scenario,
MAML learns the mean of the optimal policies W* for the tasks, which implies that instead
of learning to rapidly adapt, MAML learns the average policy by effectively finding the min-
imum of % > o7 C-(W). However, for the two-task scenario, the global minimizer of the
MAML objective appears to correspond to a policy W that has VC,.(W) far from zero for
every considered 7, and thus the algorithm that converged to that point would learn to adapt
to a task during the meta-testing phase.

We observe that the weighted sum of a large number of functions that have minimizers
in a close proximity ends up being almost global with the minimizer in the same region.
Therefore, in practice, increasing the number of similar tasks on meta-training stage may
improve the properties of the landscape of the MAML objective and assure convergence to
the global minimum.
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Figure 5.3: Five MAML objective functions (5.2) for LQR tasks with similar values of A,
B, @ and R (dashed lines) and the MAML objective for the uniform distribution among
them (solid line) (plot 5.3a). MAML objective (5.2) for the uniform distribution among
two (plot 5.3b), five (plot 5.3c) and eleven (plot 5.3d) different LQR tasks that share
the same dynamics A and B but have different cost matrices () and R.
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Appendix

Lemma 25. Given \; > 0 and Zle Ni = 1, if for some t and € > 0 the function £(-,t)
satisfying Assumption 2 is e-global, then for any €' > 0 such that €' > ¢ there exists § > 0
for which the convex combination A\il(-, t1)+- - -+ l(+, t1.) is €'-global for allty, ... t € Bs(t).

Proof. We provide the proof for k£ = 2, but the argument holds true for other finite values
of k. By Theorem 13, ¢(-,t;) can be assumed to be £”-global for &’ > ¢” > . Therefore,
without loss of generality, we assume that ¢; = ¢, and then aim to prove that for a given
A € [0,1] there exists 6 > 0 such that M(x,t) + (1 — \)l(z,t) is &’-global. We introduce
t(z,t) = M(x,t) + (1 — N)l(x,t) and note that v(z,t) = ¢(x,t), which means that t(-,?) is
e-global and satisfies Assumption 2. Theorem 13 applied to v yields that there exists 6 > 0
such that M(z,t) + (1 — \)l(x,t) is £’-global. O

Proposition 8. Given \; > 0 and Zle Ai = 1, if for all the values of t in a compact set
C C R™ and some € > 0 the function £(-,t) satisfying Assumption 2 (restricted from R™ to
C) is e-global, then for any & > 0 such that € > € there exists § > 0 for which any convex
combination A\il(-,t1) + - + XNpl(-, 1) is €'-global for all ty, ... t, such that ||t; —t;]| < 0.

Proof. To prove by contradiction, suppose that there exists ¢’ > 0 such that ¢’ > ¢ and for
all § > 0 there are t1(0), ..., tx(0) such that ||t; —¢;|| < d and A\ l(-, t1) +. ..+ Anl(+, t,) is Dot
¢’-global. From the sequence tl(%), one can extract a converging sub-sequence ¢;(d;) since C
is compact. By Lemma 25, for the point ¢ = lim;_,, ¢1(;) there exists ¢’ > 0 such that for all
t,...,tx € By (f) the convex combination A\i£(-, ;) + ... + M\l(-, 1) is €'-global. Therefore,
for the ¢1(d;), ..., tx(d;) such that ¢; < % and ||t1(0;) — t|| < %, this convex combination is
¢’-global, which is a contradiction. ]

Proposition 9 (Formal statement of Proposition 7). Consider the instances of LQR such
that their parameters A, B,Q and R belong to a compact set. Assume that none of them
produces a cost function C(W) with a singular Hessian at a stationary point. For any e > 0
and k € N, there exists § > 0 such that for any set of k considered instances of LQR defined
through the parameters {(A;, B;, Qi, Ri) Yo_, with

[Ai = Ajll + 1B = Bjl| + [|Qi — Qjll + [|1 i — Ryl <6,
for alli,j € {1...m}, the MAML objective (5.2) is e-global.

Proof. Take t = (A, B,Q, R). By Theorem 10, every function C(W,t) satisfies Assumption
2. Therefore, C'(W,t) satisfies all of the assumptions of Proposition 8 and the proof follows
immediately. O]

Given a matrix W, the system of equations

VC(W) =0; det(V*C(W))=0 (5.3)
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’ Figure ‘ LQR (4, B,Q, R, 505, ) ‘
Figure 5.1 (1,1,2,2,1), n =0.1
Figure 5.2 | (1,1,2,2,1),(L,1,0.1,0.1,1), = 0.1
(1.0L,1,1,1,1), (1,1.01,1,1,1),
Figure 5.3a | (1,1,1.01,1,1), (0.99,1,1,1,1), n = 0.1
Figure 5.3b | (1, 1,1,2,1), (1,1,2,1,1), n = 0.1
T 1,LL1), (,LL21), (LL21,1),
Figure 5.3c | (1,1,2,3,1), (1,1,3,2,1), n = 0.1
(1,1,1,1,1), (1,1,1,2,1), (1,1,2,1,1),
(1,1,2,3,1), (1,1,3,2,1), (1,1,3,1,1),
(1,1,1,3,1), (1,1,4,1,1), (1,1,1,4,1),
Figure 5.3d | (1,1,5,3,1), (1,1,3,5,1), n = 0.1

Table 5.1: To simplify the visualization, all of the examples and counterexamples in the
chapter were given for one-dimensional LQR systems. As a result, the parameters A, B, Q)
and R were scalar values, and so were the state and the action. For reproducibility, this
table collects the parameters used to construct each of the examples.

with respect to the parameters A, B, () and R defines a low-dimensional manifold in the space
of LQR tasks denoted by HS(W). All the LQR systems that have at least one stationary
point with a singular Hessian are contained in Uy HS(W). Now, notice that the union occurs
over an nxn dimensional space, while HS (W) is defined with a system of (nxn)+1 equations.
This implies that Uy HS(W) is a low-dimensional manifold and thus almost no LQR has a
stationary point with a singular Hessian. Thus, the compact domain that is mentioned in
the assumption of Proposition 9 can be a large closed set with Uy HS(W) excluded together

with its small neighborhood. Thus, Proposition 7 is an informal restatement of Proposition 9.

Details on the experiments

For the numerical experiments, we computed the MAML objective explicitly using the for-
mulas provided in the Section on LQR. The initial state sy was chosen to be deterministic.
Further details are provided in Table 5.1.
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