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Abstract

Difficulties in solving large-scale optimization problems often arise from structural pathologies
such as ill-conditioning, Hadamard ill-posedness, and degeneracy, particularly due to the failure
of constraint qualifications. While standard algorithms often struggle to address these issues,
preprocessing based on structural analysis offers an effective strategy for overcoming such challenges.
This thesis investigates several preprocessing methods targeting various sources of these difficulties.

In Part I, we study a nonclassical, average condition number of linear systems, the w-condition
number. Our results demonstrate several advantages of the w-condition number over the classical
k-condition number. First, w provides a more accurate measure of the conditioning of linear systems
by more faithfully capturing the effects of perturbations observed in practice. Second, w exhibits
superior numerical stability compared to «. Third, when used in preconditioner design, w more
effectively promotes eigenvalue clustering, which is crucial for the efficiency of iterative solvers.
Finally, the analytical simplicity of w enables the derivation of explicit optimality conditions, al-
lowing for closed-form expressions of optimal preconditioners under various frameworks, including
low rank updates of the generalized Jacobian for semismooth Newton methods and diagonal or
block-diagonal scaling. For diagonal preconditioning, we further include a comparison between two
distinct notions of conditioning.

In Part II, we first answer in the affirmative a long-standing open question of whether the smooth

stress function admits local nonglobal minimizers. This quartic nonconvex objective function arises
in the exact recovery of a Euclidean distance matrix (EDM) of a given embedding dimension. By
eliminating the Hadamard ill-posedness caused by translation and rotation invariance, we stabilize
Newton’s method and avoid singular Hessians.
We then consider the single-element error correction problem as a case study. We first show
that the projection onto the EDM cone fails to recover the correct EDM in this setting. We
then introduce divide-and-conquer strategies based on facial reduction. Our approach efficiently
recovers the correct EDM with high accuracy, and we further provide criteria characterizing the
existence of multiple solutions.

In Part 111, we relate FR. to the analysis of the convergence behaviour of a semismooth Newton

method for projection onto a spectrahedron, i.e., the intersection of a linear manifold and the
semidefinite cone. In this process, we derive an explicit formula for the projection onto a face of the
semidefinite cone obtained via regularization and analyze pathologies that arise in the absence of
strict feasibility. We further show that ill-conditioning of the Jacobian near optimality characterizes
the degeneracy of the projection point.
As an application, we consider a simplified Wasserstein barycenter problem, a well-known NP-
hard problem. We compute the Wasserstein barycenter by exploiting the structure of the linear
constraints to obtain a facially reduced doubly nonnegative (DNN) relaxation. This reduction
provides a natural splitting for applying the symmetric alternating direction method of multipliers
(sSADMM). The resulting algorithm exploits structure in the subproblems to compute strong upper
and lower bounds. In most of the instances, we achieve the small gap between these bounds, which
means that the original problem is solved.
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Chapter 1

Introduction

In modern optimization, the importance of scalable methods has been steadily increasing. In
many cases, the difficulty of large-scale optimization problems lies not in their size per se, but
in the structural pathologies they exhibit. These pathologies include numerical ill-conditioning
of operators, Hadamard ill-posedness, and failures of constraint qualifications in conic programs.
In this thesis, we investigate various preprocessing techniques that enhance numerical stability in
challenging optimization problems by addressing these structural pathologies.

The thesis consists of three parts. Part I focuses on the numerical stability of linear systems. In
particular, we investigate the nonclassical, average-motivated w-condition number as a practical al-
ternative to the standard x-condition number. We demonstrate that w provides a more informative
measure of the conditioning of linear systems while offering both numerical and analytical advan-
tages. We first justify the use of the w-condition number through an error analysis of linear systems.
Our discussion emphasizes that w is not inverse invariant and that, for linear systems Ax = b, the
relevant quantity to minimize is \/w((AT A)~1). Numerical experiments are conducted to support
this observation. Specifically, we examine the correlation between the empirical condition number
of a system, computed from sampled perturbations, and various notions of condition numbers. Our
results clearly show that the w-condition number more accurately captures the effects of pertur-
bations. We further present discussions and numerical experiments concerning the conditioning
of condition numbers and eigenvalue clustering. We then turn our attention to preconditioning
based on w. In this context, the analytical simplicity of w facilitates optimal preconditioning and
leads to superior performance in iterative solvers compared to x. Unlike the s-condition number,
which is difficult to differentiate and often nonsmooth, the w-condition number admits a simple
analytical form, enabling the derivation of explicit formulas for optimal preconditioners under var-
ious frameworks. We include results on w-optimal low rank updates, x- and w-optimal diagonal
preconditioning, and their comparative performance.

In Part II, we resolve a long-standing open question in the Euclidean Distance Matrix (EDM)
completion problem by proving the existence of local nonglobal minimizers of the smooth stress
function. A key difficulty in this problem arises from the singularity of the Hessian caused by
Hadamard ill-posedness. Our approach stabilizes Newton’s method by eliminating translation and
rotation invariance, allowing us to numerically identify neighborhoods containing local nonglobal
minimizers. The existence result is then established analytically using the classical Kantorovich
theorem.

We then turn our attention to the single-element error correction problem for a noisy EDM with



a known embedding dimension. This problem is of particular interest because the standard nearest
EDM formulation fails in this setting. We develop divide-and-conquer strategies based on facial
reduction (FR) to identify the minimal face of the centered Gram matrix that guarantees a unique
solution to the reduced problem. Under the general position assumption, our approach efficiently
recovers the correct EDM with high accuracy. We further provide criteria for characterizing the
geometric conditions under which multiple solutions may arise due to the failure of the general
position assumption.

Finally, Part III addresses structural degeneracy, specifically the failure of strict feasibility, in
conic optimization problems. Chapter 7 discusses several computational consequences of the failure
of strict feasibility in the best approximation problem for spectrahedra. When Slater’s condition
fails, the generalized Jacobian of the optimality conditions becomes singular, causing semismooth
Newton methods to collapse. We show that applying FR eliminates redundant constraints, which in
turn restores dual attainment. Our numerical experiments show that this preprocessing technique
reduces the condition number of the Jacobian from the order of 102 to 102. We further explore
the relationship between the failure of strict feasibility and the degeneracy of the projected point.
An application of FR to a distance geometry problem is also presented. In Chapter 8, we study a
simplified Wasserstein barycenter problem that is known to be NP -hard. We formulate the problem
as a binary-constrained quadratic program and obtain an exact solution by constructing a facially
reduced doubly nonnegative (DNN) relaxation. This FR provides a natural splitting, allowing
us to apply the Peaceman-Rachford splitting method. To promote low rank solutions without
sacrificing computational efficiency, we utilize redundant constraints. Our algorithm achieves a
provable zero duality gap for generic cases. We also provide a geometric characterization of the
nontrivial duality gaps that occur when the problem exhibits highly symmetric configurations.

1.1 Notation

We include Index.

We follow the work and notation in [68, 117,123,142 181]. We work in a real Euclidean space
R™ of dimension n equipped with the inner product {-,-) and induced norm |z| = 1/{x,x). We
denote by R} and R’} , the nonnegative and positive orthants, respectively. The space of m x n
matrices is denoted R"*".

Let S™ denote the space of real symmetric matrices of order n, equipped with the trace inner
product (S,T) = trace(ST'). The set S’} = S™ denotes the closed convex cone of positive semidefinite
matrices, and S7 | the cone of positive definite matrices. We write X > 0 (resp., X > 0) to denote
X € S (resp., X € S%,). Additionally, X > 0 and X > 0 denote that all entries of X are
non-negative and positive, respectively.

We let N := {X € S" : X > 0} denote n x n nonnegative symmetric matrices. The cone of
doubly nonnegative matrices is DNN = S n N™.

We use the Kronecker product A ® B and the Hadamard (elementwise) product A o B. The
vectorization of a matrix X € R"*¢ is denoted by vec(X), and Mat = vec* is the adjoint of vec,
satisfying Mat(vec(X)) = X for all X € R™*?. The linear operator Diag : R” — R™*™ maps a
vector v to the diagonal matrix Diag(v) whose diagonal is v, and its adjoint is diag = Diag*. We
use the MATLAB notation blkdiag to denote the block diagonal matrix formed from the arguments.

For A € R™*™, the Moore-Penrose pseudoinverse is Af.

2



For B € S", eigenvalues are ordered as

)\max(B) = )\I(B) =z )\n(B) = )\min(B)-

We often use the following matrix for a basis for the orthogonal complement e,

1 _
V= 7 [—IZTll}’ range(V) = e (1.1)

For integers s, t, and k, s < t, we define
[s,t] ={s,s+1,...,t}, [k]={1,2,... Kk},

and t(k) = k(k + 1)/2, triangular number.

For a set C' < R", we denote the interior and relative interior by int(C) and relint(C'). The
open ball centered at = with radius ¢ is B(z, ¢).

We denote the zero vector in R"™ by 0, and the zero matrix in R™*"™ by 0,x,. The identity
matrix is I (or I, when size matters). The vector of all ones is e, and e; denotes the i-th unit

vector. Moreover, we denote Fj;, = eje{ + eke]T, unit matrix.

For index sets Z, J, we denote submatrices by
Acoy, Agy Auo:

For x € R", we define

vy = (max{0,a,))y, - = (minf0,z))y.

For a differentiable function f : R" — R, we write Vf. If n = 1, we use f’. A differentiable
function f : 2 — R on an open set () is pseudoconvex if

Vi) (y—2)=0 = f(y) = f(z), VYa,ye.

In this case, V f(x) = 0 characterizes global minimizers on convex domains. See, e.g., [120].

The Fenchel subdifferential, 0h(x), of a convex function h is

oh(z) = {v: {v,y —z) < h(y) — h(z), Yy},

and the Clarke subdifferential, dch(z), of a locally Lipschitz, not necessarily convex, function h is
defined as
Och(x) = conv {s : 3% — 2, Vh(z") exists, and Vh(z") — s} , (1.2)

where conv denotes the convex hull of a set. It is well known that the Fenchel subdifferential and
the Clarke subdifferential coincide for convex functions.

A function f: S — R defined on a convex subset S € R"” is quasiconvex if
[z + (1= Ny) <max{f(z),f(y)}, Vx,yeS Ael01].
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Now we define a special subdifferential called the quasisubdifferential for a quasiconvex func-
tion f. Define the strict sublevel set or inner slice of f as:

S'(x) = {y eint D : fly) < f(w)},

where int D denotes the interior of the domain of f. The quasisubdifferential, ¢° f(z), of a quasi-
convex function f relative to the above sublevel set is defined as

°f(z):={g:{g,y—2)<0, VyeS(z)} (1.3)

For column and row index subset o  [n] we let D, denote the corresponding principal sub-
matrix of D, and
Po : S" = §% Pu(D) = Dy,

is the projection, or coordinate shadow, corresponding to . We abuse notation by using S rather
than Sl to emphasize the actual coordinates used. The inverse image is

P, YD) ={DeS": D, = D}.
We extend the coordinate shadow for rectangular matrices
PeR™ P, (P)eRl*

corresponds to the rows indexed by a.

Further notation will be introduced as needed.

1.2 Contributions and Organization

We now summarize the organization and main contributions of the thesis. We begin in Chapter 2
by reviewing the necessary background on spectral functions, including eigenvalue functions and
projection operators, as well as convergence analysis for quasiconvex optimization, facial reduction,
semidefinite programming, and Euclidean distance matrices. The main results of the thesis are
divided into three parts.

In Part I, we study the w-condition number and preconditioning for linear systems. The ob-
jective of this part is to demonstrate the advantages of using the w-condition number over the
classical k-condition number. Chapter 3 discusses various properties of the w-condition number
and explains why these properties are favorable for analyzing the conditioning of linear systems.
The contributions of this chapter include:

e An error analysis of linear systems that justifies the use of the w-condition number and, in
particular, highlights the importance of minimizing

Winv(A) 1= 4 /w((ATA)~1);

e Empirical evidence that w exhibits improved computational stability and more effectively
promotes eigenvalue clustering; and



e w-optimal low rank updates that exploit the analytical simplicity of w.

Chapter 4 focuses on optimal diagonal preconditioning and provides a careful comparison be-
tween k- and w-based approaches. The main contributions are as follows:

e A new approach for computing k-optimal diagonal preconditioners, based on an affine refor-
mulation obtained by exploiting the invariance of eigenvalues;

e A theoretical validation of existing preconditioners, including Jacobi preconditioning and
matrix balancing methods such as Sinkhorn—Knopp scaling, through the lens of w-optimal
preconditioning under various formulations; and

e A numerical comparison between w-optimal and x-optimal preconditioners for iterative meth-
ods, including PCG and LSQR.

Part II addresses EDM completion problems with a given embedding dimension. In Chap-
ter 5, we answer in the affirmative a long-standing open question concerning the existence of local
nonglobal minimizers of the smooth stress function arising in EDM completion. The main contri-
butions of this chapter include:

e A characterization of the condition in which every second-order stationary point of the smooth
stress function is a global minimizer; and

e The construction of local nonglobal minimizers, first identified numerically by a stabilized
Newton method and then certified analytically using Kantorovich’s theorem.

The methodology for the second contribution consists of:

e Stabilizing Newton’s method by eliminating translation and rotation invariance;
e Searching for nearly optimal points using second-order methods; and

e Certifying the existence of local nonglobal minimizers using the Kantorovich theorem.

Then Chapter 6 considers a single element error correction problem for EDMs, where the
embedding dimension is known and exactly one distance entry is corrupted. This problem is of
particular interest because the standard nearest EDM formulation fails generically in this setting.
Instead, we develop divide-and-conquer approaches based on facial reduction to recover the correct
EDM efficiently and accurately. The main contributions of this chapter are:

e A characterization of the exceptional cases in which the nearest EDM formulation recovers
the correct EDM , showing that this occurs only in a highly degenerate setting;

e Divide-and-conquer algorithms based on three forms of facial reduction: exposing vectors,
facial vectors, and Gale transforms;

e A clarification of the relationships among these facial reduction techniques, including their
connection to Gale transforms;



e Complexity analysis and numerical experiments demonstrating that the proposed methods
solve very large instances to near machine precision; and

e A characterization of hard cases in which the general position assumption fails, including
conditions under which a single-entry perturbation preserves both the EDM property and
the prescribed embedding dimension, and examples where multiple solutions arise.

Part III then provides a more thorough discussion of facial reduction in conic programming.
In Chapter 7, we examine the effect of the failure of strict feasibility on projection problems over
spectrahedra. In particular, we study the convergence behaviour of a semismooth Newton method
for projection onto a spectrahedron in relation to FR. The contributions of this chapter include:

An explicit formula for the projection onto a face of the semidefinite cone:
Prlu) =V (Pg; (VTuV)) VT,

where f = VSQVT and VIV = I;

The identification of two pathologies that arise in the absence of strict feasibility: failure of
dual attainment and unboundedness of the dual optimal set;

A proof of the equivalence between degeneracy of the optimal projection point and singularity
of the Jacobian; and

A connection between the eigenpairs associated with small eigenvalues of the Jacobian and
the construction of exposing vectors for FR.

We then extend our approach from the positive semidefinite cone to the doubly nonnegative
cone. In Chapter 8, we study the simplified Wasserstein barycenter problem, which is known to be
NP-hard. By applying FR , we obtain a facially reduced DINN relaxation, which naturally leads
to a splitting method. The main contributions of this chapter include:

e The symmetric alternating direction method of multipliers based on the facially reduced
DNN relaxation;

e The use of redundant constraints to promote low-rank solutions and improve algorithmic
performance;

e Provable lower and upper bounds that certify optimality when the duality gap vanishes; and

e A characterization of instances with nontrivial duality gaps.

Our algorithm solves most instances by producing a zero duality gap. We further characterize
nontrivial duality gaps that arise in highly symmetric configurations.



Chapter 2

Background

We first present some background on spectral functions, convergence results for quasiconvex opti-
mization, EDMs, and facial reduction.

2.1 Spectral Functions

2.1.1 Eigenvalue Functions

We now recall the well-known facts about the largest and smallest eigenvalues of symmetric matrices
and include a proof for completeness as it is useful further below.

Lemma 2.1.1. The mazimum and minimum eigenvalue functions on S™, Amax, Amin : S — R, are
convez, concave, respectively.

Proof. Letting B € S™ and using the Rayleigh quotient, we get Amax(B) = max{z? Bz : |z| = 1},
which is a maximum of linear (so convex) functions in B, and therefore is convex. We get the
concavity part similarly from Apin(B) = min{z? Bz : |z| = 1}. O

2.1.2 Projection Operators and Their Derivatives

We work with f : S — R u {+0}, a closed proper extended valued convex function on S™. We
denote Pg, projection onto a nonempty closed convex set S, i.e.,

1
Ps(W) = argmin - |[W — X 2.
Xes 2

And for a convex set S, we denote the indicator function, vg. The Moreau regularization of tgn,
St = —S%, (see [112]) is given by

ACO) = guin { 51X - 217 + 102(2) . (2.1)



A spectral function g : S™ — R U {+00} is one that is invariant under orthogonal conjugation

(congruence)
9(X) =g(UTXU),¥X e S",VU € O,

where O™ is the set of orthogonal matrices of order n. In [123, Lemmas 2.3-4], it is shown that
the Moreau regularization, A(X), of tsn is a spectral function with its gradient given as VA(X) =
Pgn (X). See Lemma 2.1.3 below. Let A : S — R" denote the eigenvalue function, i.e., A(X) is the
vector of eigenvalues of X € S™ in nonincreasing order.

Lemma 2.1.2 ([123, Lemma 2.3]). The function A in (2.1) is the spectral function A = §o ),
where the function § on x € R™ is:

1 n
d(z) = 3 Z max{0, z;}°.
i=1

Proof. We include the proof from [123, Lemma 2.3] for completeness. For any X € S” we have

A(X) = 3|X = Ps (X))

= 3| Psn (X)]?
% > max{0, i (X))?
d(A(X)).

O]

Lemma 2.1.3 ([123, Lemma 2.4]). The function A in (2.1) is convezr and differentiable. Moreover,
its gradient at X € S" is Psy (X), i.e.,

A(X)(dX) = (VA(X),dX) = (P (X),dX) = trace Psy (X)dX.

From spectral function theory e.g., [68,117,123], we know that the differentiability in Lemma 2.1.3
follows from the differentiability of § o A. The formula for the derivative follows from the spectral
function formula with X = U Diag(\(X))UT:

V(6o N)(X) =U (Diag Vs(AM(X))) UL, U e O™

The derivative (Jacobian) of the projection can be found from the Hessian of the regularization
function

P (X) = V2A(X).

2.2 Convergence Analysis for Quasiconvex Optimization

In this section, we present a known convergence result for subgradient methods in quasiconvex
optimization problems [109]. Let f : R” — R := R u {—00, 0} be an extended real-valued function
with domain D. The following minimization problem is considered:

fei=inf {f(x) 1z e X}, (2.2)

with the following assumptions on f and X:



A1 : int D is nonempty and convex.

A2 : limyof(z +t(y —2)) < f(z), Vz € D,y € int D.

A3 : f is upper semicontinuous (usc) on int D, i.e., f(z) = limjo SUPB(z,e) fr VT E int D where
Bz, e) :={y: |y —z] <e}.

A4 : f is quasiconvex on int D, i.e., the set {z € int D : f(x) < a} is convex VYo € R.

A5 : The constraint set X < R" is closed convex, and X nint D # (¥.

The following lemma from [109] discusses that fractional programs with certain structures are
quasiconvex and also provides one characterization of their quasisubgradients.

Lemma 2.2.1 ([109, Lemma 4]). Suppose f(z) = a(z)/b(x) for all x € int D, where a is a conver
function, b is finite and positive on int D, int D is convex, and one of the following conditions holds:

(a) b is affine;
(b) a is nonnegative on int D and b is concave;

(¢) a is nonpositive on int D and b is convez.

Then f is quasiconvex on int D and for each x € int D, if o := f(x) is finite then a — ab is convex

and oa — ab](x) < 0° f(z).

The following lemma can be found in [109] and is useful for showing that assumptions (A1)-(A4)
hold for our set-up in (4.10) since k(D(d)) is the ratio of a convex and concave function that is
positive on 2.

Lemma 2.2.2 ([109, Remark 2]). Suppose a and b:= —b are proper convex functions on int D* A
int D, a is nonnegative on the (open and convex set) C := {y € int D* nint D° : b(y) > 0} # &,
and
a(z)/b(z), ifxeC,
f(@) := { supyec limyyo f(x + t(y —x)), if x e bd C,
w, ifzxé¢clC

where cl C' denotes the closure, bd C denotes the boundary of C, and D* and D denote the domains
of a and b, respectively. Then assumptions A1-A4 hold with int D = C.

2.3 Euclidean Distance Matrices

We introduce the necessary notation and background from distance geometry. Further details are
provided in [5]. For a set of n points p; € R? i = 1,...,n, we denote the matrix of points, the
configuration matrix, P = [pl D2 ... pn]T e R"*?, The Euclidean distance matrix (of squared
distances) is D = (|p; — pj|?) € £" < S". We denote the closed convex cone of EDM, £". Here
0 < d = embdim(D) is the embedding dimension of the EDM. Without loss of generality, we can



translate the points so that they are centered, i.e., with vector of ones, e, we have PTe = 0. Note
that v := %PTe is the barycenter of the points. The translation is then given by

PT — PT — el (2.3)

Our approach works well under the assumption that the points are in general position, i.e., no d+1
of them lie in a proper hyperplane; or, equivalently, that every subset of d + 1 points are affinely
independent, e.g., [1,6]. This guarantees that our algorithms succeed as it is based on identifying
whether a Gram matrix corresponding to chosen principal submatrices has the correct rank d.
However, we have also extended our algorithms to allow for the case when the general position
assumption fails.

We denote the corresponding Gram matriz, G = PPT. Then the classical result of Schoen-
berg [157] relates the matrix of squared distances, the Fuclidean distance matriz, EDM, with a
Gram matrix by applying K(G),

D = K(G) = diag(Q)e” + ediag(G)T — 2G € ™. (2.4)
Moreover, this mapping is one-one and onto between the centered subspace, S¢, and hollow subspace,

Sn,
Si={XeS": Xe=0}, S%={XeS": diag(X)=0}. (2.5)

We ignore the dimension n when the meaning is clear. Note that the centered assumption PTe =
0 = GeSp. Let
1
J=1T——eel (2.6)
n

be the orthogonal projection onto the orthogonal complement e'. Note that the translation in (2.3)
is equivalent to

1
P—JP=P— —¢c''P
n

We let offDiag: S™ — S™ denote the orthogonal projection onto S7;, the hollow matrices. Then the
Moore-Penrose generalized inverse, K1, is

1
K'(D) = —J offDiag(D)J.

2.3.1 Commutativity of P,, K

We first include a useful and very interesting observation about the commutativity of KC, Py, a < [n].

Lemma 2.3.1. Let M € R"" « < [n]. Then, by abuse of notation on the dimensions of e and
the transformations K, Py, we get

PoaK(M) = KPo(M).
Proof. We note that P, (diag(M)) = diag(P(M)). Therefore,
Pok(M) = Pq (diag(M)el + ediag(M) — 2M)

diag(Pu(M))el + e(diag(PouM)) — 2P, (M)
KPu(M).
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We note that symmetry for M is not needed.

2.3.2 General Position
Lemma 2.3.2. Let P € R"*¢ be a configuration matriz with
G =PPT D =K(G)e€&", d=embdim(D).
Then the general position assumption is equivalent to
ac[n]|a]=d+1 = rank(K'(Dy)) = d. (2.7)

Proof. The general position assumption states that the dimension of the affine hull of the subset of
points in the columns of P! is full dimension d. Since a translation does not change this statement
nor change the distances between points, we can assume without loss of generality that the points
are centered, P'e = 0, and general position is equivalent to span(Pl) = R? or equivalently
rank(PL) = d. We now note that

Go = K'(D,) =: PP,

where G, is the centered Gram matrix. The result now follows from rank(P!) = rank(P,Pl).

An equivalent result using the Gale matrix of D is given in [5, Cor. 3.1]. Further connections
with Gale matrices is given below, Section 6.3.3. 0

Moreover, we find the orthogonal projection P,,g0(xt) a8
K'K(S) = JSJ. (2.8)

Note that the orthogonal projection satisfies Pppee(xt) = Psz. Throughout we abuse notation and
use K, P, J without indicating the dimension of the space that is involved.

2.4 Facial Reduction

The facial structure of cones plays an essential role when analyzing various stability concepts.
In this section we study various properties that arise from the absence of strict feasibility. Sec-
tion 2.4.1 presents the basics of the facial structure of S’} and the facial reduction process for 7. In
Section 2.4.1 we revisit known notions of singularities and the length of the facial reduction process
that connects to the dimension of the solution set of our problem in Part III.

2.4.1 Facial Reduction Process

We first review the basic facial structure of S’}. Recall that the convex cone f < K is a face of a
convex cone K € S", denoted by f < K, if

zv,2yeK,z=x+y,zef = xz,yef.

11



The cone f is a proper face if {0} < f < K. Here we denote f2, conjugate face of f, defined as the
intersection of the nonnegative polar cone with the orthogonal complement, f& = f+ n K+, where
K+t :={¢:{(¢p,k) > 0,Vk € K} is the nonnegative polar cone of K. The facial structure of S is
well-studied and has an intuitive characterization. For any convex set C' < S, the minimal face of
S containing C, i.e., the intersection of all faces of S7 containing C, is denoted face(C,S? ). For
the singleton C' = {X} < S7, we get

face(X,S%) = {Y € ST : range(Y') < range(X)}.

Consider the following conic programming problem:

min  g(X)
st. AX) =0 (2.9)
X e SY,

where A : S" — R™ is a linear map defined by A(X) = (trace 4;X) € R™ for given A4; € S”,
1 = 1,...,m. Without loss of generality, we assume that A is surjective and A;’s are linearly
independent. Facial reduction (FR) for F := {X € S} : A(X) = b}, the constraint system in (2.9),
is the process of identifying the minimal face of S” containing F. It is known that a point X in
the relative interior of F, relint(F), provides the following characterization

face(X,S™) = face(F,Sm).
Furthermore, face(X,S”) = VS, VT for some rank-r matrix V satisfying range(V) = range(X).
Such a matrix V is called a facial range vector for face(X', St).

Finding face(F,S%) for an arbitrary F analytically is a challenging task. An alternative ap-
proach that is often used is to find the minimal face numerically. Proposition 2.4.1 below provides
a tool for the FR process. Below, A* refers to the adjoint of A.

Proposition 2.4.1 (theorem of the alternative). For the feasible constraint system F of (2.9),
exactly one of the following statements holds:

(i) there exists X > 0 such that X € L;

(ii) there ezists A\ € R™ that satisfies the auziliary system
0#2Z=A"X>=0, (b,\)=0. (2.10)
The vector Z in (2.10) is called an ezposing vector for the face (Z+ nS%) 2 F, as X € F implies
0={0,0) =AX\) =X, AN =(X, Z).

Here the face (Z1 n S™ ) is exposed by the hyperplane Z L = {Z}*, and this allows for a simplified
expression of feasible points. This restriction results in an equivalent strictly smaller dimensional
problem. Finding a solution to (2.10) does not necessarily lead directly to the minimal face, i.e., we
can have (Z1+ N S1) 2 face(F,S?). For such a case, the process is reapplied until face(F,S")
is found. The number of times the system (2.10) needs to be solved varies, though it is at most
min{m, n}, see Section 2.4.1 below. A reader may refer to Example 7.2.5 for a brief illustration of
how the theorem of the alternative is used for the FR process.

12



Three Notions of Singularity Degree

We now exhibit some properties that originate from the number of FR iterations.

Definition 2.4.2. The singularity degree of F, denoted sd(F), is the minimum number of FR
iterations for finding face(F,S"). The maximum singularity degree of F, denoted maxsd(F), is
the mazimum number of nontrivial FR iterations for finding face(F,S).

The singularity degree is often used to relate error bounds to explain the difficulty of solving
problems numerically; see [162, 166]. It is known that a high singularity degree results in a worse
forward error bound relative to the backward errors. The maximum singularity degree is a relatively
new notion, and this motivates the idea of implicit problem singularity, ips(F). Every nontrivial step
of FR results in redundant linear constraints. More specifically, FR reveals redundant equalities

in A(-) = b; see [100]. The total number of these implicitly redundant constraints is called ips(F)
and a short argument shows that ips(F) > maxsd(F). Proposition 2.4.3 below uses maxsd(F) to
extend the result in [161, Lemma 3.5.2] and shows an interesting property that a FR sequence

generates. 1

Proposition 2.4.3. [121, Theorem 1],[161, Lemma 3.5.2] Let the exposing vector obtained in the
i-th FR iteration be nontrivial, Z* = A*(\') # 0,i = 1,...,k < maxsd(F). Then the vectors,
ML A2, NE are linearly independent.

We relate Proposition 2.4.3 to the dimension of the set of the roots that arise in the algorithm
for solving the BAP, e.g., see Theorem 7.2.4.

2.4.2 Degeneracy and Relations to Strict Feasibility

Many of the concepts of degeneracy arise from the early work with the simplex method for linear
programs. The stalling phenomenon of the simplex method is a well-known subject of research
[26,37,129] and many methods are proposed to overcome this difficulty. In this section we use a
generalized definition of degeneracy proposed by Pataki [111] to extend the discussion to spectrahe-
dra. We then examine a connection between the Slater constraint qualification (strict feasibility),
and degeneracy of feasible points. We identify a type of degeneracy that inevitably arises in the
absence of strict feasibility.

Definition 2.4.4. [1//, Definition 3.3.1] A point X € F is called nondegenerate if

lin(face(X, S™)2) N range(A*) = {0}.

Definition 2.4.4 immediately yields Lemma 2.4.5.
Lemma 2.4.5. [1//, Corollary 3.3.2] Let X € F and let

—-|D 0 =T
X=[v V][O O}[V V] ,D>o, (2.11)
'We note that the concepts of maxsd(F),ips(F) did not yet exist in [161]. Moreover, it is shown empirically in

[100] that ips is directly related to the forward error for LPs.
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be a spectral decomposition of X. Then

X is a nondegenerate point of F
if, and only if, (2.12)

VITAV VTAV
VT AV 0

m
} } s a set of linearly independent matrices in S™.
i=1

Remark 2.4.6. The degeneracy of a point X € F can be identified by constructing a matriz

Ty R,
using the characterization (2.12). We let W; = [;sz“; v 641‘/] ,i = 1,...,m and denote

t(n) = n(n + 1)/2, triangular number. We let vec denote the vectorization of a matriz by column;
and svec : S¥ — R'K) denotes the isometry that vectorizes a symmetric matriz using the upper
triangular part after multiplying the strict upper-triangular part by /2. We construct the following
matriz L € REWX™ with an appropriate permutation matriz II and the i-th column:

svec VT A,V
Le; = MsvecW; = [ V2vec VT AV |, Vie{l,...,m},
svec 0

where V. and V are given in Lemma 2.4.5. Consider the matriz L, with the i-th column Le; =
svec VT A,V
V2vec VT A;V |. Note that L is full-column rank given A is surjective. The matriz L is obtained
svec VT A,V
after zeroing out the last t(nullity (X)) rows of L. We note that rank(L) < rank(L) (i.e., degeneracy
holds) if, and only if, the orthogonal complement of the span of the first t(n) — t(nullity (X)) rows
of L has nonzero intersection with the span of the remaining rows that are then changed to 0.
Therefore, if t(n) > m + t(nullity (X)), then generically nondegeneracy holds.

Theorem 2.4.7. Suppose that F fails strict feasibility and let X = VDV € F be found us-
ing (2.11). Then the set {A;V}I" is linearly dependent. In particular, any solution A to (2.10)
certifies the linear dependence of the set {A;V}7™ . Thus every point in F is degenerate.

Proof. Suppose that F fails strict feasibility. Let X = VDVT € F and let A be a solution to the auz-
iliary system (2.10). Then A*(\) is an exposing vector and hence the inner product (A*(\), X) =0
which yields

0=A*NX = (A*WV)DVT = 0=A*(NV = > A (4V). (2.13)

Since A is a nonzero vector, (2.13) shows the linear dependence.

The linear dependence of the set {A4;V}7, shown above allows for verifying total degeneracy
that occurs in the absence of strict feasibility of . Then the above provides >/ A\;A;V = 0, A # 0.
We observe that

0 = VI NAY) = X2 AVIAY,
0 = VIEIE NAY) = S NVTAY.
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This immediately implies that the matrices in (2.12) are linearly dependent and hence X is degen-
erate. O

In Corollary 2.4.8 we now connect nondegeneracy to strict feasibility.

Corollary 2.4.8. Let F be given. Then the following holds:

(i) If F contains a nondegenerate point, then strict feasibility holds.

(it) Every X € F n S is nondegenerate.

Proof. Item (i) is the contrapositive of Theorem 2.4.7. Item (ii) is immediate from the definition
of nondegeneracy, Definition 2.4.4, since face(X, Sﬁi)A =0, for all X > 0. O

Propositions 2.4.9 and 2.4.10 below provide sufficient conditions for the nondegeneracy of certain
points of spectrahedra. They enable identifying nearest points where the semismooth Newton
method for the BAP performs effectively.

Proposition 2.4.9. Let X1, X2 € F and let Xy be a nondegenerate point. Then, vX1 + (1 —v)Xs
is a nondegenerate point of F, for all vy € (0,1].

Proof. Let X1, X5 € F and let X be a nondegenerate point. Let v € (0,1] and X' = v X1+ (1—7) Xa.
We observe that

face(X1,S ) < face(X',S%)
— face(X1,S7)® 2 face(X’,S7)A
= lin (face X1,S% A‘) > lin (face(X’,S7)%)
= lin (face(X1,S%)%) n range(.A*) > lin (face(X’,S7)?) N range(A*).

Since X is a nondegenerate point, we have lin (face(X1,S7%)?) N range(A*) = {0}. Thus, X' is a
nondegenerate point. O

Proposition 2.4.10. Let f be a face of F containing a nondegenerate point. Then every point in
relint(f) is nondegenerate.

Proof. Let X1 € f be a nondegenerate point. For any X € relint(f) there exists Xy such that X
belongs to the segment (X7, X3). The nondegeneracy of X then follows from Proposition 2.4.9. [J

2.4.3 Facial Reduction for EDMs

Here we provide some properties of FR for EDMs. Recall that f = face(X, K) < K denotes the
minimal face of K ontaining X. We denote f = face(X) when K = S}. For X € §"} with spectral

decomposition X = [V U] {A 0} [V U] Ae ST, we get

face(X) = VS, VT face(X)?> = USTUT,

where face(X)® is the conjugate face of face(X). See e.g., [(3].
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We follow notation and definitions in [5,63]. First we recall that both S}, ™ are closed convex
cones in S™. We let W,V be two full column rank matrices that satisfy

range(V) = range(X), range(W) = null(X), Z = WW7T, d = rank(X).
Then X € relint(f) and we have two representations for f:
f=vsivl =s" ~ z+. (2.14)

We call V, Z a facial and exposing vector, respectively.

If we choose the facial vector to satisfy [V e] nonsingular and V7e = 0, then we can charac-
terize the face of centered Gram matrices

SiASt =vsivT = khen) asn.

This is used in [9] to regularize the EDM completion problem using Ky (X) := K(VXVT), ie., Ky :
S’f:l — £™ and strict feasibility is satisfied for EDM completion problems. Here V is a centered
facial vector, i.e., Ve = 0. Since we work with centered Gram matrices, we often use centered
facial vectors below, e.g., for the nearest EDM problem, NEDM, below.

Our divide and conquer methods use EDMs, D,,, principal submatrices D, of D,, and corre-
sponding Gram matrices, with ordered integers o = [i,i + k],1 < i < i+ k < n. The first FR
method finds exposing vectors for each submatrix and then adds these up to get an exposing vector
for the entire Gram matrix G, i.e., we exploit Lemma 2.4.11.

Lemma 2.4.11 ([63]). Let
GeSh, Z; e ST trace(GZ;) = 0,i =1,...,k.

Then Z = Y% | Z; > 0 and GZ = 0.

The second FR method uses adjacent pairs of principal submatrices in order to do FR. by inter-
secting pairs of faces. We first consider the representation of FR for a single principal submatrix,
i.e., the representation of the smallest face obtained using the Gram matrix corresponding to D,,.
Without loss of generality we use the first, top left, principal submatrix. We modify the notation
in Theorem 2.4.12 to match the notation herein. Recall that P, ! denotes the projection inverse
image.

Theorem 2.4.12 ([1 13, Theorem 2.3]). Let
D€ " d =embdim(D), a = [k], D = D,,t = embdim(D).

Let

G =KN(D) =UgSUL, Sest, .,

where
UG € RkXt, Ugﬁg = It, UCT;e = 0.

Furthermore, let Ug := [70 ike]’ U .= Us O and [V U%UTe] e Rn—k+t+1xn—k+t+1
0 Ik U el
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be orthogonal. Then

face (K' (P, (D) 0 €")) = (UST 10T .St = (UV)STH(OV)T).

The matrix UV in Theorem 2.4.12 provides a facial vector for the minimal face corresponding to
the block D. If we have two overlapping principal submatrices with the overlap having the proper
embedding dimension d, then we can efficiently find a facial vector for the intersection of the two
corresponding faces. This is given in [113, Lemma 2.9] and we have added that option to our code
and include the details here in Lemma 2.4.13 for completeness.

Lemma 2.4.13 ([1 13, Lemma 2.9]). Let

r+1 s s1 r+1

T[}I_,l k r[j:,,l R S1 U{ 0 R S1 I 0

Uy = 31[ 1] Uy = [ 2,], U=k | U7 0| o=k |0 W
k Ul 52 U2 59 0 I 59 0 Ué

be appropriately blocked with UY UY € M*<U+D full column rank and range(U}) = range(UY).
Furthermore, let

r+1 r+1
_ 51 Ui _ s1 [U1(UN)'U3
U= &k Uy ], U= k [ Uy ] (2.15)
s2 LUL(UR)UY 52 Uj

Then Uy and Uy are full column rank and satisfy
range(U1) n range(Us) = range (U1) = range (U3) .

Moreover, if e,11 € R"! is the (r + 1)% standard unit vector, and Uje,+1 = aye, for some a; # 0,
fori=1,2, then Uje,+1 = aye, fori=1,2.

Remark 2.4.14. In Lemma 2.4.13, if we have two overlapping blocks Dg, i, Diyus, we can get
facial vectors from bases of the corresponding Gram matrices in Uy, Us, respectively. These are
matched up in Uy, Us. Then a facial vector for the intersection of the minimal faces containing
these blocks is given in either of the formulae in (2.15). In our implementation, we choose the one
for which U U} is better conditioned. Thus we use the two facial vectors and find a new facial
vector for the intersection of the overlapping ranges.

This emphasizes the importance of the conditioning of the overlap in U{,UY. In fact, it is
essential that the rank of each overlap is eventually d, the embedding dimension of the problem.
But there is no reason that the ordering of the nodes (rows) of D cannot be changed. Therefore,
if we find a well-conditioned block of correct rank d, we can include that in the overlap for further
iterations, i.e., we can always save and use the best conditioned block with the largest rank in the
overlap.
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Part 1

Preconditioning for Linear Systems
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Chapter 3

Condition Numbers

In numerical analysis, a condition number of a matrix A is the main tool in the study of error
propagation in the problem of solving a system of linear equations:

Ar =b, Ae R™" beR™

The linear system Ax = b is said to be well-conditioned when A has a small condition number.
It aims to be a measure of how strongly a relative error in the data affects the relative error in
the solution. Therefore, in simplified form the condition number of the linear system, it can be
estimated as the ratio

|Az]/] :
cond(A) := ——+—, (rel. error output/rel. error input) (3.1)
| Ab]/]lo]
e.g., [164, Sect. 1.3]. Note that the above ratio depends on the choice of the perturbation Ab,

as well as on the choice of the norms. In general, iterative algorithms that solve Az = b require
a large number of iterations to achieve a solution with sufficient accuracy if the problem is not
well-conditioned, i.e., is ill-conditioned. In the literature k = K(A) = omax(A4)/omin(A4) is taken as
a worst case estimator of the condition number as the inequality

[ Azl
cond(4) = —-—=— < K(A),
=] Ab]
holds for all Ab € R™. See, e.g., [163], [87] or [165, Chapter 7] for further details. From the
discussions in [51,91], the (worst case) condition number for the linear system Az = b is
cond(A,b) := lim sup LA+AA I(4A)-ATIh|
el0 jaaj<ea| elA=7]
I, (3.2)
=~ + T

We emphasize that though many heuristics are given, the main measure of conditioning, e.g. [110],
is k. However, in our view, x has the misleading property that it is inverse invariant.! In contrast,
the w-condition number distinguishes between the conditioning of A and A~!. This observation

'R(A) = [AJ|ATH] = K(AT).
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leads us to the discussion in Section 3.1, where we demonstrate that w is a valid condition number.
In particular, Remark 3.1.3 suggests that we should use the measure /w((ATA)~1), denoted wiyy,
rather than k(A) or w(A4).2 As an empirical evidence, Section 3.1.1 provides numerical test that
w and wj,y provide significantly better estimates for the conditioning of a linear system than k.
Moreover, it is expensive to evaluate the s-condition number as it uses both ||A||,|A~|. For large
scale, one often uses the ¢; approximation in [37]. We show in Section 3.1.2 that we can find the
exact value of w when a Cholesky or LU factorization is done.

Then our interest naturally move to the discussions on preconditioners. In order to improve
the conditioning of a problem, preconditioners are employed for obtaining equivalent systems with
better condition number. A recent survey on preconditioning is given in [116]. For example, in [17]
a preconditioner that minimizes k is obtained in the Broyden family of rank-two updates. Also,
for applications to inexact Newton methods see [23,24], where it is emphasized that the goal is
to improve the clustering of eigenvalues around 1. The w-condition number in particular uses all
the eigenvalues, rather than just the largest and smallest as in the classical x.? In Section 3.1.3,
our empirics show that w is more effective in promoting the important property of clustering of
eigenvalues. The final and most important feature of the w-condition number concerns optimal
preconditioning. Both k and w are pseudoconvex over the open convex cone of positive definite
matrices, S} | ; thus a local minimum is a global minimum. But, & is differentiable if, and only if,
both largest and smallest eigenvalues are singletons, while w is differentiable on all of S7 . This
facilitates obtaining explicit formulae for optimal preconditioners and avoids expensive calculations.,

see e.g., [52]. In particular, our original motivation is to find well conditioned, w-optimal, low rank
updates of the positive definite generalized Jacobian that arises in nonsmooth Newton methods
e.g., [35]. We use optimality conditions to find explicit formulae for these low rank updates.

See Section 3.2. We continue the discussion on the optimal diagonal preconditioners in Chapter 4.

3.1 w-Condition Number

The nonstandard condition number w, defined as the ratio of the arithmetic and geometric means of
the singular values, was proposed in [52]. Interestingly, the authors show that inverse-sized BFGS
and sized DFP [137] arise as optimal quasi-Newton updates with respect to this measure.

For our purposes, we restrict attention to positive definite matrices M (= AT A) > 0. Indeed, the
solution to a linear system Az = b* is given by 2* = ATb = (AT A)~' ATb when A is overdetermined.
Consequently, the conditioning of a linear system is closely related to the conditioning of M~! =
(AT A)~! rather than that of A itself. See Remark 3.1.3 for further details.

The k-, and w-condition number for M > 0 are, respectively, given by ratios of eigenvalues

Amax (M) .

Amax M) _ 2iAN(M)/n - trace(M)/n
Amin (M)’

[T,Xa(M) Y det(M)Mn

k(M) = w(M) (3.3)

2Though wiyy is currently for theoretical purposes only as it involves calculating (ATA)fl.

3@Given a positive definite matrix M > 0, w(M) is defined with eigenvalues rather than singular values. Throughout
this thesis, we are working on a (possibly overdetermined) matrix A € R™*" m > n, with full column rank. If A is
symmetric, we use w(A). If not, we use w(AT A) instead. This explains how we can safely use eigenvalues without
modifying the definition of the condition numbers.

40r to a least squares problem min || Az — b||> when the system is inconsistent.
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The goal of this section is to demonstrate that the w-condition number offers several advantages over
the classical k-condition number. In particular, w provides a more accurate measure of conditioning,
exhibits superior numerical stability, and is more sensitive to eigenvalue clustering. Moreover, its
analytical simplicity facilitates effective preconditioner design, enabling the explicit construction of
optimal low-rank updates.

In Section 3.1.1 we analytically and empirically illustrate that w is a better indicator of condi-
tioning for linear equations. Remark 3.1.3 provides the justification for using winy := 4/w((ATA)~1)
as a measure and emphasizing the advantage over x of not being inverse invariant. Efficiency and
accuracy of computing w is studied in Section 3.1.2. Indeed the condition number of the condition
number is the condition number holds for x but not for w indicating that numerical calculations
of ill-conditioned s can be very inaccurate in contrast to w. See Remark 3.1.4 Finally, we include
empirical results for better clustering of eigenvalues, Figure 3.5 in Section 3.1.3.

We first observe some basic properties of w. The following Proposition 3.1.1 allows us to find
the w-optimal preconditioners using the first-order optimality condition.

Proposition 3.1.1 ([52, Prop. 2.1 (iv)]). The measure w is pseudoconvex on the cone of symmetric
positive definite matrices; thus every stationary point is a global minimizer of w.

We now include the gradients of the condition numbers for use in the definitions below. In
the case of k, for simplicity and to avoid the use of subgradients, we assume that the largest and
smallest eigenvalues are singletons.

Lemma 3.1.2. Let M € S}, with eigenvalues \1 = Xy = ... = A\y_1 = Ay, with corresponding
orthonormal eigenvectors vi,...,v,. Then:
L 1 trace M 1\ e s ;
Vw(M) = ETINE (1 — aceMAf=1) s indefinite,
- 1 M M
with |Vw(M)| = oo max {1 — el tracedd 1,

2. In addition, assume that the largest and smallest eigenvaules of M are singletons, i.e., Ay >
Ao = ...= A1 > My Then:

1 M
Vi(M) = . (viv] — k(M)vyol), s indefinite, with |Vk(M)| = H()\ )
Proof. 1. The gradient is
1_ .
Vo(M) = b (det(M)l/”I _ trace M qeg(Af)7 " adj M)
race M A r—
- ndet(%/\/l)l/” (I_ : n M 1)7

where adj M is the adjunct, the matrix of cofactors. The last expression follows from M~ =

W adj M. The indefiniteness and norm follow from:

trace M 3 r—1 T trace M 3 r—1
)\max(I — %M ) = mameH:l x (I — %M ).’L’
= 1- La;eM minHmH:l eI Mg
1 — trace M with attainment at z = vy
i’ )
> 0
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t M -1 : T t M -1
)\min(I — %M ) = mlnHwnzlj\:/f (I — %M ):IZ
trace : Tar—1
= 1+ =2 ming - (—2° M~ )

= 1- Wmaxnxuzl Y

= 1 taceM with attainement at z = vy,
n

< 0.

2. Since the eigenvalues are singletons, they are differentiable with gradients v1v?, v,vl, respec-
tively. The result follows from the definitions of the gradient of the fractional function s, the
spectral norm, and orthonormality of the eigenvectors.

O

3.1.1 Error Analysis for Linear System

Recall that we are interested in understanding how small changes in the data affect the solution of
the system. Let x + Az be a solution of the perturbed system

Az + Azx) = b+ Ab, (3.4)

where Az, Ab € R". The following remark provides new insight on the estimation of ill-conditioning
of linear systems.

Remark 3.1.3. Recall that we are interested in solving a linear system Ax = b, where A € R™*™ b e
R™. Without loss of generality, we can assume that A is overdetermined, i.e., m = n and A has
full column rank. The solution is then given by z* = A'b. Hence, the conditioning of the linear
system can be understood as the conditioning of the operator AT(-).

Let A=USVT U e O™, SeR™" diagonal, and V € O", be the singular value decomposition
of A. We get AT = VSTUT, and in particular, ATu; = U%UZ‘, for alli € [n]. We can represent the
right-hand side and its perturbation as linear combinations of u;’s: b = Z?ll Biug, Ab = Zfil Oy .
Then,

|z HATf;IF
H Zizl 5iATUiH2

| 2 el

where Cov(32, %) is the covariance of the vectors 32 := (B%,...,5%)T and % = (Al_l,...,)\gl)T.
Generally, it is reasonable to assume that 5% is uncorrelated with % Consequently, the covariance

Cov(p?, %) is assumed to be negligible. Under this assumption, we obtain the following approxima-

tion:
Jz[* = %Zz B+ COV(B%%)
N R B XA = 1B AT .
Similarly,
|Az]? = |ATAB2 ~ 1812 S AT = 2 T AT
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The last inequality is from the AM-GM inequality. From (3.1) (squared) we have:

2 _  [b]? |Az)?
cond(4)* = T A2 )
[b)2_ 812 3 A7 /n
S R (3.5)
,,\.’ln -
= (O

Moreover, from [52, Prop. 2.1 (i)] and the inverse invariance of k we have

1< 4/w((ATA)1) < A/R((ATA)71) = k(A) < 4 4n((ATA)1) = 2 fwn((ATA)1),
i.e., the measure /w((AT A)=1) (denoted winy(A) below) is a valid condition number.

The following numerical tests appear to confirm that it is indeed a more informative estimate
of ill-conditioning. To see this, we study the correlation between the three estimates of cond: (i)
K, (i) w, and (iil) winy, with the estimate of cond evaluated by sampling.

We sample as follows:

1. Generate 500 linear systems A;z = b;,i € [500], where the overdetermined A; € R3%0*200 are
randomly generated with either uniformly or normally distributed positive singular values
and the column vectors are set as b; := A;x;, with x; sampled from the standard normal
distribution.

2. For each 7 € [500], we generate 1000 perturbations {Ab;} je[1000] of norm 107 and set Az, :=

AIAbj. Then, for each j € [1000] we compute the relative residual ratio in (3.1). We then
average over j to yield an estimate of the condition number, cond(A;), of the i-th system.

3. We then check the resulting correlation between the following vectors (i) (x(A4;))?%, (ii)

(w(A;))22 ) and (iii) (winy(4:))3%9, with (cond(4;))?%, by comparing the corresponding linear
regression models.

Figures 3.1 and 3.2 show the linear regression models between the condition number, cond, em-
pirically estimated from perturbed samples, and different notions of condition numbers (k, w, Winy)
for a random matrix A with uniformly, or normally, distributed singular values respectively. This
numerical test reveals a significant linear correlation between cond and w, wiyy; Whereas in contrast,
cond and & are not linearly correlated. The correlation coefficients are given in Table 3.1.

Distribution K w Winy
Normal 0.0413 | 0.4012 | 0.7244
Uniform 0.4339 | 0.9182 | 0.9462

Table 3.1: Correlation between empirical condition estimate and different condition numbers.

3.1.2 Estimation of Condition Numbers

Since eigenvalue decompositions can be expensive, one issue with x(A) is how to estimate it effi-
ciently when the size of matrix A is large. A survey of estimates and, in particular, estimates using
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Figure 3.2: Linear regression models between cond and: k, w, wihy, respectively; normally dis-

tributed singular values.

the ¢1-norm, is given in [87,92]. Extensions to sparse matrices and block-oriented generalizations
are given in [34,93]. Results from these papers form the basis of the condest command in MATLAB.
More recently [71] deals with scalable methods for finding the k-optimal diagonal preconditioner.
This illustrates the difficulty in accurately estimating x(A).

On the other hand, the measure w(A) can be calculated using the trace and determinant function

that do not require eigenvalue decompositions.

However, for large n, the determinant is also

numerically difficult to compute as it could easily result in an overflow +o0 or an underflow 0 due
to the limits of finite precision arithmetic, e.g., if the order of A is n
Ai = .5,Vi, then the determinant .5" is zero to machine precision. A similar problem arises for
e.g., A; = 2,Vi with overflow. In order to overcome this problem, we take the n-th root first and
then the product, i.e., we define the value obtained from the spectral factorization as

Z?=1 Ai(A)/n

[T (i) V)

)

u’eig(A) =

50 and the eigenvalues

This quantity can be evaluated using either the Cholesky or LU factorization. Let A = RTR = LUP
denote the Cholesky and LU factorizations, respectively, with appropriate permutation matrix P.
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We assume that L is unit lower triangular. Therefore,

n
det(A)V" = det(RTR)"" = det(R)*" = [ | (Rf{”) . (3.6)
i=1
Similarly,
det(A)V" = det(LUP)Y" = T (103'") (3.7)
=1

Therefore, we find w(A) with numerator trace(A)/n and denominator given in (3.6) and (3.7),

respectively:

wn(A) = trace(A)/n i (A) = trace(A)/n

[T (Ri‘/n> 7 [Ty <|Uii|l/n> '

Tables 3.2 and 3.3 provide comparisons on the time and precision from the three different
factorization methods. Each column presents different order of k-condition number, while each row
corresponds to different decompositions with different size n of the problem. We form the random
matrix using A = QDQT for random orthogonal @) and positive definite diagonal D. We then
symmetrize A « (A + AT)/2 to avoid roundoff error in the multiplications. Therefore, we consider
the evaluation using D as the exact value of w(A), i.e.,

n
o) = zi= Pl
| <Dii )

Table 3.3 shows the absolute value of the difference between the exact w-condition number and
the w-condition numbers obtained by making use of each factorization, namely, weig, wr and wry.
Surprisingly, we see that both the Cholesky and LU decompositions give better results than the
eigenvalue decomposition.

n Fact. | order k 1e2 | order k 1e3 | order x led | order k 1leb | order x 1e6 | order k 1e7 | order k 1e8 | order x 1e9
eig 5.5267e-02 | 5.7766e-02 | 5.2747e-02 | 5.9256e-02 | 6.0856e-02 | 6.2197e-02 | 5.5592e-02 | 5.7626e-02
500 R 1.1218e-02 | 8.0907e-03 | 7.5172e-03 | 8.4705e-03 | 9.2774e-03 | 8.5553e-03 | 8.1462¢-03 | 7.9027¢-03
LU 2.2893e-02 | 1.8159e¢-02 | 1.8910e-02 | 2.0902e-02 | 2.0057e-02 | 2.0308e-02 | 1.9060e-02 | 1.8879e-02
eig 3.0664e-01 | 2.8968e-01 | 2.6095e-01 | 2.7796e-01 | 5.7083e-01 | 5.9007e-01 | 5.8351e-01 | 5.9630e-01
1000 R 2.9328e-02 | 2.8339e-02 | 2.7869e-02 | 3.1909e-02 | 5.8628e-02 | 6.0873e-02 | 6.2429¢-02 | 6.1074e-02
LU 7.5011e-02 | 7.2666e-02 | 7.0497¢-02 | 7.6778e-02 | 1.6313e-01 | 1.7313e-01 | 1.7666e-01 | 1.7326e-01
eig | 3.4794e+00 | 3.4804e+00 | 3.1916e+00 | 3.4386e+00 | 3.4235e+00 | 3.4766e+00 | 3.2327e+00 | 3.3704e+400
2000 R 3.5644e-01 | 3.5989¢-01 | 2.9556e-01 | 3.6375e-01 | 3.5847¢-01 | 3.5972e-01 | 3.2629e¢-01 | 3.4227e-01
LU 9.0136e-01 | 9.0537e-01 | 7.1161e-01 | 8.7445e-01 | 8.6420e-01 | 8.8027e-01 | 8.1990e-01 | 8.1383e-01

Table 3.2: CPU sec. for evaluating w(A), averaged over the same 10 random instances; eig, R, LU
are eigenvalue, Cholesky, LU decompositions, respectively.

Condition number of condition numbers

If we regard the condition numbers xk and w as operators, we can define and compute the condition
number of condition numbers; see, e.g., [50,91]. The following Remark 3.1.4 discusses the first order
condition number of x and w. In particular, for x, it is well known that the condition number of
the condition number is the condition number.
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n Fact. | order k 1e2 | order k 1e3 | order k le4 | order k 1leb | order k 1e6 | order x 1e7 | order k 1le8 | order k 1€9
eig 1.5632e-13 | 2.7853e-12 | 2.2618e-10 | 1.2695e-08 | 8.9169e-07 | 5.4109¢-05 | 2.2610e-03 | 1.7349e-01
500 R 1.7053e-13 | 2.5580e-12 | 1.0039e-10 | 1.1339e-08 | 4.9818e-07 | 2.6470e-05 | 1.3173e-03 | 1.6217e-01
LU 1.5987e-13 | 2.4585e-12 | 1.0652e-10 | 1.1987e-08 | 5.1592e-07 | 2.1372e-05 | 1.3641e-03 | 1.4268e-01
eig 2.1316e-13 | 2.1032e-12 | 8.7653e-11 | 4.6271e-09 | 3.1477e-07 | 1.9602e-05 | 9.9290e-04 | 7.6469e-02
1000 R 4.2633e-13 | 1.5632e-12 | 4.2235e-11 | 3.9297e-09 | 2.9562e-07 | 1.1498e-05 | 9.1506e-04 | 5.3287e-02
LU | 4.4054e-13 | 1.4850e-12 | 3.7858e-11 | 3.8287e-09 | 2.7390e-07 | 1.3820e-05 | 6.0492e-04 | 4.8568e-02
eig 2.4336e-13 | 4.1780e-12 | 4.2019e-10 | 2.0080e-08 | 7.7358¢-07 | 6.4819e-05 | 5.5339e-03 | 3.7527e-01
2000 R 4.3698e-13 | 2.0819e-12 | 5.0704e-11 | 2.3442e-09 | 1.8376e-07 | 8.9575e-06 | 5.5255e-04 | 4.8842e-02
LU | 4.3165e-13 | 2.2595e-12 | 2.3249e-11 | 2.5057e-09 | 1.5020e-07 | 6.0479e-06 | 5.4228e-04 | 4.4205e-02

Table 3.3: Precision of evaluation of w(A) averaged over the same 10 random instances. eig, R, LU
are eigenvalue, Cholesky, LU decompositions, respectively.

Remark 3.1.4. If we consider b as the input to a function G with output x, then a Taylor type
argument gives to first order condition number as in (3.1)

~ [va) Ld (3.8)

_ bl JAc]
cond(@) G

REOIN
a first order approrimation for the condition number of G. Using the result in Lemma 3.1.2, we
compute the condition number of k:

IAl_ s(A4) M

cond(k) = ||VH(A)H/€<A) W oA = k(A).

We have observed empirically that the condition number of w is significantly smaller than the
condition number of k. Figure 3.3 illustrates the difference in magnitude between the condition
numbers of k and w over random matrices of size 10 < n < 300. Figure 3.4 illustrates a comparison

Condition number of Condition numbers (mean over 10 trials)
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Figure 3.3: Condition number of condition numbers

of accuracy in evaluations of w, k. We use one positive definite matrix with spectral decomposition
A =QDQT, and n = 1000, density = 10~ with various & from 10 to 1000. We use perturbations
of the eigenvalues | D(e) — D|/|D| = 1le — 8 and reform A(e) = QD(e)QT. Figure 3.4 clearly shows
that w is calculated more accurately as the ill-conditioning grows. This relates to the condition
number of the condition number in Remark 3.1.4.
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Accuracy in evaluations of k and w

«10”7 Accuracy in evaluations of x and w
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Figure 3.4: Comparing accuracy under perturbations for calculating w, x.

3.1.3 Eigenvalue Clustering

As mentioned above, the clustering of eigenvalues is crucial for iterative methods for solving linear
systems. Many convergence results depend on the degree of eigenvalue clustering; see, e.g., [32].

A typical comparison of eigenvalue clustering for W > 0 after optimal diagonal preconditioning
with respect to k, w, and wiyy is shown in Figure 3.5. See Chapter 4 for further details on optimal
diagonal preconditioning. The left panel illustrates the distribution of eigenvalues, while the right
panel shows the number of eigenvalues (out of 60) contained within bands of varying widths centered
at the mean eigenvalue. We interpret tighter clustering as having more eigenvalues contained within
narrower bands.

The left panel clearly demonstrates improved eigenvalue clustering under w-based precondition-
ing. While k-optimal preconditioning primarily rescales the spectrum to reduce the ratio Amax/Amin,
both w-based measures drive the eigenvalues closer to 1, thereby promoting stronger clustering. This
improvement is reflected in the right panel, where more eigenvalues are concentrated near the mean
in the w-optimal preconditioned matrices.

Table 3.4 further empirically illustrates that the w-condition number correlates better with the
number of iterations needed for pcg. In the table we fix k by fixing the smallest Ani, and largest
Amax €igenvalues and also fix the orthogonal matrix of eigenvectors () in the spectral decomposition
A = QDiag(\)QT. We generate 5 random sparse matrices whose (n — 2)-non extremal eigenvalues
have the same mean but follow different distributions, i.e., they can be either uniformly distributed
or normally distributed with different standard deviations, resulting in different values of w. The
first column of Table 3.4 reports the distribution used for the non-extremal eigenvalues, the second
column gives the corresponding standard deviation, and the third column lists the resulting w-
condition number of each matrix. Next, we generate a column vector b which is in the range of the
sum of the 5 matrices plus a random error term of order 10~7. Finally, we use MATLAB’s pcg with
a tolerance set at 1075 and solve the 5 linear systems given by b and each of the 5 matrices. No
preconditioner is used in any of the experiments. The fourth column reports the number of PCG
iterations required for convergence for each system. The correlation (monotonicity) between the
std, w, iteration count in Table 3.4 is clear. We include the fifth and sixth columns to highlight the
significant correlation in the percentage reductions relative to the worst case, namely the first row
of the table. Let w; and iter; denote the w value and iteration count in the first row, and let w;
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and iter; denote the corresponding quantities for the i-th row. The fifth column reports the relative
reduction in w,
(w1 —1) = (wi — 1)
w1 —

x 100%,

which measures how much closer wj is to the ideal value 1 compared with the worst case. Similarly,
the sixth column reports the relative reduction in the iteration count,
iter; — iter;
ek B 100%,
itery
which measures the percentage decrease in the number of iterations required by pcg relative to the
first row.

Distribution std w 7## Iterations % Reduct. w % Reduct. Iter. Rel. Resid.
Uniform 1.163e+11 1.3682 264 - - 9.738e-07
Normal 4.031e+10 1.0308 14 91.63 94.70 5.596e-07
Normal 2.022e+10 1.0143 8 96.11 96.97 9.834e-07
Normal 9.205e4-09 1.0101 6 97.25 97.73 4.432e-07
Normal 6.095e4-09 1.0095 5 97.42 98.11 6.067e-07

Table 3.4: correlations: eigenvals standard deviation (std); w; iterations
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Figure 3.5: Comparison for clustering of eigenvalues pre-post preconditioning

3.2 w-Optimal Low Rank Updating

In the second part of this chapter, we consider the problem of improving conditioning for low rank
updates of very ill-conditioned (close to singular) positive definite matrices. The analytic simplicity
of the definition of w-condition number allows us to exploit the derivative of w to derive optimality
conditions.
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3.2.1 Preliminaries

Given a positive definite matrix A € S7, and a matrix U € R™" with ¢ << n, we aim to find
~v € R! so as to minimize the condition number of the low rank update

A+ U Diag(y)UT. (3.9)

This kind of updating arises when finding generalized Jacobians in nonsmooth optimization. We
provide insight on the problem in the following Example 3.2.1.

Example 3.2.1 (Generalized Jacobians). In many nonsmooth and semismooth Newton methods
one aims to find a root of a function F : R™ — R™ of the form

F(y) := B(v+ By); — ¢,

where B € R™™ v e R™, ¢ € R" and ()4 denotes the projection onto the nonnegative orthant,
e.g., [35,98,1)8]. At every iteration of these algorithms a generalized Jacobian of F' of the form

Ji= Y\ BBl + ) 7;B;B], with~; € [0,1],
€l J€Ip

is computed. Here B; and B;j denote columns of B over the set of indices

I, := {ie[m]: (v+ BTy); > 0}; and
Iy = {je[m]:(v+ BTy); =0 and (B;)jez, is a mazimal linearly independent set}.

The generalized Jacobian J, is usually singular. It is used to obtain a Newton direction d € R"
by solving a least-square problem for the system (J + el)d = —F(y), where eI, with € > 0, is
analogous to the reqularization term of the well-known Levenberg—Marquardt method. Thus, this
linear system is in general very ill-conditioned. This makes preconditioning by optimal updating
appropriate.

The optimal preconditioned update can be done in our framework as we start with

A= Y BBl + eI, U =|[Bjljer,, (3.10)

i€I+

and then find an optimal low rank update as in (3.9); done with additional box constraints on =,
namely, v € [0, 1]t

Similar conditioning questions also appear in the normal equations matrix, ADA” in interior
point methods, e.g., modifying the weights in D appropriately to avoid ill-conditioning [42,77]. For
other related work on minimizing condition numbers for low rank updates see, e.g., [39,33].

Here, we propose obtaining an optimal conditioning of the update (3.9) by using the w-condition
number of [52], instead of the classic k-condition number. The w-condition number presents some
advantages with respect to the classic condition number, since it is differentiable and pseudoconvex
in the interior of the positive semidefinite cone, which facilitates addressing minimization problems
involving it. Our empirical results show a significant decrease in the number of iterations required
for a requested accuracy in the residual.
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3.2.2 Optimal Conditioning for Rank One Updates

We first consider the special case where the update is rank one. Related eigenvalue results for rank
one updates are well known in the quasi-Newton literature, e.g., [53, 156]. We include this special
rank one case as it yields interesting results. The general rank-t update is studied in Section 3.2.3,
below.

Theorem 3.2.2. Suppose we have a given A€ S’} | andu e R". Let A = QDQT be the (orthogonal)
spectral decomposition of A. Let U = uu’ and define the rank one update

A(y) = A+~U, yeR.

Set
w=D"2Q"y, (3.11)
and ) )
. _ trace(A)|w]? — nlul o)
(n = 1)[ul?|w]?
Then, v* € ]—HwH*Q, —i—oo[ and it provides the w-optimal conditioning, i.e.,
v* = argminw(y). (3.13)

A(y)>0

Proof. Let
F(7) i= trace(A(7))/n  and  g(y) i= det(A())"".

We want to find the optimal v to minimize the condition number

w() = f(v)/9(v)

subject to A(y) being positive definite. By Proposition 3.1.1, w : R — R; v — w(7y) is pseudoconvex
as long as A(y) > 0. We prove that the latter is true for v belonging to an open interval in the real
line. Indeed, let A = QDQ™ be the spectral decomposition of A and define

w=D"QTy and W =ww’ =D 2QTuwQD /. (3.14)

Then we can rewrite

A(y) = QDY2(I + 4yW)D'?Q", (3.15)

which is positive definite if and only if the rank one update of I, I + vW, belongs to the cone of
positive definite matrices. Now, note that the eigenvalues of this term are A; = 1, with multiplicity
n—1, and Ay = 1 + v||w|? with multiplicity 1. We then conclude that

1
A(y)eSt, < ~e ]—”w|2,+oo[,
in which case Ao > 0. Moreover, w(y) tends to oo as 7 approaches the extreme of the above
interval. Therefore w possesses a minimizer in the open interval, v* € ]—HwH*Q, —i—oo[, that satisfies
w'(v*) = 0. Note that since w is pseudoconvex the fact that its derivative is equal to zero is also a
sufficient condition for global optimality (see Fact 3.2.7 below).
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In the following we obtain an explicit expression for the (unique) minimizer of (3.13), v*, by
studying the zeros of w’. Using the notation introduced in (3.14), f and its derivative are expressed
as

f(v) = (trace(A) +~|ul?) /nand  f'(v) = ul?/n,
respectively. By making use of (3.15), g becomes
g(7) = (det(A) det(I + W)™,

since det(D) = det(A). As explained above the eigenvalues of I + YW, are A\; = 1 + v|w|?, and
the others are all 1, which yields that

g(7) = (det(A)(1 +y]w]?) "™ = det(A)"(1 + yw|?) /"

We get
1 n —-n)/n
g == det(A) " Jw|P(1+ 5w,

The derivative of w is then obtained as follows

_ (g = F(g' ()

W' (v
) 9(7)?
1 u 2 n 1/n
= 5 [H det(A)l/ (1 + WHwHZ) /
g(y)* L n (3.16)
“wH2 n 1—-n)/n .
— (brace(4) + ul) det(4)/" (1 4w
det(A)l/” 1-n)/n
= = (L) [l + (0= Dyl ] — trace(4)|w]?]
g9(v)*n
A simple computation shows that this derivative is 0 only when ~ attains the value
o _ trace(A)]uw]? — nful? -

(n = Dfjul?[w]*

that has to be in the open interval |—[w|~2, +0|. Since w is pseudoconvex, we conclude that v*
is the w-optimal conditioning that solves (3.13). O

Equivalently, we can deduce an expression for the w-optimal conditioning by making use of the
Cholesky decomposition of A instead of the spectral decomposition. This is gathered in our next
corollary. The proof follows from the same calculations than Theorem 3.2.2 and thus is omitted.

Corollary 3.2.3. Given A and U as in Theorem 3.2.2. Let A = LL™ be the Cholesky decomposition
of A. Then, the formula for the w-optimal conditioning v* in (3.12) holds with the replacement

w «— L.

As shown in Example 3.2.1, in some applications the preconditioner multiplier ~ is required to
take values in the interval [0, 1]. In the following, we analyze the optimal w-preconditioner for the
rank 1 update subject to this interval constraint.
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Corollary 3.2.4. Let the assumptions of Theorem 3.2.2 hold and let 7 be the w-optimal conditioning
in the interval [0, 1], i.e.,
4 =arg min w(7).

0<v<1

A(y)>0

Then, if v* € | — |w|? +oo[ is the w-optimal “unconstrained” conditioning obtained in Theo-
rem 3.2.2, the following hold:

(it) If v* <0 = 5 =0;
(iii) Ifv* >1 — 5 =1.
Proof. Ttem (i) In this case, since v* is the global optimum of w in | — |w|?, +o0[, it would also be

so in the interval [0, 1].

For Items (ii) and (iii), it suffices to observe that, by (3.16) and (3.17), when v* < 0 (respectively,
~v* > 1) the derivative of w is monotonically increasing (respectively, decreasing) in the interval
[0,1]. O

3.2.3 Optimal Conditioning with a Low Rank Update

We now consider the case where the update is low rank. We need the following notations. For a
matrix Z € R™*! we use MATLAB notation and define the function norms(Z) : R"** — R as the
(column) vector of column 2-norms of Z. We let norms®(Z) denote the vector of column norms
with each norm to the power a.

Theorem 3.2.5 (Rank t-update). Let AeS",, U = [uy,...,u] € R, be given with n >t > 2,
and norms(U) > 0. We further assume that UT A='U is diagonal.® Set

A(y) = A+ UDiag(y)UT, for v eR

Let the spectral decomposition of A be given by A = QDQT, define w; = D~Y2QTu;,i € [t], as in
(3.11), with W = [wy ... w]. Let

K(U) = [nDiag (norms?(U)) — enorms*(U)"],
_ 3.18
b{U) = (trace(A)e — nDiag (norms?(W)) ! normsQ(U)) ; (3.18)
where e denotes the vector of all ones. Then, the w-optimal conditioning,
¥ = argminw(7), (3.19)

A(y)>0

5This assumption is not restrictive for the motivation in Example 3.2.1. An invertible change of coordinates can
be applied to the columns of B and the vectors v and ¢ so that the corresponding analogue of UT A™1U is diagonal.
Consequently, the problem of finding a zero of F(y) remains equivalent up lto a reparameterization.
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is given component-wise for i € [t] by

1 [ RN 1 (3.20)
=—— " [tr(A) —(n—1) — J .
(n —t)]ui® < Jws? ; Jws?
Proof. Let A > 0 and
Uz[ul ut]eR”Xt, with n >t > 2.

We consider the update of the form
t
A(y) = A+ UDiag(y)UT = A+ Z yiugul, v e R
i=1

Same than in Theorem 3.2.2, we start characterizing an open subset of R! where A(7) is positive
definite. In order to do this, we again transform the problem using the spectral decomposition of
A, A =QDQ", and setting

w; = D7V2QTu;  and Wi = waw!  for i€ [t].

From the assumption that UT AU is diagonal, we know that the vectors w;, i = 1,...,t, are
mutually orthogonal. Then, we can express A(7) as

A(y) = A+ UDiag(y)UT
QDY2 (I + D™'2QTU Diag()UTQD~"/?) D'2QT

t
= QDY I+ )] %(D‘I/QQTui)(uiTQD—l/Q)) D'2QT

=1
t

QDY I+ %-Wi> D'2QT.
i=1

Hence, we obtain the following expression for the determinant of A(vy)
t
det (A(y)) = det(A) [ [(1 + illwi[?) (3.21)
i=1

Consequently, A(7v) is nonsingular and, by continuity of the eigenvalues, positive definite for ~
belonging to the set

1 1 1
Q;:}_,—i-oo[ x }—,+oo[>< X }—,Jroo[. (3.22)
w2 w22 we |2

Now, note that the constraint A(y) > 0 is a positive definite constraint, so it is convex. Therefore,
if there exists some ~ outside of € such that A(y) > 0, we would lose the convexity of the feasible
set, since A(vy) is singular on the boundary of 2. This implies that

A(y) > 0= ye Q.
Moreover, since w(y) — +00 as 7 tends to the border of Q or to +00, we can ensure that -
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has a minimizer in 2. Since the function is pseudoconvex on this open set, the global minimum is
attained at a point v* such that Vw(y*) = 0. Next, we prove that v* is given by (3.20).

For this, note that f(v) can be expressed as
1 : y_ 1 : 2 1 T 2
fiy) = - trace(A + U Diag(y)U" ) = - trace(A) + Z villwil* ] = - (trace(A) +~" norms”(U)),
i=1

and its gradient is Vf(v) = L norms?(U). On the other hand, by (3.21) g(v) can be expressed as

t

1/n
9(7) = det(4)/" (H(l + %’wi||2)> :

i=1

The gradient of g(vy) is then given component-wise by

ag(7) 1 : A
T8 = ~det()V | [T+l [T @+ lwil®) ) ;)
Vi n i=1 i=1,i#j
1 : 1/n
= Edet(A)l/” H(1+'7i|wi|2)> (1 + 5w )~y 2
i=1
9(y)  |wjl?

= P je [t]
n 1+ ;|w;|?

We make use of these expressions in order to compute the partial derivatives of w. For every j € [t],

we have
ow(7) 1 of(v) 29(%)
v N g(7)? [ pa 9(v) — f(v) ;s ]
_ 1 nflu;|? — Jwj[|2(tr(A) + A7 norms2(U)) (3.23)
n?g(7) J 1+ fyijjHQ

Since n2g(y) > 0, the j-th partial derivative of w is zero if, and only if,

Jw; & ( tr(A) + 7 normsZ(U))
L+ vfw;]?

nu;|* - = 0.

Therefore, the minimum of the pseudoconvex function is obtained as the solution of the linear
system defined by the ¢t equations

t 2
Uk
(= Dul?re— 3 il = tr(A) —nd ™ pe .
i=1,i%k Jwi
Equivalently,
-1 2 — 2 — 2
(n_H u)ll\”%lH (n_”fﬁ\lm? e _HZ:HQ (trace(A)—n|u1|2/w12>
vy = .
L o el (- D trace(A) = nlucl/ i

34



This is further equivalent to

[n Diag(norms?(U)) — e norms?(U)* | v = (trace(A)e — nDiag (norms?(W)) normsZ(U)> ;

which is the system K(U)y = b(U) using the notation in (3.18).

Now we derive an explicit expression for the optimal . In order to do this, note that K(U)
is given as the sum of an invertible matrix, n Diag(norms?(U)), and an outer product of vectors,
—enorms?(U)T. By the Sherman-Morrison formula, this sum is invertible if and only if

1
1 — = norms*(U)” Diag(norms?(U)) e # 0.
n
This is always true for ¢ < n. Indeed, we have
1 1 t
1 — = norms*(U)? Diag(norms?(U)) e =1 — —efe=1—- - > 0.
n n n
Moreover, we obtain the following expression for the inverse
(n Diag(norms?(U)) — enormsZ(U)T)f1

! Diag(norms?(U)) ™! + Diag(norms?(U)) ~'enorms?(U)” Diag(norms?(U)) ™
n

Diag(norms?(U))ee” .

1
== Diag(norms™>(U)) +

1
(n—1t)n

Therefore, the inverse of K(U) in matrix form is given by

1 1 1 1
T 9 - 0 . TalP - Tal?
0 1 0 1 1 1
KU)~! - 1 Tuz]? 1 Tual®  Tuszl? Tuz]?
n| e (n—t)n | : : : :
1 1 1 1
O 0 - P P TwlE - Tl

C(n =) lu? Jws |2 [w;l* )

for all i € [t]. Since v* is the unique zero of the gradient of w, we conclude that it belongs to Q2
and solves (3.19). O

We note that the w-optimal conditioning for the rank one update in Theorem 3.2.2 is obtained
from (3.20) when ¢t = 1. On the other hand, we can also employ the Cholesky decomposition of A
to derive the w-optimal conditioning in Theorem 3.2.5. We state this in the following corollary.

Corollary 3.2.6. Given A and U as in Theorem 3.2.5. Let A = LL™ be the Cholesky decomposition
of A. Then, the formula for the w-optimal conditioning v* in (3.20) holds with the replacement

w; < L_lui, 1€ [t]
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Proof. The proof follows similarly to the one of Theorem 3.2.5 and thus is omitted. O

With the same assumptions as in Theorem 3.2.5, we now consider the problem of finding the
w-optimal conditioning in the box [0, 1], i.e.,

7 = arg min w(y). (3.25)
velo,1]¢
A(y)>0

For the rank one update (¢ = 1), Corollary 3.2.4 shows that the solution to (3.25) can be obtained
by first computing the minimum of the unconstrained problem, whose explicit expression was given
in Theorem 3.2.2, and then projecting onto the box constraint, which in that case was the interval
[0,1]. However, this simple projection can fail in general for the low rank update, as we now show
in Example 3.2.8 below.

The illustration of this phenomenon will require considering a constrained pseudoconvex mini-
mization problem. In the following Fact 3.2.7, see, e.g., [126, Chapter 10|, we recall the sufficient
optimality conditions for this class of optimization problems. We note that no constraint qualifi-
cation is needed for sufficiency.

Fact 3.2.7 (Sufficient optimality conditions for pseudoconvex programming). Let Q@ < R™ be
nonempty open and convex. Let f : Q — R be a pseudoconvex function and (g;); : @ - R
family of differentiable and quasiconvex functions. Consider the optimization problem

s}

min f(x)
s.t. gi(z) <0, ie[m], (3.26)
x € (.

Let € Q, X e R™, be a KKT primal-dual pair, i.e., the following KKT conditions hold:

V(@) + 3 MVia) = 0
=1
i =0, i€ [m], (3.27)
S\zgz<j = 07 i€ [m]7

~— —

zeQ and g;(z) <0, i€ [m].
Then T solves (3.26).

Example 3.2.8 (Failure of projection for constrained problem (3.25)). Let n = 3, t = 2 and
consider the following initial data for the w-minimization problem:

10 0 7 0
- | =1
0 0 2 0 1

Then, we get the following:

1
e From (3.24) and Theorem 3.2.5, the w-optimal preconditioner is y* = % ( );
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e projecting onto [0,1]? yields Yy = : <(1)), where w(v,) = 16/(9V/5);

. 1
e however, with 7 := % (O) , we get a lower value:

w(3) =1/ (3/(2/11)2) ~ 1.0386 < 1.0397 ~ 16/(93/5);

2

and 7 1is the w-optimal preconditioner in [0,1]%, as we now show.

To prove the last statement, note that (3.25) can be written as the pseudoconvex program in (3.26)

by setting f = w : R* > R, g1(y) = =71, 92(7) = =12, 3(7) = m — 1, ga(y) = 72 — 1 and Q
defined as in (3.22). In particular, the only active constraint for 7 = (1/2,0)T is ga(y) = 0, so the
KKT conditions become

ow(¥)
0= =,
omn
0— ow () o,
072

for some Ay = 0. This can be verified by simply substituting using the expressions of the partial
derivatives of w obtained in (3.23). By Fact 3.2.7, we conclude that for the given data, 7 is the
solution of (3.25).

As done in the previous example, obtaining the w-optimal preconditioner in the box [0, 1]* would
require obtaining a KKT point for the constrained pseudoconvex problem (3.25). This is not an
easy task. To the author’s knowledge, closed formulas for this kind of box constrained minimization
problems are not known even when the objective is a quadratic. Nevertheless, using the projection
of v* onto [0, 1]* as an approximation to 7 appears to give good results in practice. We see this in
our numerical tests in Section 3.2.4.

Finally, observe that the computation of 4* in formula (3.20) might be as expensive as finding the
Newton direction without preconditioning, since it requires the spectral or Cholesky decomposition.
However, under the framework of Example 3.2.1, we now see in Proposition 3.2.9 that we can get
the following inexpensive and effective approximation v = 7., given by the expression

tr(A) ,
= Viel[t]. 3.28
[’Yap ]z (n_t)HUzHQ [ ] ( )
Proposition 3.2.9. Let A € S},B € R"™"™ U € R"Xt,wz'tht = |Zo|, be defined as in_Ezam-
ple 3.2.1. For simplicity define the columns of the matriz B := [Bi]ieIJr with r := rank(B) < n.
Let j € Iy and let uj,w; be defined as in Theorem 3.2.5, and let € > 0 be the Levenberg—Marquardt

regqularization parameter in (3.10). Then,
. 1 |

; B < -,
u; ¢ range(B) — w;]|? 6dist(uj,ramge(B))2

We conclude that (3.28) provides an efficient estimate of v* in formula (3.20).
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Proof. Let x € range(B), y € null(BT) such that u; = = + y. Then,

lw;l* = u; QD™ Q" u;
= (z+9)"QDT'Q"(z + )
=2"QD'Q"x +227QD'QTy + y"QD'QTy

=1 )\E te l=r+1
o1
> Y (@)
€
{=r+1
I « 1 & 1
== > @) ===l
€ € €
l=r+1 (=1

where g is ¢-th column of Q. Since |y| = dist(u;, range(B)),

Jus]* Juil®
[w;|? dist(u;, range(B))?

O]

Remark 3.2.10. We note that the approximate w-optimal conditioning obtained in (3.28) is strictly
related to a popular choice of vy appearing in the literature (see, e.g., [75]), namely, taking

e vie ). (3.29)
Jus]?

Indeed, the updates resulting from (3.28) and (3.29) only differ in a scaling given by trace(A)/(n—t).
We will see in Proposition 4.2.1 that the selection of (3.29) corresponds to the w-optimal diagonal
preconditioner of the matriz U, i.e., it aims to minimize the w-condition number of only the update
term. In contrast, our proposed approach aims to minimize w for the whole matriz A(y) = A +
U Diag(v)UT. Numerical comparisons between both approaches are presented in the numerics in
Table 3.5 and Figure 3.6, below.

3.2.4 Numerical Tests

We now present tests with different choices of « for efficient iterative solutions of linear systems
of the form | A(y)x = b|, where A(7y) is given in (3.30). We use MATLAB’s builtin preconditioned

conjugate gradient function pcg. We focus our attention on the case where A(y) € S™ | is a low rank
update that appears in choosing subgradients in nonsmooth Newton methods, see Example 3.2.1.
Our aim is to improve conditioning to improve convergence, thus we call this v-conditioning.

Problem Generation and Definitions of

Specifically, we generate random instances as follows:

e Define
A(y) := A+ eI + U Diag(y)U7; (3.30)
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e ¢ is a random number in the interval [10~7,107];

o A = AT Ay with Ag € R™" a normally distributed random sparse matrix with density at
most 0.5/log(n); r € [n/2 + 1,n — 1] is a random integer;

t € [2,7/2] is the randomly chosen rank of the update, U € R"*? is a normally distributed
random sparse matrix of density at most 1/log(n);

The right hand side, b, is chosen as the sum of two random vectors in the range of A and U,

respectively. More precisely,
b=Ab + U,

with b' € R” and b? € R? vectors randomly generated using the standard normal distribution.

As explained in Example 3.2.1, in this application the « for conditioning is required to belong to the
hypercube [0, 1]¢. Therefore, in our experiments we test the performance of four different choices
of y-conditioning:

e (v =0): the zero vector ;

e (v =e): the vector of ones;

e (v =u"2): projection onto [0, 1]* of the w-optimal diagonal preconditioner for the last term,
U Diag(y)UT, of (3.30). Recall from (3.29) (also, Proposition 4.2.1) that ~ is given by

v = min{1,1/u;|*}, i € [t],

where u; denotes the ith column of U;

(7 = 7,) projection of 4*, obtained in Theorem 3.2.5, onto [0, 1]%;

e (v =12,): projection of the approximated w-optimal obtained in (3.28), onto [0, 1]

Descriptions of Parameters and Outputs

For each dimension n € {1000,2000,3000,5000}, we generate 10 instances of random problems
and solve the corresponding systems with MATLAB’s pcg and with the five different choices of
~-conditioning.

Table 3.5 shows the average over the 10 instances of: k- and w-condition numbers of every
A(7y); relative residual; number of iterations; time used by pcg for every choice of ; and time for
computing each (nontrivial) v. Both the spectral and Cholesky decompositions are implemented for
computing v = 7, but the table only contains the time for more efficient approach. We indicated
the corresponding approach in the last column as well. We stop if a tolerance of 10712 is reached
or the maximum 50, 000 iterations is exceeded. We use the origin as our initial starting point.

We also use performance profiles, e.g., [(0], to compare the different choices of . Let P denote
the set of problems, and now set I' := {0, e, u_2,'y;‘,‘, Yape) @s the set of v conditioners.

tpy = {time for computing the preconditioner}

+ {time for solving the preconditioned problem by pcg}.
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n vy k(A(7)) w(A(%)) Rel.Res Iter | T. Total | T. Solve T. ~*
0 | 2.3249e+09 | 1.0173e4-04 | 1.5146e-01 | 2734.30 | 0.0218 0.0218 -
1000 ¢ 2.2193e+11 | 4.7689e+03 | 1.7750e-06 | 4187.40 | 0.8181 0.8181 -
u=2 | 8.5539e+09 | 2.2114e+03 | 3.8172¢-07 | 2730.10 | 0.0810 0.0807 0.0003
’y;‘ 1.0722e+10 | 2.2095e4-03 | 1.8169e-07 | 2788.10 | 0.0880 0.0748 | 0.0132 (C)
’y:pr 1.0432e+10 | 2.2095e4-03 | 1.5855e-07 | 2821.80 | 0.0757 0.0752 0.0005
0 | 2.0729e+12 | 2.2127e+4-04 | 1.8829e-07 | 230.70 0.5887 0.5887 -
2000 62 3.4235e+12 | 6.5292e+-02 | 9.2055e-13 | 425.50 1.4527 1.4527 -
u “ | 1.8491e+412 | 8.9700e+02 | 9.1536e-13 | 1364.40 | 0.7545 0.7541 0.0003
Yy | 2.0726e+12 | 5.6538e+02 | 9.1902e-13 | 376.20 0.6021 0.2319 | 0.3702 (S)
Vapr | 2-0644e+12 | 5.6538e+02 | 9.1737e-13 | 376.30 0.2391 0.2368 0.0023
0 4.4961e+12 | 1.9718e+04 | 7.4824e-08 | 586.20 3.3928 3.3928 -
3000 62 3.6078e+12 | 3.9795e+03 | 9.3498e-13 | 261.70 1.5414 1.5414 -
u” 4 | 3.6699e+12 | 4.3747e+03 | 9.1465e-13 | 917.80 1.0956 1.0954 0.0002
Yy | 3:6544e+12 | 3.9795e+03 | 9.4326e-13 | 261.60 1.6990 0.3219 | 1.3770 (S)
’y&’fpr 3.5688e+12 | 3.9795e+03 | 9.4326e-13 | 261.60 0.3247 0.3199 0.0048
0 1.0028e+13 | 3.0421e4-04 | 2.6256e-07 | 698.80 | 11.5600 | 11.5600 -
5000 ¢ 1.1709e+13 | 8.9242e4-02 | 9.3629¢-13 | 362.90 5.9142 5.9142 -
u=? | 8.2778e+12 | 1.4249e+03 | 1.2583e-09 | 1563.00 | 6.3804 6.3783 0.0021
’y;‘ 8.7440e+12 | 8.2755e+02 | 9.6946e-13 | 344.30 8.3604 1.4008 | 6.9596 (S)
’y:pr 8.8089e+12 | 8.2755e+02 | 9.5456e-13 | 344.30 1.4175 1.4026 0.0149

Table 3.5: For different dimensions n, every choice of v for updating, average of 10 instances: k-
and w-condition numbers of A(7y); residual; number of iterations; total time (in seconds); solve
time; time for computing v*, (S) stands for spectral and (C) for Cholesky decomposition.

40




Then, for every problem p € P and every v € I', we define the performance ratio as

min{tp  :vel'}

—tea o f convergence test passed,
Ty 1=
P +00 if convergence test failed.

In our experiments, a convergence test passed if it succeeded in solving the linear system with the
required relative residual tolerance in less than 50,000 iterations, and otherwise it failed. Note
that the best performing preconditioner with respect to the measure under study (time or number
of iterations), say 7, for problem p will have performance ratio rp,5 = 1. In contrast, if the
preconditioner v underperforms in comparison with 4, but still manages to pass the test, then

is the ratio between the overall time (resp., number of iterations) required for solving the problem
p for this particular choice and the time (resp., number of iterations) employed by 4. Consequently,
the larger the value of r, ,, the worse the preconditioner v performed for problem p.

Finally, the performance profile of v € I' is defined as
T
py(T) = msme {peP :rpy <7},

where |P| is the number of problems in P. This can be understood as the relative portion of times
that the performance ratio r, 5 is within a factor of 7 > 1 of the best possible performance ratio. In
particular, p,(1) represents the number of problems where ~ is the best choice. Also, the existence
of a 7 > 1 such that p,(7) = 1, indicates that v passed the convergence test for every single problem
in P. In Figure 3.6, we display our performance profiles, with log, scale on 7.

Time performance profile 1 Iterations performance profile
OB T [
ES i
a 1
. 0.6 ‘, R I
JL} ,' iy =0 \k‘./? | _______ 7=0
S 04f sy = @ S 04} s = @
7=
— I _ x
0.2} 7% 0.2k T
------- ’):’)épf ; o "/:’Yapr
0 -t ! b - 0 | L e L - -
0 1 2 3 4 0 0.5 1 15 2 2.5
log,,() log,()

Figure 3.6: Time, iterations performance profiles; for system A(vy)z = b with different choices of v
in Section 3.2.4; using MATLAB’s pcg.

Summary of Empirics
Firstly, we observe that pcg with no y-conditioning (y=0) fails to achieve the desired residual, so

the problems under consideration are sufficiently ill-conditioned. The performance profiles reveal
that, in more than 90% of the tested instances, the w-optimal conditioning leads to a problem
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that can be solved with the least number of iterations. However, the computation of the optimal
conditioning 7, is too time expensive (see Table 3.5) which does not make it advantageous in
general®. Nonetheless, we observe that the approximated w-optimal conditioning Vapr Maintains
the benefits of 7, in terms of both solve time and number of iterations. In addition, it can be
computed very efficiently which makes it the best option among all v-conditionings.

SRegarding the different approaches for computing v = v, we want to mention that although obtaining the
Cholesky decomposition A = LLT is in general less costly than computing its eigenvalue decomposition, the com-
putation of the w-optimal conditioning in this case requires solving the system LW = U, see Corollary 3.2.6. This
means that, for larger dimensions, employing the spectral decomposition for computing v* seems to be more time
efficient.

42



Chapter 4

Diagonal Preconditioners

Preconditioning is essential in iterative and direct solutions of large-scale linear systems e.g., [38,07,

,71,76,79,149]. All of these works focus on studying the classical k-condition number of a matrix
A. On the other hand, another line of research has focused on studying the w-condition number.
Moreover, it is known that the simple scaling diagonal preconditioner using the norms of the columns
of A is the optimal diagonal preconditioner with respect to w and is efficient in practice, see [52,117],
i.e., w validates the use of this specific diagonal preconditioner.! Although s-optimal preconditioners
minimize the worst-case condition number, our results show that w-optimal preconditioners are
cheaper to compute and are more predictive of PCG/LSQR performance. We emphasize that w
provides a more average indication rather than a worst case measure of conditioning.

For simplicity, we restrict our comparisons to diagonal and block diagonal preconditioning for
large scale sparse positive definite and general invertible linear systems. The positive definite case
arises from many diverse applications including: finite element analysis, sparse regression, Newton
type optimization algorithms, and also from e.g., in [71,74]: (i) the so-called normal equations
from interior point methods in solving linear programs and (ii) the Hessians in minimizing logistic
regression.

Recall that the - and w-condition numbers for the positive definite case M > 0 are, respectively,
given by ratios of eigenvalues

Amax (M) o ):trace(M)/n: DuANi(M)/n
Amin (M)’ det(M)Vn TT,(A(M))V/n

k(M) = (4.1)

Preconditioning with D uses
Az =b < D(A(D(D 'z)) = Db,

and reduces a condition number of DAD. For our purposes we exploit the fact that the following
functions have the same values for nonsingular D:

Amax(DAD) — Amax(ADD) trace(DAD)/n  trace(ADD)/n

k(DAD) = = w(DAD) = = .
(DAD) Amin(DAD) — Amin(ADD)’ (DAD) det(DAD)Y/n ~ det(ADD)Vn
(4.2)
Tn [71] the motivation for numerically finding diagonal s-optimal preconditioners was the lack of theoretical
validation. See also the near optimality results in [173]. Validation using w is now provided in Proposition 4.2.1.
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Our algorithms exploit the functions with argument affine in D = DD rather than quadratic in D.

Main Contributions

The main contributions of this chapter consist of both theoretical and numerical analyses of the
k and w-condition numbers. First, we provide an affine based pseudoconvex reformulation of
the k-optimal diagonal preconditioning problem that allows for an elegant characterization of its
optimality conditions. There are three advantages of this reformulation: all its stationary points
are global minima, its subgradients are inexpensive to compute, and its optimization variable is
just an n x 1 vector rather than an n x n matrix as in semidefinite programming, SDP [119]. Our
extensive numerical experiments show that subgradient methods based on our reformulation can
effectively converge to a k-optimal diagonal preconditioner more efficiently in time and accuracy
than current SDP-based approaches in the literature [71, 119].

Second, we provide and exploit the ability to find explicit formulae for w-optimal diagonal
and block diagonal preconditioners. We demonstrate that many popular classic preconditioners,
such as the Jacobi preconditioner and row/column normalization preconditioners are w-optimal
preconditioners. We also display that matrix balancing schemes reduce w at every iteration and
converge to a stationary point of the two-sided w-optimal diagonal preconditioning problem. To
the best of our knowledge, this is the first time that such a comprehensive characterization of
optimality conditions for both condition numbers is provided.

Finally, we conduct additional extensive numerical experiments that compare the efficiency of
the k- and w-condition numbers. Our results show that since w-optimal preconditioners typically
have closed-form solutions, they are much cheaper to construct than x-optimal preconditioners. Our
results further demonstrate that PCG iterations and LSQR iterations for solving linear systems
are, on average, more correlated with the w-condition number than the x-condition number.

We now continue with the organization of this chapter and more details on the main contribu-
tions. In Section 4.1, we present several formulations for minimizing s along with the derivatives
and optimality conditions. The formulations are presented to take advantage of the affine approach
and then avoid the positive homogeneity of the problem in order to improve stability of the problem.
In particular, we include Theorem 4.1.7 that presents a characterization of a x-optimally diagonally
preconditioned A that is based on the largest/smallest eigenpairs. This leads to an efficient sub-
gradient algorithm and we include convergence results. In Section 4.2, we characterize w-optimal
preconditioners with special structures. A characterization for a w-optimal diagonal preconditioner
is simple as it corresponds to the classical Jacobi preconditioner for symmetric positive definite
matrices and the row/column normalization preconditioner for general nonsingular matrices. We
also show that the matrix balancing algorithm, Sinkhorn-Knopp, linearly converges to a stationary
point of the two-sided w-optimal diagonal preconditioning problem. Finally, we include results
on extending from diagonal to block diagonal preconditioning in Section 4.2.3. We show that the
right-sided w-optimal block diagonal preconditioner for full column rank matrices A comes from
taking Q-less QR decompositions of the blocks of A. We also give a characterization for the left-
sided w-optimal block diagonal preconditioner and show that when A is square that it is related to
applying the right-sided optimal preconditioner to A™.

Extensive numerical tests are then conducted in Section 4.3. We demonstrate that our subgra-
dient methods are more scalable and efficient at computing x-optimal diagonal preconditioners than
existing SDP-based approaches in the literature [71, 119]. Moreover, the resulting preconditioners
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yield more substantial improvements in PCG performance for solving linear systems compared to
those produced by [71, 119].

We further compare optimal diagonal preconditioning strategies based on the condition numbers
k and w. In particular, we observe that the Sinkhorn-Knopp algorithm, which converges to a
stationary point of the two-sided w-optimal preconditioning problem, produces preconditioners
that significantly outperform the two-sided k-optimal method of [119] in terms of LSQR iteration
counts for minimizing |b— Az|. While Sinkhorn-Knopp dramatically reduces w, the method of [119]
achieves a stronger reduction in k. This is notable as despite this difference, Sinkhorn-Knopp yields
better LSQR performance on the majority of instances while also being computationally cheaper.

Finally, we demonstrate that applying w-optimal diagonal scaling to positive definite linear
systems that are already x-optimally scaled leads to significant improvements in PCG performance.
Overall, our results highlight two key advantages of w-optimal preconditioners: they are inexpensive
to compute and substantially reduce the iteration counts of iterative methods.

4.1 k-Optimal Diagonal Preconditioning

Preconditioning (or scaling) plays a fundamental role in numerical linear algebra and optimization;
see, for example, the surveys [22,41,176]. In this section, we study the problem of computing a
k-optimal diagonal preconditioner for positive definite linear systems

Mz =b, M=ATA, Ae M" nonsingular.

Our objective is to find a diagonal matrix D > 0 that minimizes the classical condition number
x(DY2M D?).

Rather than viewing this as a nonlinear problem in D2, we exploit the eigenvalue invarience
in (4.2) to reformulate to the simpler affine mapping M D and still minimize x(DY?M D'/?). The
reformulation yields a pseudoconvex minimization problem with several advantages:

e all stationary points are global minimizers,
e subgradients are easy to compute,

e the composite functions are used to avoid homogeneity and design very efficient and scalable
algorithms.

Note that [71] also considers minimizing x(D'/2M D'/?), although they aim to find a diagonal
preconditioner that is a convex combination of a small basis or list of diagonal preconditioners.

4.1.1 Optimality Conditions
Let M €S ,. We denote the quadratic type scaling as follows:
Dy: R, —S", Dy(d) = Diag(d)"/*M Diag(d)"/2.
By abuse of notation, we let the argument determine the function,
#(d) = K(Dy(d)) = (1 0 Dy)(d)-
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Similarly,

Amax(d) = Amax(Dq(d)) = (Amax © Dg)(d),  Amin(d) = Amin(Dq(d)) = (Amin © Dg)(d)-

In the literature, e.g., [70,71, 119], k-optimal diagonal preconditioning refers to solving
, Amax(Dq(d)) n
d* € argmin {K/(Dq(d)) = mpj(d)) . d € R++ . (43)

Here we restrict to d € R"} , as we are taking square roots, see also Remark 4.1.4, below.

We show below, that for our purposes, we can use the equivalent linear in d transformation

D:R", —S", D(d) = M Diag(d). (4.4)

With D = Diag(d), we first note the relationships in the eigenpairs of Dy(d) = DV2M D/? and
the nonsymmetric but similar D(d) = M D, and D(d)” = DM; as well we have the convexity and
concavity of the maximum and minimum eigenvalues of these nonsymmetric matrices M D.?
Lemma 4.1.1. Let M,D = Diag(d) € S, and (u;, N;),i = 1,...,n, be orthogonal eigenpairs of
Dy(d), i.e., {uj,uj) =0,Yi # j. Define

x; =D Vu Vi, X = [v1 ... x,],Y =X T, A=Diag()).

Then X andY are matrices of right and left eigenvectors of D(d), respectively, with corresponding
matriz of eigenvalues A; and Y is given by Y = DX(XTDX)™!.

Moreover, Amax(d) = Ai(d) (respectively, Amin(d) = An(d)) is a convex (respectively, concave)
function of d € R} | .

Proof. Let U := [uy ... u,] be the corresponding matrix with orthogonal, not necessarily orthonor-
mal, eigenvectors. We have X = D~1/2U and thus UTU = XTDX. This brings us to

U T=UXT"px)™"

Notice that X7 DX is a diagonal matrix with its diagonal entries given by |u;||?, which are strictly
positive as eigenvectors are nonzero. Thus the inverse is well-defined. Now, observe that

Y = X T=pyT
= DY2U(XTDX)!

DX(XTDXx)™!
as desired. Now,
DY2MDY?2U =UAN = MDD Y2U = D-Y2UA
— MDX = XA
— XTDM = AXT
— DMX T=XTA
= DMY =YA.

2These are a special case of so-called K-pd matrices in the literature, i.e., a product of two symmetric matrices
where at least one is positive definite. The product of two positive definite matrices P = AB arises in the optimality
conditions in semidefinite programming. One of the difficulties is that the symmetrization of P is mot necessarily
positive definite, see e.g., [170].
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The second and last equation show that X and Y are right, and left, eigenvectors of M D, respec-
tively. Moreover, we note that M > 0 has a positive definite square root and \;(M Diag(d)) =
A\i( M2 Diag(d)M*'/?). Therefore,

max \;(D(d)) = max \;(M"/? Diag(d) M/?) = max 27 M"/? Diag(d) M "/?z.

As in the proof of Lemma 2.1.1, the latter is a maximum of linear functions in d and therefore is
convex. The concavity result follows similarly. O

Corollary 4.1.2. Let M €S} _,de R . Then
)‘maX(d) = )‘maX(Dq(d)) = )‘maX(D(d))a )‘min(d) = )‘min(Dq(d)) = )‘min(D(d))§

and

where recall D(d) is as in (4.4).
Proof. The proof follows immediately from Lemma 4.1.1. O

This allows us to consider the equivalent simplified view of finding a k-optimal diagonal pre-

conditioner, i.e., we need to solve the fractional pseudoconvex® minimization problem
7 : Amax(D(d)) n
d (S} argmin {Fd(d) = m . d S R++ . (45)

The following Lemma 4.1.3 shows that for M > 0, the matrix M D having all positive eigenvalues
is equivalent to the positive definiteness of D. Combining this observation with Lemma 4.1.1, we
obtain that x(d) is the ratio of a convex function and a positive concave function on its domain,
and is therefore pseudoconvex.

Lemma 4.1.3. Let M € S ,d e R", D = Diag(d). Then

AN(MD)>0,¥i «— deR",.

Proof. We note that the eigenvalues of MD are the same as the eigenvalues of MY2DMY2,
Sylvester’s Lemma of inertia implies that the number of negative eigenvalues of MY2DM? is
the same as that of D and so it is the same as the number of negative elements in d. O

Remark 4.1.4. Note that the two equivalent problems (4.3) and (4.5) are both essentially unconstrained,
and the optima are attained and characterized as stationary points in R’ . This is not obvious
but follows since we have the ratios of conver and concave functions using Amax, Amin and this is
over the open cone constraint d € Rt . If we add the constraints de, = n,d > 0, or equivalently
that d = e, + Vv > 0, with V € R** =Y 4 matriz whose columns contain a basis for eX as done
above, then we have a bounded problem in v e R"™! and the spectral radius Amax(M D) < || M]|||D||

3A function f: X € R™ — R is said to be pseudoconvex if for all z,y € X, Vf(z)- (y —z) =0 = f(y) = f(x).
A key property of pseudoconvex functions is that every stationary point is a global minimizer.
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1s bounded above. Bounded below away from 0 follows from applying the greedy solution to the
knapsack problem with constraints Y, d; = n,d > 0. We get

Amax(d) = trace(MD)/n =3, M;d;/n > min; M;; > 0.
Therefore, with the denominator going to 0, we have k going to 0 as d = e, + Vv approaches the
boundary of the simplex. That is, minimizing k provides a self-barrier function for this boundary.

Moreover, « > 0 = k(d) = k(ad), i.e., we have positive homogeneity of degree zero.
Therefore, the opimal d is not unique. By pseudoconverity, the optimal set is a convex set. This
set can be large, see Proposition 4.1.8.

Characterization of k-Optimal Scaling

Using eigenvalue derivative formulas in Lemmas 4.1.5 and 4.1.6, we compute the gradient of x(d)
in the smooth setting. When the largest and smallest eigenvalues of D(d) are simple, the gradient
takes an explicit form in terms of the corresponding eigenvectors. The main result Theorem 4.1.7
provides a characterization for k-optimality.

Lemma 4.1.5 ([172, (3.1)]). Let B: R — M™ be differentiable with derivative B = B(t), and, at
t =t, let B(t) be diagonalizable with real eigenpairs (ignoring the argument t)

BX = XA, BTY = YA, A = Diag()\).

And make the choice Y = X~ 1. Let 1 < k <n and \; be a singleton eigenvalue with right and left
eigenvector Ty, yi, respectively, taken from the corresponding columns of X,Y, respectively. Then
the derivative of eigenvalues is given by

Ar(B) =y (B) B(D)zy(F) = trace Bryy] A (4.6)

Proof. The proof is in [172, Pg 303].° O

Lemma 4.1.6. The Fréchet derivative of the linear transformation D at d acting on Ad is (simply)
D'(d)(Ad) = M Diag(Ad).

Now, let X be a singleton eigenvalue of D(d) with a right eigenvector x. Then the gradient of the
composite function at d is

A

VAD() =~

Trox.

Proof. The derivative of the linear transformation is clear.

Suppose as above that we have a linear transformation D(d) with singleton eigenvalue . Let
y = Dx/x" Dz be the corresponding left eigenvector given in Lemma 4.1.1. Then the derivative of

4If Y is an invertible matrix of right eigenvectors not chosen using X7, then the normalization scaling needs to

be added explicitly as A (£) = yi (£) B()zw(f)/(yr ()T 2(F)).
5The derivative of eigenvectors is included in the reference along with a useful normalization that allows for
stability of the evaluations of the eigenvectors.
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the composite function at d acting on Ad is

(V(AoD)(d),Ad) = XN (D'(d)(Ad) =y" (D'(d)(Ad))»
le m:z:T (DM Diag(Ad))
2T Diag(Ad)r = ﬁ@ ox, Ad).

T Dz

O]

Theorem 4.1.7 shows that at optimal preconditioning, the extreme eigenvectors must “spread
mass equally” across coordinates. This balance condition is what characterizes optimal diagonal
preconditioners.

Theorem 4.1.7 (Characterization of k-optimal diagonal preconditioning). Consider M € S" , ,d €
R%  be given. Let D = Diag(d) and let (A1,z1) (resp. (An,zp)) be a singleton mazimum (resp.
minimum) eigenpair of D(d). Then the gradient of the composite function k(d) is

L (om) =t (znoam)
Tr10x1) — Tp OX ,
¥ Dy te xl'Dg, " "

where recall that k(d) is as in Corollary 4.1.2 . Hence, M is k-optimally diagonally preconditioned
if, and only if, the orthonormal eigenvector pair satisfies

Vi(d) = K(d) (

T10X1 = Ty, O L. (4.7)

FEquivalently, after a permutation of the elements to account for the sign,

o= ()= ()l = ol (45)

In the nonsmooth case, we can choose the normalized x1, respectively x,, in the eigenspace of

Amax(D(d)), respectively Amin(D(d)).

Proof. From Lemma 4.1.6, we can find the gradient as follows:

1 \ \ 1 An A A
Vad) = 3 (Ahi—Ad) = & (ﬁ’bilf”l o w1 — YAz, 0z,

= k(d) (w1 0 z1)/(x] Dx1) — (z © 20)/(x] D)) .

The characterization for k-optimally diagonally preconditioned matrix A follows from solving
Ve(en) = 0. O

Because r(d) is positively homogeneous of degree zero, the minimizer is not unique. Propo-
sition 4.1.8 shows that this nonuniqueness is structural rather than pathological, i.e., when the
eigenspace for the largest and smallest eigenvalues is unique of dimension 2, the orthogonal com-
plement is unique. When the extreme eigenvectors do not uniquely determine the eigenspace of
the orthogonal complement, entire continua of optimal diagonal scalings exist. This observation
motivates the reformulation in Section 4.1.3, where homogeneity is removed.

Proposition 4.1.8 (Nonuniqueness of k-optimal diagonal preconditioning). Let M > 0 be a k-
optimal diagonal preconditioned matriz as given in Theorem 4.1.7 with x;, \j,i = 1,n, being two,
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singleton, eigenpairs that satisfy the optimality conditions in Theorem 4.1.7. Thus we have
M>X = 2 0> 0 >0, A= (N\)eRY,, A= Diag()),

and we let () = [xl Q a:n] be an orthogonal matriz and M = QAQ™T from the spectral theorem.
Let V be the basis for e defined in (1.1). Suppose in addition that the lack of strict complementarity
condition holds, i.e., there exists v such that

0O#vef{ueR:0=Vuox; =Vuoux,}. (4.9)
Then with AD = Diag(Vv), there exists € > 0 such that

k(M) =k ((I +tAD)M(I +tAD)), V|t| <e.

Proof. The result follows from expanding
(I + eAD)M(I +eAD) =M + O(e)
and using the continuity of eigenvalues and the fact that the optimality conditions imply

Vvox; =0,i=1,n <= Diag(Vv)z; =0,i=1,n
<~ ADzx;=0,i=1,n.

Specifically, let B )
My = QDiag((Ma, ..., \oo1)D)QT, My = M — M.

The above equation then implies ADM; = M1AD = 0. Moreover, let D = (I + ¢AD), then
DMD = My + DMyD = M + eADM; + eM>AD + € ADMAD.

Since range(AD) < null(M;) = range(Ma), the range of the perturbation of M above is restricted to
the eigenspace of My, i.e., to the span({z2,x3,...,2,-1}). This means that after the perturbation,
with € > 0 sufficiently small, A\; and )\, remain the largest and smallest eigenvalues of DM D
respectively. As stated above, we are using the continuity of eigenvalues and the orthogonality
M M> = 0 that arises using the spectral theorem and M7, Mo > 0. O

Note that if condition (4.9) holds, then we get a nonsingleton set in R” of solutions. Moreover,
the structure of V' and support of v implies that (4.9) restricts the support of the eigenspace
span({z1,7,}) and we can permute to get the support in the last entries.®

4.1.2 Projected Subgradient Method

In Theorem 4.1.7, we derived the gradient and optimality conditions for minimizing the pseudo-
convex function k(d) in (4.5), over the open set d > 0. Convergence of subgradient methods for
pseudoconvex minimization typically requires optimizing over a closed set. Hence, we consider the
following optimization problem:

5Necessity of (4.9) for nonuniqueness is still an open problem.
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de argmin{/i(d) = m cdeQ:={d:d=> (5en}}, 0<d«l. (4.10)

We now exploit the pseudoconvex structure that guarantees all stationary points are global
minimizers making subgradient methods natural. The search directions used in Algorithm 4.1 are
shown to lie in the quasisubdifferential of k, allowing us to directly invoke classical convergence
results for quasiconvex minimization. We first treat the unconstrained formulation in Algorithm 4.1
and address homogeneity in Section 4.1.3.

Algorithm 4.1 A Subgradient Method for Minimizing x(d) over 2

Inputs: symmetric positive definite matrix M > 0; sequence of positive stepsizes {tx} — 0 with
Yy ty = o0, scalar § € (0,1); tolerance tol; rule for the stopping criterion, stopcrit.
set k «— 0;
set stopcrit «— o0;
set dy = e, € R™;

1: while stopcrit>tol do (main outer loop)
2: set k — k+1;
3: compute min eigenpair (\f, 2%) and max eigenpair (\¥, 2¥) of M Diag(dy);
4: compute direction
M 1 k k) 1 ( k k)
sSp = | ————(2f0o2]) - ——— (2 0x ; 4.11
=54 (e (o)~ o (o -t
5: perform projected gradient step
Sk
dj,1 = max {dk — tkm, 5en} : (4.12)
Sk

6: update stopcrit;
7: end while(main outer loop)
Output: D := Diag(dg+1)-

Remark 4.1.9. For Algorithm 4.1, we use a popular choice for stepsize sequence {t} in subgradient
methods, ti, = 1/k, where k is the iteration index [109]. We note that since Algorithm 4.1 is a
subgradient method, in gemeral it is not a descent method. Finally, the algorithm is general in that
it does not specify the stopping rule stopcrit. There are several possible rules that the user can
employ in practice for updating stopcrit in step 6. For example, at every iteration the user can take
stoperit as ||si| or |k(dg+1) — K(dg)].

We now briefly describe each of the steps of Algorithm 4.1. First, step 3 computes a maximal
and minimal eigenpair of M Diag(dy) to construct the search direction si. It should be noted that
the user never has to form the matrix M Diag(dy) to compute the eigenpairs. Instead, the user only
has to construct subroutines which compute M Diag(dy) * = and (M Diag(dy))\z efficiently, where
x € R™. Second, it will be shown in Section 4.1.2 that the direction s; computed in step 4 lies in the
quasisubdifferential (also to be defined in Section 4.1.2) of k(dy). Finally, using this direction, step 5
performs the projected gradient update di1 = o (d — tk”';’—’;”), where Ilg(z) := argmin,cq [z — y|
denotes the projection onto 2.
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Asymptotic Convergence Analysis

Our convergence analysis of Algorithm 4.1 relies mostly on [109] where efficient subgradient meth-
ods for minimizing quasiconvex functions are presented. Under various assumptions in addition
to quasiconvexity, the author establishes asymptotic convergence of subgradient methods with de-
caying stepsizes. Since our function x(d) is pseudoconvex, it is quasiconvex. For a more detailed
discussion related to the assumptions of Kiwiel [109] and how our set-up satisfies these assumptions,
the reader is referred to Section 2.2. In the remaining part of this subsection, we show that Algo-
rithm 4.1 asymptotically converges by showing that it is an instance of the subgradient framework
proposed by Kiwiel.

To minimize a quasiconvex function f over a closed convex set X, Kiwiel proposes in [109] the
following basic subgradient algorithm:

Tpa1 = Ux(@p — tedr), 0k = gx/llokll, gp€flxg), k=1,2,..., x1€X,

where 0°f is the quasisubdifferential of f defined in (1.3) and t; > 0 are the stepsizes.

Hence, we need to characterize vectors that lie in the quasisubdifferential of x(d) to show that
Algorithm 4.1 is an instance of Kiwiel’s subgradient framework. The result below presents one
characterization of vectors that lie in the quasisubdifferential of fractional programs like the one in
our set-up (4.10).

Lemma 4.1.10. Suppose f(x) := a(x)/b(x) is well-defined for all x € X where a(x) is a convex
function that is positive on X, b(x) is a concave function that is positive on X. If for x € X,
B :=1/b(x) and A := a(z)/b*(x), then

Blda(z)] + A[o(=b)(x)] < 0° f(x).

Proof. Let x € X and consider B and A as in the assumptions of the lemma. It follows from the
fact that ¢ and —b are convex functions, B and A are positive scalars, and Fenchel subdifferential
calculus rules that

Bloa(z)] + A[(=b)(z)] = d(Ba)(x) + &(—Ab)(z) < d(Ba — Ab)(z).

Now, let g € B[da(x)]+ A[0(—b)(x)] € 0(Ba— Ab)(x), and suppose y € S(z), i.e., y is in the interior
of the domain of f and f(y) < f(x). It then follows that

9,y — z) < Ba(y) — Ab(y) — Ba(x) + Ab(x)

aly)  a(o)bly)
o) 2@ O

where the first inequality follows from the definition of Fenchel subdifferential, the equality follows
from the definitions of A and B, and the last inequality follows from the fact that a(y)/b(y) <
a(z)/b(x) and b(y) and b(x) are positive. It then follows from the definition of quasisubdifferential
in (1.3) that g € 0°f(x). O

Corollary 4.1.11 constructs a vector that lies in the quasisubdifferential of k(d).
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Corollary 4.1.11. Let d € Q2 and let (A1,x1) and (A, xy,) be a mazimal and minimal eigenpair of
D(d), respectively. Then, it holds that

A 1 1 20
M (ﬁ(m °m) = Trrgaay @ xn)> € 2° (r(d)).

An doxy) zl(doxy,

Proof. Tt follows from Lemma 4.1.1 that Ayax(D(d)) and Apin (D(d)) are convex and concave func-
tions of d, respectively. Also, it is easy to see that Apax(D(d)) and Apin (D(d)) are positive on €.
Hence, it follows from Lemma 4.1.10 that

1 Amax(D(d))

Sy e P(@) + 352 5050 (“hain( D) € & ((d)) (413)

holds for d € 2. Moreover, it follows from Lemma 4.1.6, the definition of Clarke subdifferential in
(1.2), and the fact that the Fenchel and Clarke subdifferentials coincide for convex functions that
the following inclusions hold.

A1
af (dowr)

(21 0 21) € AAmax(D(d)), —ﬂ(fzix,g (21 0 Zn) € @ (—Amin(D(d))), (4.14)

where here (A1,z1) and (A, x,) are maximal and minimal eigenpairs of D(d), respectively. The
result then follows from (4.13) and (4.14).

O

Remark 4.1.12. It follows from Corollary 4.1.11 that the update rule (4.12) in step 5 is of the
form

Sk
dp+1 = Ilg (dk - tkiHSkH

) , where sp, € 0° (k(dy)) .
We are now ready to present the main theorem that shows Algorithm 4.1 converges asymptot-
ically.

Theorem 4.1.13 (Asymptotic convergence). Let {d} be generated by Algorithm j.1. Let
kg i=min {r(d) : de Q}; k% =min{k(d;),j =1...,k}.

Then
limy . k(dy) = kei  and K5 | k.

Proof. 1t follows from the last remark in Lemma 4.1.1 and the definitions of x(d) and €2 in (4.10),
that Amax(D(d)) (resp. Amin(D(d))) is a convex (resp. concave) function that is positive on Q.
It then follows from this observation, Lemma 2.2.2, and the definition of x(d), that assumptions
A1-A4 in Section 2.2 hold for the minimization problem in (4.10). Clearly, also assumption A5
in Section 2.2 also holds since €2 in (4.10) is a closed set and the intersection of Q with the interior
of the domain of x(d) is clearly nonempty. The result of the theorem then immediately follows
from this observation, Remark 4.1.12, the facts that ¢, — 0, and kazl tr = o0, and Theorem 1 in
[109]. 0
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4.1.3 Avoiding Positive Homogeneity

As mentioned in Remark 4.1.4, x(d) is a positively homogenous function (of degree zero). Thus
there are multiple optimal solutions and our problem is Hadamard ill-posed. From a computational
stability perspective, it is more efficient to minimize an equivalent smaller dimensional formulation
that is not positively homogeneous. With this in mind, we let M > 0 and and e, € R" be the
vector of all ones. We consider the function

V(v) := M Diag(e, + Vv), (4.15)

where v € R"! and V is as in (1.1). In this subsection, we consider the following formulation

min{/ﬁ(v) = M Cen 4+ Vo = dey, UGRZ}, (4.16)
Amin (V(v))

where 8 € (0,1) is sufficiently small. It is easy to see that with the choice of V in (1.1), the above
(4.16) can be rewritten as

min {H('I}) TV E Q} , (4.17)

where

n—1
Q= {UeRn_lz Do < —vV2(6—1), v =V2(0-1), z':l,...n—l}. (4.18)

=1

Note that the set € is convex and compact. Projecting onto it is also easy since it is just a simplex.
Also, since () is bounded, we will be able to get nonasymptotic convergence guarantees for the
subgradient method that we propose to minimize (4.17).

The following lemma will be useful for developing our subgradient method. It gives useful
characterizations of the derivatives of V(v) and £(v) in the smooth setting when the maximum and
minimum eigenvalues of V(v) have multiplicity one.

Lemma 4.1.14 (Derivatives of V(v), k(v)). Let M > 0,v € R™ be given and set w = e, + Vv € R%
and D = Diag(w). Also, let (\y,x1) and (An,xy) be mazimal and minimal eigenpairs of V(v),
respectively, where A1 and X\, have multiplicity one and x1 and x,, are assumed to be normalized.
Then the following hold:

1. The derivative at v acting on Av e R” is

5 o/

V(v)(Av) :=V (v)(Av) = M Diag(V Av).

2. The gradient of the composite function k(v) := k(V(v)) is

1 1

m(azl oxy) — m(xn oxn)> .

Vk(v) = k(v)VT ( (4.19)

Proof. 1. The proof follows from the function being affine.
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2. For a singleton eigenvalue A with normalized right eigenvector x, we have the left eigenvector
y = Dz/(2” Dz) as in Lemma 4.1.1, which satisfies 27y = 1. Then

(VAo V)(v),Av) = yTV(0)(Av)z = yT (M Diag(VAv))z
<VT diag(AD~1yxT), Av)

(VT diag(AD~'Dzx™), AU>
<VT diag(AzzT), Av) =

mTD
<)\VT(33 ox),Av).

zT (wox) (wozx)

Therefore the gradient of k(v) := r(V(v)) is:

Va(v) = Adghids — g (VT (@ 021) — AV (@0 0 2) ) (4.20)
= 5OV (i (1021 = srsay (on 0 2n)
O

The following remark shows that, as in Lemma 4.1.14, Vk(v) lies in the quasisubdifferential of

K(v).

Remark 4.1.15. Let M > 0 and v € R"~!. Also, suppose that w = e, + Vv and let (z;, \;),
i = 1,n, be eigenpairs of V(v), where |z;| = 1. It then follows from Lemma 4.1.10 and a similar
argument as in the proof of Corollary 4.1.11 that

T 1 ox -t Ty O X 0° (k(v
KV (s (o 0 = s (a0 ) £ (0) (1.21)

where recall that k(v) := k(V(v)).

We now present our subgradient algorithm for minimizing (4.17).
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Algorithm 4.2 A Subgradient Method for Minimizing x(v) := k(V(v)) over Q

Inputs: symmetric positive definite matrix M > 0; V e R™*("~1) 4 basis matrix for the orthogonal
complement e’; sequence of stepsizes {t} = 1/v/k; scalar S (0,1); a tolerance tol> 0; a rule
for the stopping criterion, stopcrit.
set k — 0;
set stopcrit «— oo;
set v =0eR*™ ! and wy = e, € R ;

1: while stopcrit>tol do (main outer loop)
2: set k<« k + 1.
3: compute min eigenpair (\F, 2%) and max eigenpair (\¥, z¥) of M Diag(wy);
4: compute direction

gk = )\—]fVT (1 <x’f o J:If) - (xk oxk)) (4.22)

Ak (b wy o b (xh wpoghky "1 71
5: perform projected gradient step
9k
Vg+1 = HQ <vk - tk’gk> (4.23)

where () is as in (4.18) and set
W11 = €+ Vugyq; (4.24)
6: update stopcrit;

7: end while(main outer loop)
Output: D := Diag(wg41).

Several remarks about Algorithm 4.2 are now given. First, the matrix V' does not need to be
stored in memory and is actually not needed as input. All the user needs to input is a subroutine
that outputs Vv given a vector v € R*!. Likewise, the matrix M Diag(w;,) does not need to
be stored. Second, it follows from Remark 4.1.15 that gi € 0° (k(vg)), which is defined in (1.3).
Finally, the projected gradient step in (4.23) can be performed very efficiently since projecting onto
Q just involves computing the root of a simple equation.

Nonasymptotic Convergence Rate Analysis for Minimizing x(v) on (2

In this subsection, we show a nonasymptotic convergence rate for Algorithm 4.2 for minimizing
k(v) over €2. More specifically, we show that

i — Ky <
1Sh<K (o) = s <€
holds for K = O(1/€®), where k, = min _ar(v). Our nonasymptotic convergence analysis of
Algorithm 4.2 relies mostly on the results from [109] and [99]. The function x(v) is pseudoconvex
since it is the ratio of a convex function and a positive concave function. Also, observe that the set
Q) is just a box so it is a convex compact set that is easy to project onto. The only other assumption
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that needs to be verified to be able to show a nonasymptotic convergence rate of Algorithm 4.2
is that the function k(v) is Lipschitz continuous on ). This result is proved in the following
proposition.

Proposition 4.1.16. The function k(v) is Lipschitz continuous on Q, ie.,
[£(01) = K(v2)| < Lijvr = wafl,  Vor,v9 € Q

where L > 0 and Q is as in (4.18).

Proof. First, it is easy to see that Amax(V(v)) (resp. Amin(V(v))) is a convex (resp. concave)
function. It then follows from this observation, the fact Qisa compact set that is contained in the
domain of both functions, and Proposition A.48(b) in [116] that Amax(V(0)) (resp. Amin(V(v))) is
Ly-Lipschitz (resp. La-Lipschitz) on . Consider now the composite function A(v) = ¢(Amin(V(v)))
where g(y) = 1/y. Note that by the choice of , Amin(V(v)) > 0 for all v € ). The above conclusion
and the fact that g(y) = 1/y is Lipchitz continuous on any positive open interval then imply that
h is Ls-Lipschitz continuous on Q, where L3 > 0.

We now show that x(v) is Lipschitz continuous. First, it holds that |[Amax(v)| < M; and
|h(v)| < M; for v e Q) since a Lipschitz function on a compact set is bounded. Then, for any v; € €
and vy € (0, the following holds:

|5V (1)) = KV (02))] = [Amax(V(01))A(01) = Amax (V(v2))a(v2)]
= [Amax(V (Ul)) (v1) — )‘maX(f}(Ul))h(W) + AmaX(f}(Ul))h(W) — Amax (v2)h(v2)
My [[h(v1) = h()]| + Mo Amax(V(v1)) = Amax (V(v2))]

<
< M1L3H1)1 — 'UQH + M2L1H1)1 — UQH = (M1L3 + MQLl)H'Ul — 'UQH

which immediately implies the statement of the proposition with L = My Ls + MsL4.
O

We now state Theorem 4.1.17, which displays that Algorithm 4.2 is able to find an e-approximate
optimal solution of (4.17) with a sublinear O(1/€?) rate of convergence.

Theorem 4.1.17. Let € > 0 be a given tolerance and suppose that K = O(1/€?). It then holds that

— Ky <
121]161<DKI<L(1)]€) Ky < €, (4.25)

where Ky = min, _g K(v) and K(v) := k(V(v)).

Proof. Tt is immediate to see that {) is a convex compact set and that k(v) is a quasiconvex function
since it is the ratio of a convex and a positive concave function. It follows from Proposition 4.1.16
that x(v) is Lipschitz continuous on 2. Finally, it follows from Remark 4.1.15 that the update

(4.23) in step 5 of Algorithm 4.2 is of the form vy4; = Il (vk — tk”g—iu) where g € 0° (k(vg)).

Hence, it follows from these observations, the fact that {t;} = 1/4/k, and Theorem 3.2(ii) in [99]
with s = 1/2, 6 = ¢, and p = 1 that the statement of Theorem 4.1.17 holds.
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An Efficient Line-Search Subgradient Method

This section presents an efficient line-search subgradient method for minimizing x(v) := &(V(v))
where V(v) is as in (4.15).

Let w = e+ Vv € R} | correspond to the current iterate v. Also, let o be a small scalar between
0 and 1 and let Aw = VAv where Av = —Vk(v) where x(v) is as in (4.16). From Lemma 4.1.3,
we can use a ratio test and guarantee positive definiteness from w + tVAv = w + tAw > ow, or
equivalently tAw > (0 — 1)w. Therefore, we conclude that the maximum step with safeguarding,
so as not to get too close to the boundary, is

— 1w
tmax(0) = tmax 1= min {(UAwZ)w Aw; < O} > 0. (4.26)

o

Recall the gradient Vk(v) = V(k o V(v)) in Lemma 4.1.14. Our line search in Algorithm 4.3
maintains:

LineSearch 4.1.18 (for Algorithm 4.3). Backtrack and maintain: (i) t < tmax from (4.26); (ii)
monotonic nonincrease of the objective k(v + tAv); and nonpositivity of the directional derivative
Vi(v + tAv)TAv < 0.

Algorithm 4.3 is presented below.

Algorithm 4.3 An Efficient Line-Search Subgradient Method for Minimizing (v).

Inputs: A symmetric positive definite matrix A > 0, a max iteration count mainmaxiter, stopping
tolerances maintoler> 0 and linesrchtoler> 0, and a small scalar 0 < o « 1.
set k<« 0,v;=0eR*™ 1 w; =e, €R”, and t, «— o0;
compute a min eigenpair (AL, x1) and max eigenpair (A}, z1) of 4;
compute k(v1) and Vk(vy) according to (4.16) and (4.19), respectively;
set relnormg= |V&(v1)|?/(1 + K(v1)?);
while relnormg > maintoler & t; > linesrchtoler & k < mainmaxiter do (main outer loop)
set k — k + 1;
set Avy «— —Vk(vg);
use (4.26) with Aw := VA, and w := wy, to evaluate tmax(0);
perform LineSearch 4.1.18 to find tg;
set Vg1 = v + txAvg and wi1 = en + Vop;
compute min eigenpair (Af*+1, z5+1) and max eigenpair (A¥T1, 281 of A Diag(wpy1);
compute k(vg4+1) and Vk(vg41) according to (4.16) and (4.19), respectively;
9: update relnormg= |Vr(vpy1)|?/(1 + k(vrs1)?);
10: end while(main outer loop)
Output: D := Diag(wy1).

We emphasize that LineSearch 4.1.18 does not perform an exact line search and is intended only
as a heuristic. In practice, we set linesearchtol to 10~7 and maintoler to 10™%. Numerical results
are presented in Section 4.3.1.
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4.2 w-Optimal Structured Preconditioning

This section focuses on obtaining w-optimal preconditioners of special structure for finding least
squares solutions of Az = b, where A might not be symmetric nor square. In what follows, A will
be assumed to have full column rank, so that the matrix M := AT A is positive definite. Recall
that for M > 0, we define w(M) as

w(M) = trace(M)/n7
det(M)1/n
i.e., it is the ratio of the arithmetic to geometric means of the eigenvalues of M. Unlike the classical
condition number k, the quantity w is smooth, and closely related to eigenvalue clustering. These
properties make it particularly well suited to deriving explicit solutions to optimality conditions for
structured preconditioners.

This section is divided into three main subsections.

e Section 4.2.1 treats one-sided diagonal preconditioning, distinguishing between right- and
left-sided scalings.

e Section 4.2.2 addresses two-sided diagonal scaling, establishing optimality conditions and
linking them to matrix balancing.

e Section 4.2.3 extends the analysis to block-diagonal preconditioners, including triangular block
structures.

A unifying theme of this section is that many classical preconditioners—Jacobi scaling, row
and column normalization, and Sinkhorn—Knopp balancing—arise naturally as exact solutions or
stationary points of w-optimal problems. Table 4.1 summarizes several of these connections.

Special Structure Preconditioner Location Literature
Right Diagonal Column Normalization Proposition 4.2.1 [
Diagonal for Symmetric M > 0 Jacobi Preconditioner Corollary 4.2.2 [
Left Diagonal Row Normalization Theorem 4.2.3
Two-Sided Diagonal Sinkhorn-Knopp/Matrix Balancing | Theorem 4.2.7 | [110,
Right Block-Diagonal Block QR Corollary 4.2.11 [
Left Block-Diagonal Characterization Theorem 4.2.12

Table 4.1: Relation of w-Optimal Preconditioners to the Literature

4.2.1 Right- and Left-Sided Diagonal

Suppose that diag(A) has no zero entries. The classical Jacobi preconditioner [104], [152, Sect.
10.2] is defined by:
P 'A =P, P = Diag(diag(A)). (4.27)

We note that this can be found by using: a splitting A = M — N so that A = Diag(diag(A))—N;
or the following variational problem that implicitly finds the best approximation of the identity

using diagonal matrices:
mc%n |A — Diag(d)|r, Diag(d) 'A~ 1.
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In what follows, we reinterpret such classical constructions through the lens of the w-condition
number.

Right-Sided Diagonal

The following result shows that a w-optimal right-sided diagonal scaling of an overdetermined full
rank matrix A is formed using (+) column normalization, see [52].

Proposition 4.2.1. Let A be m x n full column rank, and D := Diag(diag(AT A))~1. Then AD/?
1s a w-optimal right-sided diagonal scaling i.e.,

D € argmin {w(Dl/QATADl/Z) : diag(D) € Rﬁg} :

Proof. The proof of the result can be found in [52, Proposition 2.1(v)] and a modified proof in
[107, Proposition 2.1(3)]. O

As an immediate specialization, we obtain the following classical result.

Corollary 4.2.2. Let M € S_.. Then the Jacobi preconditioner, D = Diag(diag(M))™?, is the
w-optimal diagonal scaling, i.e.,

D € argmin {w(Dl/QMD1/2) . diag(D) € RL} .
Proof. The proof is immediate from Proposition 4.2.1 with A7 A replaced by M e St O

Thus, in contrast to its heuristic origins, Jacobi scaling is optimal in the precise sense of mini-
mizing w.

Left-Sided Diagonal

In this section we let A € M™ be invertible, and we consider the optimal left-sided diagonal
preconditioning problem:

min w((Diag(c)'/2A4)” Diag(c)'/2A)

st. ceR?,. (4.28)

For simplicity, let C' := Diag(c). We can characterize the w-optimal left-sided diagonal precondi-
tioner using the above results in Section 4.2.1 for the right preconditioner.

Theorem 4.2.3. Let A € M"™ be nonsingular. Then a w-optimal left-sided diagonal preconditioner
minimizing (4.28) is given by C' = Diag(diag(AAT))~!.

Proof. Note that

w((Diag(c) 12 4)T Diag(c) 1/2A) = w(AT Diag(c)A) = w( Diag(c)/2AAT Diag(c)1/2).
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Hence, Proposition 4.2.1 and the above equivalence implies that

C = Diag(diag(AAT))~! € argmin {w(Cl/QAATCI/Q) : C = diag(c) € S, }
= argmin {w((Diag(c)l/ZA)T Diag(c)l/ZA) : C = diag(c) € ST }.

O]

4.2.2 Two-Sided Diagonal

We now consider the problem of finding the two-sided w-optimal diagonal scaling for nonsingular
matrices A € M"™. This subsection is broken up into two smaller parts. The first part derives the
optimality conditions for the two-sided w-optimal scaling problem. The second part presents an
iterative matrix balancing scheme that reduces w at every iteration and whose output is proved to
be a stationary point of the two-sided w-optimal scaling problem.

Optimality Conditions for Two-Sided Problem

This part presents the formulation of the two-sided w-optimal diagonal scaling problem and derives
its optimality conditions. Namely, we consider

min w((Diag(c)"/? A Diag(d)"/?)" (Diag(c)"/? A Diag(d)'/?))

(4.29)
st. c,deR?,,

where A € M" is nonsingular. For simplicity, let C' := Diag(c) and D := Diag(d). We also define
1
Q(c,d) := AT Diag(c)A Diag(d), f(c,d):= — trace(Q(c,d)), g(c,d) := det(Q(c,d))"/™.  (4.30)
n

Therefore we have the following equivalent problem to (4.29):

min  wo(c,d) =

o eled) (4.31)
st. c,deR%,.

Finally, for notational convenience, we define inv : R?” — R?" by

(e d) — diag (Diag(c)*l)
(e, d) = <diag (Diag(d)_1)>' (4.32)

The following result provides the gradient of wo(c, d).

Proposition 4.2.4. The gradient of wg(c,d) is given by

1 diag(A Diag(d)A™) 1 .
_ 2 4,
Vwol(e, d) ngle.d) (diag(AT Diag(c)A) nwg(c, d)inv(c, d), (4.33)
where g(c,d) is as in (4.30), wo(c,d) is defined in (4.31), and inv(c,d) is as in (4.32).

Proof. To compute Vwo(c,d), we have to compute V f(c,d) and Vg(c,d). It is easy to see from
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the definition of f(c,d) in (4.30) that V f(c,d) can be computed as

ia ia T
Viled) = % <3ia§((i7p Diga(gd()cz)élAD ' (4.34)

To compute Vg(c, d), observe that it follows from the definition of g(c, d) in (4.30) and the formula
for the gradient of the determinant that

(Vy(e,d), (Ac, Ad)y = det(ATA)/"(V det (CD)”" (Ac,Ad)>
- det(ATA)l/”< det (CD) " adj (CD),(C’AD+AC’D)>
= ly(e,d <( CAD+AOD)>
= -—g(c,d)trace (C’ 1AC’—|—D 1AD)

Hence, it follows from the above equations

ia, iag(c)~!
Vo(e,d) = %g(c, d) (gilag ggiag(( d%_%) _ %g(c, d)inv(c, d). (4.35)

It then follows from (4.34), (4.35) and the quotient rule that Vwg(c, d) can be computed as

1 1 wo(e, d)

Vasg(6rd) = s (9l d) Ve d) = F( V(6 ) = sV fend) = 220DV c.d)
1 diag(A Diag(d)AT) 1 :
- nale.d) <diag(AT Diag(c)A)> — ﬁwg(c, d)inv(c,d).

Remark 4.2.5. [t is easy to see that Vwo(c,d) can be equivalently written in the useful form:
1 0 Ao Al (¢ 1 .
Vwol(c,d) = [(AOA) 0 ] (d) - EWQ(C’ d)inv(c,d).

The following lemma proves the convexity of our objective after a logarithmic reparameteriza-
tion. This observation was communicated to us by the external examiner.

Lemma 4.2.6. The objective wg(c, d) in (4.31) is convez in (u,v) after the logarithmic change of
variables ¢; = e and d; = €%

Proof. We note that the trace is a posynomial, and thus a change of variables ¢; = " and d; = €%
gives
nf(c,d) =logtr(Q(c,d)) = logZeXp(ui + v; + log a?j), (4.36)
]
where f(c,d) and Q(c,d) are in (4.30) . Note that (4.36) is convex in (u,v) since it is a log-sum-exp
function. On the other hand, observe that

det(Q(c,d)) = det(AT Diag(c)ADiag(d)) = det(A)? H Ui H e,
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and its log is affine in (u,v). Therefore, log(wg(c,d)) turns out to be the difference between a
convex and an affine function. This completes the proof. O

We now state our main theorem of this subsection on a necessary condition for a vector to be
globally optimal for (4.29). This relates to optimal matrix balancing discussed below.

Theorem 4.2.7. Let A € R™" be nonsingular, and let es, € R*® denote the vector of all ones.
Then c*,d* e R} | form a pair of globally optimal solutions to (4.29) if, and only if,

diag(C*AD* AT
<dia§ED*ATC*A§> = aegy, for some a> 0, (4.37)
where C* = Diag(c*), and D* = Diag(d*). Hence, if c*,d* is a global optimal solution of (4.29),
then all rows and columns of v/ C* A/ D* have identical Fuclidean norms, i.e., optimal two-sided
w-scaling produces a balanced matriz.

Proof. For c¢*,d* € R’} to be a global optimal solution of (4.29), it must satisfy the necessary
condition Vwg(c*,d*) = 0. Thus, it follows from (4.33) that ¢*, d* must satisfy

_ 1 diag(AD*AT) l % ks ERNES
0= ng(c*, d*) (diag(ATC*A) a an(c d°)inv(e”, d7).

*

It follows from taking the Hadamard product with the vector <§*> on both sides of the above

equation as well as multiplying both sides by ng(c*,d*) that the following necessary condition
must hold

diag(C*AD*AT)> (4.38)

* 7k _
J(e" d)enn = <diag(D*ATC*A)
Observe that the definition of f(c,d) in (4.30) implies that if ¢*, d* satisfies the above relation then
any positive scalar multiple of ¢*, d* also satisfies (4.38). It then follows from this observation and
(4.38) that a globally optimal solution ¢*,d* must satisfy the necessary condition (4.37) for some

scalar a > 0. The last observation of the theorem then immediately follows from the condition in
(4.37).

O]

Square-Root Sinkhorn-Knopp Algorithm for Two Sided Problem

Let a nonsingular matrix A € M™ be given. We have seen above that the w-optimal right-sided
preconditioner is equivalent to the column normalization preconditioner. Similarly, the w-optimal
left-sided preconditioner is equivalent to the row normalization preconditioner. Therefore, we can
alternate between w-optimal right- and left-sided preconditioners and decrease the value of w at
each iteration. This yields the following computationally efficient matrix balancing scheme where
we alternate between column and row normalization. This algorithm can be seen as equivalent
to the Square-Root Sinkhorn-Knopp algorithm and is related to other balancing methods in the
literature [110, 111,154, 160].

We prove below in Theorem 4.2.9 that the Square-Root Sinkhorn-Knopp algorithm, namely
Algorithm 4.4, converges and the outputted two-sided diagonal preconditioner satisfies the necessary

63



condition in (4.37) for global optimality of a two-sided w-optimal preconditioner. This continues
the theme that the w-measure provides justification for heuristics used in the literature.

Algorithm 4.4 Square-Root Sinkhorn-Knopp Algorithm for Two Sided w-Optimal Preconditioner

Inputs: A square nonsingular matrix A € M", a tolerance tol> 0, and a rule for the stopping
criterion, stopcrit.
set stopcrit «— oo;
set Ag «— A;
set k «— 0;
while stopcrit>tol do (main outer loop)
set k — k+1;
compute (v/di)i = 1./[(Ag-1).il, i = 1,...n, where (Ax_1).; is the i-th column of Aj_1;
set Ay, — Aj_y Diag(v/dy);
compute /¢ € R™ with (\/cx); = 1/ (Ag)i.]
Ay;
update stopcrit;
set Ay <« Diag(\/a)flk;
end while(main outer loop)
Output:

, i =1,...n, where (Ag);. is the i-th row of

k k
C\2 .= Diag <H @) and D'/? .= Diag (H «/d]) .
j=1

j=1

There several viable options for the choice of stopcrit in Algorithm 4.4. One natural choice is
stoperit = max (ma (), — 11| x40y ~ 1)

It is shown in Theorem 4.2.9 that the sequence Ay converges to a matrix that is balanced, i.e., one
that has column and row norms all equal to one. The remark below also discusses that the w values
of the iterates are monotonically decreasing.

Remark 4.2.8. At each iteration, Ay, (resp. Ay) is computed using the w-optimal right-sided (resp.
left-sided) preconditioner. Hence, the w values of the ilerates are monotonically decreasing, i.e.,
w(AﬁAg) § w(Ak{lg) <AW(Ak—193A£,1) for all k = 1. The output of Algorithm 4.4 thus satisfies
w((CY2ADV2)T(CY2ADY?)) < w(AT A).

Theorem 4.2.9 now provides a convergence guarantee for Algorithm 4.4 and shows that the
necessary condition (4.37) for a two-sided w-optimal diagonal preconditioner holds in the limit for
Algorithm 4.4.

Theorem 4.2.9. Let A be such that A o A has total support.” Then the sequence Ay, converges

7 A nonnegative square matrix B is said to have total support if B # 0 and all its nonzero elements lie on a positive
diagonal. That is, for each nonzero entry b > 0 of B, there exists a permutation o of [n] = {1,...,n} such that
B -y > 0 for all ¢ € [n], and b = B; ,(;) for some j € [n].
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linearly to a matriz A :== CY2ADY? that has column and row norms all equal to 1. That is,
k k _ B
kli_IEO Diag (1_[1 ﬁ) ADiag <1_[1 \/dj> = C'2ADY?
Jj= Jj=

with a linear rate of convergence. Hence, it follows from Theorem 4.2.7 that limiting matrices C
and D satisfy the necessary condition (4.37) for a two-sided w-optimal diagonal preconditioner.

Proof. Let Py, = Ay 0 A, and let Py = Ay, o Aj,. Tt follows that Py = (Ajp_q o Aj_1) Diag(dy) =
Py Diag(dg) where (dg); = 1./||(Ag—1).:|?>. Note [(Ag_1).:|? is exactly the i-th column sum
of P,y so (dg); = 1./ (Px—1)1;- Moreover, also observe that P, = Diag(ck)(jlk ) flk) =
Diag(ck)ﬁk. Note (cg); = 1./2?:1(]5/%)2-,;. Hence, the sequences of iterates P and Py, can be viewed
as the iterates of Sinkhorn-Knopp Algorithm applied to A o A. By [110], we know then that the
sequence P}, converges linearly to a matrix P where P := C'(Ao A)D is a doubly stochastic matrix.
The sequences of iterates Ay and A}, are just the square roots of the iterates of the Sinkhorn-Knopp
algorithm applied to A o A. Therefore, it follows from the above argument that the sequence Ay
converges linearly to a matrix A := C'/2AD'?2 that has column and row norms all equal to 1. The
last conclusion of the theorem follows from this observation and the necessary condition (4.37) in

Theorem 4.2.7.

O]

4.2.3 Right-, Left-Sided Block Diagonal

We now show that the above results extend directly to finding block diagonal preconditioners for
least squares solutions of full rank possibly overdetermined linear systems Ax = b, A € R™*" m >
n. The preconditioner is extended from diagonal to block diagonal (block upper-triangular). This
relates to sparse QR preconditioning and extends the results for w-optimal preconditioning with
partial Cholesky structure in [107, Theorem 2.7] and the block diagonal w-optimal preconditioner
in [57, Prop. 3 part 3].

Right-Sided Block Diagonal

We let the linear transformation B =Blkdiag(B) € M™ denote the block diagonal matrix with
blocks formed from the set of square matrices B = {Bi}f:1 of order ni,Zle n; = n. For our
application we restrict the blocks to be of upper-triangular structure denoted R = {Ri}le, and
see that the best, with respect to the w measure, comes from Q-less QR decompositions of the
corresponding blocks of A.

First we choose the number of blocks £ and the block sizes ”ia2?=1 n; = n. Thus we get the
block structure

A= [Al A2 e Ak] , A/Blkdlag(R) = [Al/Rl AQ/RQ e Ak/Rk],

where we use the MATLAB notation that / denotes matrix division A/R = AR™!. Optimally, we
want the sizes of the blocks chosen so that the matrices AZTAi are chordal so that there is no loss
of sparsity. Moreover, we can allow a preliminary permutation of the columns A «— AP so that we
can increase the effect of the preconditioner.
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To extend the diagonal preconditioner results we solve:

mBin{w((AB)T(AB)) : B = Blkdiag(B)}.
The basic result we use follows.
Proposition 4.2.10 ([57, Prop. 3 part 3],[58, Prop. 2.2]). Let

A=[A1 Ay ... Ap], A eR™™ Vi,
be a full rank m x n matriz, m = n. Then an optimal block diagonal scaling
B:={By,Bs,...,B}, Bie R"*™ B := Blkdiag(B),

that minimizes the measure w, i.e.,

min {w((AB)T(AB)) : B = Blkdiag(B)},
is found by satisfying the factorization

B;BI = (ATA)7Y, i=1,... k.

Corollary 4.2.11. Let A, B, B be as in Proposition 4.2.10.

(i) If we restrict the diagonal blocks B; to be diagonal themselves, then we get the optimal diagonal
preconditioner in Proposition 4.2.1.

(ii) If we restrict the diagonal blocks B; to be upper-triangular, then we get B; = Ri_l, A; = QiR;
from the QR decomposition of A; (up to sign of rows of R).

Left-Sided Block Diagonal

We continue with A full column rank but with left-sided preconditioning. We present a nonlinear
equation that characterizes optimality.

Theorem 4.2.12. Let A € R™*" be full column rank with block structure given by
A
Ay | _
A=1| . |,A; e R™*" rank(A;) = mj, Vj.
Ay
Then the w-optimal left-sided block diagonal preconditioner
E := Blkdiag(E1, Eo, ..., Ey), Ej e R™™™i,

that minimizes the measure w, i.e.,
minw((EA)TEA),

is characterized by:

A;AT =

S|

l
(tracez (AtT(EtTEt)At)> A; (AT(ETE)A)‘1 AT Vj=1,...L

t=1
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Proof. To begin, we substitute K := ETE. That is, we solve
min{w(ATKA) : K = Blkdiag(K1, K», ..., K;), K; e R™*™i},

Notice that ATKA = 2221 A;FKjflj. Define the linear transformation G(K) = Z§=1 AJTKjflj.
This yields
¢
trace(flJTKjflj)/n
trace(AT KA =
wo() = race( )/no =1

det(ATKA)Un — det(ATKA)Yn

Hence, for convenience and for the remainder of the proof define

¢
f(K):= % Z trace([l]TKjflj) and  g(K) := det(ATK A",
j=1

The partial derivative of g with respect to the block Kj is given by
(Vi,9(K), AK}) = (V det(G(K)) /", AK;)
= (- det(G(K))» " adi(G(K)), ATAK; Ay
= L g(KYG(K) ™ AT AR, Ay)
=~ g(K)(A,G(K) ™ AT, K.
Therefore, we have

1. 1 - 1
Vi, f(K) = 514]-14{ and Vg, g(K) = Eg(K)Aj(ATKA) 14;.

These in turn lead to the partial derivative of wg with respect to K; given by

1
Vi,wg(K) = g(K)Z(g(K)VKjf(K) — f(K)Vk,9(K))
1 o _ _
= A; AT — f(K)A;(ATKRA)TAT
ng(K)( 7% f( ) J( ) ])
Therefore
o 1 o _ -
Vwg(K) =0 <= A4;AT = - > trace(A4 AT Ky) Aj(ATK AT AT, V5.
t=1
We can then recover the E; from K using factorizations of the blocks K; = E]TE] O

Finding an explicit solution for F in Theorem 4.2.12 is an open question. However, if we
assume further that A is a square matrix, the following Corollary 4.2.13 connects the result from
Corollary 4.2.11 to this left sided preconditioning.

Corollary 4.2.13. Let A € M™ be nonsingular. Let the block of rows, %_}j € R™™™, be given by
AT = [A{ Ag Ag], Zj n; = n. Define & := {E1, Ea,...,Ex} by E; := R;T, where AZT = Q;R;
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is the QR decomposition of f_llT. Then, & is the optimal lower triangular block diagonal scaling for

min {w((EA)T(EA)) : E = Blkdiag(E1, Fs, ..., E})}.
Proof. Since A and E are square matrices, we observe
w((EA)"EA) = w(A"ETEA) = w(EAATE"),
and thus Corollary 4.2.11 implies F; = Ri_ T where fl,ﬂ? = RiTRi as defined above. ]

Remark 4.2.14. The result in Corollary 4.2.13 agrees with our characterization in Theorem 4.2.12.
Indeed, by defining E; := RZ-_T with AZ-AiT = RiTRi, we get that trace(A, AT El Ey) = trace(RthRflR;T) =
trace(l,,) = n¢. Thus,

14 l
Z trace(A, AT ET Ey) = Z ne = n.
t=1 =1

Now, define I; := [0 In; 0] € R™™" with the identity I,, € M" of order nj, appropriately
located such that Z;A = A;. Then,

4
% (trace > (ATES EtAt)) A (ATETEA) ™ AT = A;(ATETEA) AT
t=1
= LAAT'ET'ETTATTATT]
=LE'ETTI]
—1 =T pT A AT

4.3 Computational Experiments

Our computational experiments are organized into four parts, each designed to evaluate different
aspects of the proposed methods.

In Section 4.3.1, we compare the computational efficiency of our subgradient-based algorithms with
existing SDP-based approaches for computing approximate x-optimal diagonal preconditioners.
In Section 4.3.2, we assess the impact of these preconditioners on PCG performance for solving
symmetric positive definite systems.

In Section 4.3.3, we study two-sided preconditioning for LSQR and compare w-optimal scaling with
k-optimal approaches.

Finally, in Section 4.3.4, we investigate whether applying w-optimal scaling to x-optimally precon-
ditioned systems can further improve PCG performance.

All experiments in Sections 4.3.1 to 4.3.4 are run on a 2023 Macbook Pro with an 8-core CPU
and 128 GB of memory using MATLAB 2025b. The latest codes are available at this clickable-link
or with URL https://github.com/asujanani6/0Optimal_Preconditioning.

4.3.1 Minimizing ~ Efficiently

In this subsection, we study the practical performance of our subgradient methods, Algorithms 4.2
and 4.3, for computing approximate k-optimal diagonal preconditioners. We first compare the
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proposed methods with the SDP-based approaches of [71, 119] on moderate-scale instances. We
then investigate the scalability of the proposed methods on substantially larger problems for which
SDP-based approaches become impractical.

Throughout this subsection, condition numbers are evaluated using MATLAB’s EIGS routine
with tolerance 107!, CPU times include all preprocessing and algorithmic overhead. Unless
otherwise stated, the default parameter settings from [71,1419] are used. Algorithm 4.2 uses tolerance
10~*, maximum iteration limit 500, sets stopcrit=2|r(dgi1) — r(dg)|/|k(drs1)) + #(di)| at every
iteration, and uses 6 =103 Algorithm 4.3 sets a maximum of 80 iterations and uses the same
tolerance 1074,

Moderate Sizes

In this subsection, we compare our Algorithms 4.2 and 4.3, with the SDP-based approaches of
[71,119] on moderate-scale SuiteSparse and randomly generated instances. The precise details of
our line-search variant Algorithm 4.3 are given in Section 4.1.3.

Our methods yield an optimal diagonal matrix D that minimizes x(DY2M D'?) for given
M > 0. Convergence is proved for our Algorithm 4.2 that often achieved stronger reductions in &
than Algorithm 4.3; our line-search variant Algorithm 4.3 was often slightly faster in practice than
Algorithm 4.2. In contrast, the method in [71] solves an SDP over a prescribed subspace of diagonal
preconditioners, while [149] computes a right-scaling E for M by minimizing x((BE)T (BE)), with
M = BT B for given nonsingular B. Hence, when implementing this latter method, we take B as
a Cholesky factorization of M.

Table 4.2 reports results on eighteen matrices from the SuiteSparse Matrix Collection [18], while
Table 4.3 considers randomly generated instances produced using MATLAB’s SPRANDSYM routine.

The proposed methods consistently achieved substantially larger reductions in x than the SDP-
based approaches. On the SuiteSparse instances, Algorithm 4.2 and Algorithm 4.3 reduced
on average by 79.7% and 68.5%, respectively, compared to 30.3% and 21.1% for [1419] and [71].
Moreover, both proposed methods were substantially faster, with Algorithm 4.3 often providing
the best runtime performance.

For the random instances, a time limit of 3600 seconds was imposed on [71] due to its sub-
stantially higher computational cost. Across all tested instances, Algorithm 4.2 and Algorithm 4.3
consistently reduced x more effectively and more efficiently than the competing methods.
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Dim & Density, & (M) | % Reduction in k CPU Time (seconds) CPU Ratios
n  density k(M) [149] [71] Algorithm 4.2 Algorithm 4.3 [149] [71] Algorithm 4.2 Algorithm 4.3 | [119]/Algorithm 4.2 [119]/Algorithm 4.3

1074 1.1e-02  2.6e+07 | 0.0e4+00 0.0e+00 9.9e+01 9.9e+01 48.203 51.700 8.469 5.644 5.7 8.5
2003 2.1e-02  1.1e+10 | 0.0e+00 0.0e+00 9.8e+01 6.8e+01 330.887  324.334 12.968 0.120 25.5 2752.3
3600 2.1e-03  1.8e+07 | 0.0e+00 0.0e+00 6.0e+01 6.0e+01 510.244  1102.270 24.644 9.538 20.7 53.5
3134 4.6e-03  2.6e+12 | -9.7e-04  0.0e+00 7.5e+01 7.0e+01 178.360  1347.551 2.542 0.410 70.2 435.3
3562 1.3e-02  1.9e+11 | 0.0e+00 0.0e+00 8.6e+01 7.8e401 1621.648  948.059 36.940 1.694 43.9 957.4
1922 8.2e-03  1.7e4+08 | 0.0e4+00 0.0e+00 9.6e+01 8.8e+01 182.146  448.809 4.524 0.405 40.3 450.0
4410 1.1e-02  9.5e+08 | 0.0e4+00 8.7e401 9.6e+01 8.3e+01 3170.182  2602.683 4.481 2.784 707.5 1138.7
588  6.2e-02  2.8¢+04 | 9.9e+01 0.0e+00 9.0e+01 9.4e+01 19.195 7.152 0.463 1.379 41.5 13.9
494 6.8¢-03  2.4e4+06 | 9.0e+01 0.0e+00 9.1e4+01 3.3e+01 9.222 2.959 0.832 0.116 11.1 79.8
662  5.6e-03  7.9e4+05 | 9.5e4+01 0.0e+00 7.4e+01 4.5e+01 16.293 5.947 0.324 0.203 50.2 80.3
1824  1.2e-02  1.9¢406 | 0.0e4-00 0.0e+00 8.7e+01 7.1e401 182.642  165.698 3.468 1.958 52.7 93.3
2146 1.6e-02  1.7e403 | 0.0e+00 5.3e+01 5.5e+01 4.9e+01 428.711 137.240 2.604 16.508 164.6 26.0
2910 2.1e-02  6.0e4+06 | 0.0e+00 0.0e+00 9.1e4+01 7.5e401 619.758  613.440 8.306 3.731 74.6 166.1
237  1.8e-02  2.0e4+07 | 2.1e401 5.5e+00 7.9e+01 6.5e+01 2.178 0.620 0.276 0.056 7.9 38.8
957  4.5e-03  5.1e4+09 | 2.8¢4+01 3.5e+01 6.0e+01 6.5e+01 10.107 8.676 6.419 0.145 1.6 69.7
100 5.9e-02  1.6e+03 | 3.8e+01 3.1e4-01 3.5e+01 3.5e+01 0.800 0.297 0.036 0.970 22.2 0.8
468  2.4e-02  1.1e4+04 | 8.3e4+01 7.9e+01 7.7e+01 7.1e401 15.428 2.957 1.081 1.298 14.3 11.9
729  8.7e-03  2.4e4+09 | 9.2e401 8.9e+01 8.6e+01 8.4e+01 39.553 6.439 0.987 1.108 40.1 35.7

Table 4.2: Comparison of Algorithms for Min x on SuiteSparse

Dim & Density, & x(A) ‘ % Reduction in CPU Time (seconds) CPU Ratios
n density  x(M) [149] [71] Algorithm 4.2 Algorithm 4.3 | [119] [71] Algorithm 4.2 Algorithm 4.3 | [119]/Algorithm 4.2 [119]/Algorithm 4.3

2000 1.0e-03  2.0e+06 | -4.8e4+-01  4.8e+01 5.3e+01 6.6e401 14.498 76.446 4.470 1.154 3.2 12.6
2500 8.1e-04 2.5e+06 | -5.0e+01  2.9e+01 5.2e+01 5.2e+01 21.500  229.744 9.068 1.233 2.4 17.4
3000  6.7¢-04  3.0e+06 | -1.8e4+-01  0.0e+00 1.9e+01 1.3e+01 32.757  358.866 5.011 0.476 6.5 68.8
3500  5.8e-04  3.5e406 | -1.9e+01  2.5e+01 4.3e401 4.9¢+01 43.032  565.527 8.757 1.961 4.9 21.9
4000 5.0e-04  4.0e+06 | -4.4e+01  0.0e+00 2.8e+01 6.3e4+00 56.246  631.303 11.281 0.519 5.0 108.4
4500  4.5e-04  4.5e+06 | -3.0e+01  0.0e+00 3.3e4+01 4.2e401 69.000  888.172 3.774 2.202 18.3 31.3
5000  4.0e-04 5.0e+06 | -4.4e+01  0.0e+00 3.9e+01 3.9e+01 85.069  2009.496 13.994 2.341 6.1 36.3
5500  3.7e-04 5.5e+06 | -3.5e+01 1.4e+01 2.8e+01 2.8e+01 104.179  2512.849 2.763 2.614 37.7 39.8
6000  3.3e-04  6.0e+06 | -4.3e4-01  0.0e+00 3.0e4+01 3.4e+01 127.060  3680.562 5.383 2.748 23.6 46.2
6500  3.1e-04  6.5e406 | -2.9e+01  1.9e+01 2.7e+01 3.2e401 146.476  3755.564 4.694 3.124 31.2 46.9
7000  2.9e-04 7.0e+06 | -2.9e+01  2.4e401 3.3e401 3.0e+01 168.726  3838.763 11.441 3.243 14.7 52.0
7500  2.7e-04 7.5e+06 | -4.1e4+01  2.5e+01 3.2e4+01 2.8e+01 193.993  3879.417 12.929 3.649 15.0 53.2
8000  2.5e-04 8.0e+06 | -1.9e+01  3.0e+01 3.2e+01 2.7e+01 215.347  3790.944 16.234 3.645 13.3 59.1
8500 2.4e-04 8.5e+06 | -2.8¢+01  3.6e+01 2.5e+01 2.6e+01 246.213  3929.044 8.086 4.716 30.5 52.2
9000 2.2e-04  9.0e406 | -1.5e+01  -9.9e++00 9.1e4+00 3.2e400 271.863  3903.914 7.354 0.931 37.0 292.1
9500  2.1e-04  9.5e406 | -4.2e+01  3.6e+01 2.6e+01 2.3e++01 323.748  4147.347 13.329 5.681 24.3 57.0
10000  2.0e-04  1.0e+07 | -3.2e+01  1.2e401 2.2e+01 1.8e4+01 341.504  4304.042 8.240 5.232 41.4 65.3
10500  1.9e-04 1.0e+07 | -1.2e4+01  0.0e+00 2.7e+01 2.1e+01 384.690 4302.243 20.255 6.627 19.0 58.0
11000 1.8e-04 1.1e+07 | -4.1e+01  3.0e+00 2.2e+01 1.9e+01 463.158  4273.218 11.945 6.085 38.8 76.1
11500 1.7e-04  1.1e+07 | -3.4e4+01  0.0e+00 2.3e+01 2.0e+01 487.216  4000.550 9.915 6.705 49.1 72.7
12000 1.7e-04  1.2e407 | -3.0e+01  0.0e+00 2.2e+01 1.9e+01 511.686 4581.828 10.963 6.709 46.7 76.3
12500  1.6e-04  1.3e+07 | -3.1e+01  0.0e+00 4.0e400 3.2e4+00 546.856  4059.532 3.496 2.080 156.4 263.0
13000  1.5e-04  1.3e+07 | -2.9e+01  0.0e+00 2.4e+01 1.8e+01 593.252  4586.045 40.099 7.383 14.8 80.4
13500 1.5e-04 1.4e+07 | -3.0e+01  0.0e+00 2.2e+01 1.8e+01 665 5145.811 15.941 8.300 41.8 80.2
14000 1.4e-04 1.4e+07 | -3.0e4+-01  0.0e+00 2.2e+01 1.7e+01 719.336  4122.784 14.430 7.864 49.9 91.5
14500  1.4e-04  1.4e407 | -3.4e+01  0.0e+00 2.1e+01 1.2e4+01 901.989  4606.777 24.572 6.888 36.7 130.9
15000 1.3e-04 1.5e407 | -4.1e4+01  0.0e-+00 1.6e+01 1.1e+01 920.641 5115.021 14.827 6.354 62.1 144.9

Table 4.3: Comparison of Algorithms for Min x on Random

Large Sizes

Tables 4.4 and 4.5 illustrate the scalability of Algorithms 4.2 and 4.3 on substantially larger in-
stances for which the SDP-based methods of [71, 1419] became computationally impractical. Ta-
ble 4.4 considers matrices from the SuiteSparse Matrix Collection, while Table 4.5 considers ran-
domly generated matrices with very large condition numbers.

On the SuiteSparse instances, Algorithm 4.2 and Algorithm 4.3 reduced « by averages of 45.7%
and 41.9%, respectively, while often requiring less than one minute. On the random instances,
which satisfy (M) > 10!, the corresponding average reductions were 11.6% and 4.4%.
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Dim & Density, & (M) | % Reduction in & CPU Time

n density k(M) Algorithm 4.2 Algorithm 4.3 Algorithm 4.2 Algorithm 4.3
14822 3.3e-03 2.0e+06 3.9e¢401 3.0e401 7.850 283.641
15439 1.1e-03 4.4e+412 8.0e+01 7.2e+01 8.734 2.185
15439 6.5e-05 6.1e+09 4.2e+401 5.4e+01 2.283 2.725
17361 1.1e-03 2.5e+06 1.3e4-01 1.2e4-01 1.097 9.086
17361 3.4e-03 1.1e4-09 5.6e+01 3.0e+01 19.675 9.306
23052 2.2e-03 7.4e+11 9.0e+01 7.2e4-01 503.668 6.933
30401 5.1e-04 5.8e+03 9.1le+01 9.3e+01 204.718 14.951
36441 4.3e-04 2.6e+03 8.5e+01 9.2e4-01 459.869 59.632
40806 1.2e-04 8.1le+401 4.5e-02 1.1e-01 29.901 16.301
48962 2.1e-04 1.6e+05 6.2e+00 4.1e400 22.109 43.123
150102 3.2e-05 1.3e+07 4.6e-03 1.5e4-00 53.450 864.384

Table 4.4: Comparison of Algorithms for Min s on Large SuiteSparse

Dim & Density, & w(M) | % Reduction in s CPU Time

n density ~(M) Algorithm 4.2 Algorithm 4.3 Algorithm 4.2 Algorithm 4.3
50000 3.8e-05 1.0e+11 1.7e+01 7.7e+00 244.577 74.798
60000 3.2e-05 1.2e+11 1.5e4+01 6.5e4-00 400.467 103.404
70000 2.7e-05 1.4e+11 1.4e+401 5.6e+00 492.698 123.284
80000 2.4e-05 1.6e+11 1.1e401 5.0e+00 436.111 198.894
90000 2.1e-05 1.8e+11 1.0e+01 4.3e+4-00 550.245 223.299
100000 1.9e-05 2.0e+11 1.2e+01 4.0e+4-00 986.187 250.367
110000 1.7e-05 2.2e+11 1.1e+01 3.7e+00 1162.321 293.284
120000 1.6e-05 2.4e+11 1.1e4-01 3.4e+00 1172.119 332.887
130000 1.5e-05 2.6e+11 8.5e+00 3.1e+00 1274.404 386.352
140000 1.4e-05 2.8e+11 9.1e+00 2.9e+00 1500.467 480.042
150000 1.3e-05 3.0e+11 8.7e4-00 2.7e4-00 1677.360 498.512

Table 4.5: Comparison of Algorithms for Min x on Large Random

In summary, the results show that the proposed subgradient-based methods not only scale
substantially better than existing SDP-based approaches, but also achieve significantly larger re-
ductions in k at a fraction of the computational cost.

4.3.2 PCG Comparison for Solving Linear Systems

In this subsection, we evaluate the effect of preconditioning on PCG performance for solving sym-
metric positive definite systems Mx = b. We compare the diagonal preconditioners computed by
Algorithm 4.3 with those obtained using the k-optimal scaling method from [119]. PCG is run with
a relative residual tolerance of 1074 and a maximum of 5 x 108 iterations. The results are reported
in Table 4.6. All test matrices are randomly generated using MATLAB’s sprandsym function with
varying dimensions, densities, and x values.

Table 4.6 shows that, over the 47 test instances, PCG requires on average 442,147 iterations
with the preconditioner from Algorithm 4.3, compared to 549,002 iterations with the preconditioner
from [119]. Averaged over all test instances, PCG with Algorithm 4.3 requires approximately 20%
fewer iterations while reducing total CPU time by nearly an order of magnitude compared with the
method of [119].
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Dim, Density, & x(A) [ % Reduction in & PCG Iterations PCG CPU Time Total CPU Time

n density (M) [149] Algorithm 4.3 [149] Algorithm 4.3 [149] Algorithm 4.3 [149] Algorithm 4.3
1000 3.3e-03 1.0e409 -2.6e4-01 3.6e+401 115264 99023 1.14 0.99 5.33 1.29
1300 2.5e-03 1.3e+09 -2.6e+01 6.0e+01 153760 101197 1.89 1.23 8.41 1.49
1600 2.0e-03 1.6e409 -4.3e4-01 -1.0e-13 180929 179469 2.67 2.67 12.17 2.71
1900 1.7e-03 1.9e+4-09 -3.5e+401 6.9e+01 202276 121629 3.43 2.07 16.17 2.87
2200 1.4e-03 2.2e4+09 -4.9e4-01 7.1e4+01 245521 126567 4.82 2.50 21.54 3.39
2500 1.2e-03 2.5e+09 -2.3e4-01 2.7e401 252757 221181 5.43 4.69 29.06 5.07
2800 1.1e-03 2.8e+09 -4.2e4-01 1.9e+01 289351 248376 6.69 5.74 33.60 6.12
3100 9.9e-04 3.1e+09 -2.9e+4-01 6.6e+01 306195 174755 8.02 4.56 45.28 6.01
3400 9.0e-04 3.4e+09 -3.3e4-01 5.4e+401 325838 215488 9.07 6.05 54.35 7.46
3700 8.3e-04 3.7e+09 -2.5e+01 4.4e+01 330583 256787 9.89 7.67 63.61 9.21
4000 7.6e-04 4.0e+4-09 -4.4e4-01 5.7e401 366269 234646 11.60 7.40 65.77 9.21
4300 7.1e-04 4.3e+4-09 -2.9e+4-01 5.4e+401 378370 252209 13.49 9.00 88.27 10.97
4600 6.6e-04 4.6e+09 -4.2e+401 4.1e-13 408179 384608 15.52 14.65 89.55 14.74
4900 6.2e-04 4.9e4-09 -1.1e4-01 8.7e+400 399371 382842 15.87 15.31 108.88 15.75
5200 5.8e-04 5.2e+09 -3.7e401 -3.7e-14 458497 418282 19.04 17.32 115.01 17.43
5500 5.5e-04 5.5e+09 -3.3e+01 3.9e+01 460157 340511 19.97 14.79 128.37 16.99
5800 5.2e-04 5.8e+09 -3.2e4-01 4.6e+401 469674 336957 21.25 15.32 143.80 17.73
6100 4.9e-04 6.1e+09 -5.0e+01 4.3e+01 506736 353612 23.89 16.68 157.42 19.34
6400 4.7e-04 6.4e+09 -2.2e4-01 4.3e+4-01 492739 361695 23.98 17.59 166.18 20.56
6700 4.4e-04 6.7e+09 -4.0e+4-01 4.1e401 526574 378065 25.65 18.54 189.81 21.40
7000 4.2e-04 7.0e+09 -2.9e+4-01 3.9e+01 533440 394622 28.16 20.13 202.50 22.93
7300 4.1e-04 7.3e+09 -5.3e4-01 2.7e+400 572826 511612 32.32 27.95 234.05 28.40
7600 3.9e-04 7.6e409 -2.9e+01 -3.8e-14 555453 528584 31.27 29.77 232.71 29.89
7900 3.7e-04 7.9e+09 -2.2e+401 3.5e+01 569653 434589 33.24 25.44 274.74 29.14
8200 3.6e-04 8.2e+09 -6.6e4-01 3.5e+401 614529 448278 37.09 26.97 323.07 30.42
8500 3.5e-04 8.5e+09 -2.7e+01 3.4e+01 573590 458996 35.49 28.28 292.58 32.18
8800 3.3e-04 8.8e+09 -3.6e+4-01 1.6e4-01 625430 532398 40.04 34.12 322.79 35.85
9100 3.2e-04 9.1e+09 -1.8e+4-01 1.5e+4-01 597815 541439 39.21 35.60 324.73 37.50
9400 3.1e-04 9.4e+09 -2.0e+01 1.1e+401 635767 565196 42.77 37.92 374.03 39.77
9700 3.0e-04 9.7e+09 -2.9e4-01 3.1e4-01 639683 508698 44.28 35.17 391.15 40.05
10000 2.9e-04 1.0e+10 -4.5e+01 3.1e+01 687294 521357 48.91 37.36 454.89 41.62
10300 2.8e-04 1.0e+10 -2.5e+4-01 2.9e+01 667536 538749 49.08 39.58 506.66 44.78
10600 2.8e-04 1.1e4+10 -4.4e4-01 2.9e+4-01 725311 548238 54.63 41.32 510.40 46.14
10900 2.7e-04 1.1e+10 -3.9e+01 2.6e+01 725604 566231 55.80 43.64 491.97 49.26
11200 2.6e-04 1.1e4+10 -2.4e4-01 2.8e+401 693639 569480 55.03 44.93 498.31 49.79
11500 2.5e-04 1.1e410 -8.9e4-00 2.4e+401 673910 597322 54.77 48.20 521.32 53.85
11800 2.5e-04 1.2e+10 -3.9e+4-01 1.7e+401 757749 627850 62.92 52.02 581.98 55.67
12100 2.4e-04 1.2e410 -2.9e4-01 2.6e+401 748235 601448 63.64 51.45 640.96 57.59
12400 2.3e-04 1.2e4-10 -4.3e+4-01 2.5e+01 777435 614047 68.12 54.42 653.76 60.37
12700 2.3e-04 1.3e+10 -3.3e401 2.5e+01 775871 620193 70.07 56.35 686.85 63.40
13000 2.2e-04 1.3e4+10 -3.2e4-01 1.1e4-01 771101 681834 73.02 65.22 703.04 68.91
13300 2.2e-04 1.3e+10 -2.7e+01 2.4e401 766793 648685 75.93 64.69 727.64 71.98
13600 2.1e-04 1.4e+4+10 -3.5e+4-01 1.0e+4-01 814120 708483 82.37 72.15 752.62 75.16
13900 2.1e-04 1.4e+10 -5.5e4-01 2.3e+401 863835 662119 89.35 68.57 824.58 76.07
14200 2.0e-04 1.4e+10 -4.4e+4-01 2.3e+01 858674 673736 90.12 71.18 887.64 78.25
14500 2.0e-04 1.5e4+10 -4.3e4-01 9.4e+4-00 872710 741010 94.29 80.77 869.02 84.41
14800 2.0e-04 1.5e+410 -3.0e+4-01 8.5e+00 836054 747797 91.59 82.12 874.94 84.96

Table 4.6: PCG Comparison Using Preconditioners Found by Algorithm in [ and Algorithm 4.3

4.3.3 LSQR Comparison: Algorithm 4.4 vs. Two-Sided k-optimal Scaling in

[149]

In Section 4.3.3, we compare our two-sided Algorithm 4.4, which decreases w at every iteration,
with the two-sided x-optimal preconditioner of [119] for solving min, [|b — Az| with LSQR.

The results are reported in Tables 4.7 to 4.9. Table 4.7 and Table 4.8 consider SuiteSparse
and randomly generated matrices, respectively, with n < 300, since the method of [119] could not
handle larger instances. In these experiments, LSQR is run with tolerance 10~8 and a maximum
of 5000 iterations. Table 4.9 considers SuiteSparse matrices with n > 2000 and compares LSQR
with and without the preconditioner from Algorithm 4.4. Here, LSQR is run with tolerance 1076
and a maximum of 100000 iterations.

In all tables, S := (CY2ADY2)T(CY2ADY2) and T := (DY?AD;*T(DY*AD;Y?) where

cY 2, DV? and D}/ 2, D, Y2 are the preconditioners computed by Algorithm 4.4 and [119], respec-
tively. Reported CPU times include both preconditioning and LSQR runtimes.
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Dim & Density, & x(A) ‘

Ratio of Condition Numbers

CPU Time for Prec

LSQR Iterations

Total CPU Time

n  density K(A) k(9)/k(T) w(S)/w(T) Algorithm 4.4 [119] | Algorithm 4.4 [119] | Algorithm 4.4  [119]
300  6.6e-03  5.2e+03 1.3e+00 1.0e+00 0.006 23.358 5 4 0.015 23.36
130 6.1e-02  6.1e+10 1.1e-01 8.2e-01 0.002 27.943 9 35 0.005 27.95
200  2.0e-02  2.4e+403 1.0e+00 1.0e+00 0.000 19.308 750 756 0.022 19.32
104 9.2e-02  5.5e+03 1.6e+00 9.7e-01 0.001 10.056 301 288 0.004 10.06
216 9.3e-02  3.3e+04 8.9e-01 4.6e-01 0.002 309.028 56 175 0.004 309.03
115 9.3e-02  3.7e+02 1.5e+00 6.7e-01 0.001 14.324 267 363 0.004 14.33
185 2.8e-02 1.8e+05 5.7e4-00 7.5e-01 0.003 40.382 242 328 0.006 40.39
216 1.7e-02  1.0e+02 1.3e+00 9.0e-01 0.001 17.672 183 215 0.004 17.67
207 1.3e-02  1.4e+08 3.9e-01 3.4e-01 0.003 19.862 122 709 0.006 19.87
137 2.1e-02 1.8e+04 1.2e+00 7.9e-01 0.002 12.505 61 95 0.003 12.51
225  2.6e-02  7.1e+06 2.5e+00 8.1e-01 0.003 146.868 78 86 0.004 146.87
198 1.4e-01  3.0e+4-03 1.3e+00 5.8e-01 0.002 88.701 631 973 0.010 88.71
265  2.5e-02  1.4e+03 1.6e+-00 5.0e-01 0.002 38.714 735 1379 0.010 38.73
100 4.0e-02  1.5e+04 1.0e+4-00 9.7e-01 0.000 8.944 114 132 0.002 8.95
105 8.0e-02  7.2e+02 1.5e+00 6.6e-01 0.000 14.751 163 227 0.002 14.75
135 3.6e-02  9.2e+05 1.0e+00 2.3e-01 0.000 17.484 164 850 0.002 17.49
120 6.0e-02  4.3e+08 3.1e-03 2.7e-02 0.001 24.967 7 845 0.003 24.97
100 7.1e-02  2.4e+12 5.8e-02 2.4e-01 0.001 28.979 19 108 0.003 28.98
136 2.6e-02  2.5e+05 1.9e+00 8.0e-01 0.001 19.051 132 175 0.003 19.05
100  4.0e-02  1.3e+04 2.3e4-00 9.3e-01 0.000 10.800 339 385 0.003 10.80
300  3.5e-02  8.5e+4-05 2.2e4-00 6.0e-01 0.002 581.259 1195 1983 0.016 581.28
132 2.4e-02  4.2e+11 2.1e4-00 1.0e-01 0.000 22.553 93 1356 0.002 22.56

Table 4.7: LSQR Comparison on Small Suitesparse Matrices: Algorithm 4.4 vs [119]

Dim & Density, & £(4) |

Ratio of Condition Numbers

CPU Time for Prec

LSQR Iterations

Total CPU Time

n  density  k(4) K(S)/k(T) w(S)/w(T) Algorithm 4.4 [119] | Algorithm 4.4 [119] | Algorithm 4.4  [119]
50  2.5e-01 1.0e+03 1.2e+00 9.4e-01 0.007 16.583 18 18 0.02 16.59
60 2.4e-01 1.0e+03 5.2e+00 5.1e-01 0.001 11.914 46 67 0.01 11.92
70  2.3e-01 1.1e4+03 1.4e+00 8.3e-01 0.001 17.909 22 27 0.00 17.91
80 2.2e-01 1.1e+03 2.0e+00 2.6e-01 0.002 13.848 51 191 0.00 13.85
90  2.2e-01 1.2e+03 2.2e+00 5.0e-01 0.002 18.674 43 90 0.00 18.68
100 2.1e-01  1.2e+03 5.2e+00 4.9e-01 0.003 27.400 52 72 0.00 27.40
110 2.1e-01  1.3e+03 2.2e+00 6.4e-01 0.003 45.059 52 52 0.00 45.06
120 2.0e-01  1.4e+03 2.0e4-00 7.0e-01 0.002 37.248 63 57 0.00 37.25
130 2.0e-01  1.5e+03 7.3e+00 4.0e-01 0.002 42.239 96 140 0.00 42.24
140 1.9e-01  1.6e+03 1.1e4+01 5.4e-01 0.002 55.521 54 83 0.00 55.52
150 1.9e-01 1.7e+03 2.4e+00 8.0e-01 0.001 102.427 46 35 0.00 102.43
160 1.9e-01 1.8e+03 6.2e+4-00 5.3e-01 0.002 90.146 66 81 0.00 90.15
170 1.9e-01  1.9e+03 2.4e+01 5.1e-01 0.003 101.889 84 111 0.01 101.89
180 1.8e-01  2.1e+03 9.3e+00 4.3e-01 0.001 128.101 90 109 0.00 128.10
190 1.8e-01  2.2e+03 8.1e+00 3.4e-01 0.001 116.720 113 219 0.00 116.72
200 1.8e-01  2.5e+03 9.1e+00 4.7e-01 0.001 147.824 94 124 0.00 147.83
210 1.8e-01  2.7e+03 1.2e+01 5.2e-01 0.002 191.344 121 113 0.00 191.35
220 1.8e-01 3.1e+03 | 4.6e400 5.3e-01 0.002 293.214 94 75 0.00 293.22
230 1.7e-01  3.5e+03 2.2e+00 3.8e-01 0.001 175.652 105 508 0.00 175.66
240  1.7e-01  4.0e+-03 6.1e+00 4.5e-01 0.001 287.572 129 116 0.00 287.57
250  1.7e-01  4.8e+03 1.1e401 5.4e-01 0.002 433.302 107 92 0.00 433.30
260 1.7e-01  5.9e+03 | 4.0e400 5.1e-01 0.002 384.679 139 166 0.01 384.68
270 1.7e-01  7.8e+403 3.6e+4-00 6.3e-01 0.002 431.242 121 75 0.00 431.24
280 1.7e-01 1.1e4-04 1.5e+01 3.9e-01 0.002 498.242 153 298 0.01 498.25
290  1.7e-01  2.0e+4-04 1.6e+01 4.5e-01 0.002 750.635 178 128 0.01 750.64
300 1.7e-01  1.0e+05 1.0e+01 2.8e-01 0.002 751.572 197 264 0.01 751.58

Table 4.8: LSQR Comparison on Small Random Matrices: Algorithm 4.4 vs [119]
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Dim & Density, & w(A) ‘ Ratio of Omega & Prec CPU Time LSQR Tter Total CPU Time
n density w(A) | w(S)/w(A)  Algorithm 4.4 CPU | No Prec Algorithm 4.4 | No Prec  Algorithm 4.4

14214  1.3e-03 5.1e401 3.2e-02 1.0e-01 100000 8963 3.63e+01 3.43e+00
4119  2.1e-03 4.1e+05 3.6e-06 1.7e-02 5461 946 4.98e-01 1.04e-01
7479  1.2e-03 2.8e+04 4.8e-05 3.0e-02 9393 1758 1.85e+00 3.81e-01
9271  1.4e-03 8.2e406 1.7e-07 4.1e-02 1798 377 4.44e-01 1.37e-01
4562  6.3e-03  2.3e+02 7.4e-03 1.3e-02 6497 1070 1.11e+00 2.00e-01
3072 1.3e-02  1.9e+00 1.0e+4-00 9.8e-03 1358 1357 5.43e-01 6.06e-01
11341 7.6e-04 6.0e401 5.0e-02 3.9e-02 26647 3050 7.55e+4-00 9.09e-01
2048  2.9e-03 2.8e+00 9.3e-01 1.6e-03 4730 4187 2.10e-01 1.93e-01
8192  7.3e-04 2.8e+00 9.4e-01 6.1e-03 19233 16963 3.15e+4-00 2.79e4-00
14734 4.4e-04 2.3e+00 7.2e-01 4.2e-02 10631 6883 3.43e+00 2.26e4-00
2283  9.2e-03 3.6e+4-01 5.6e-02 9.1e-03 17604 1305 1.15e+00 9.74e-02
2000  2.0e-03 2.5e+4-00 1.0e+00 7.9e-04 1578 1578 6.33e-02 6.54e-02
2000  5.9e-03 4.2e+00 5.9e-01 3.5e-03 9674 3842 4.76e-01 1.95e-01
5000 2.4e-03 4.2e+00 5.7e-01 6.9¢-03 29362 7483 4.56e+00 1.15e+00
7000 1.7e-03 4.3e+00 5.7e-01 9.3e-03 50422 13747 9.93e+4-00 2.82e+-00
7000 1.7e-03 4.2e+400 5.7e-01 9.4e-03 48882 11272 9.71e+00 2.23e+00
3175 8.4e-03 3.0e+01 7.0e-02 9.3e-03 16004 2157 2.06e+00 2.90e-01
5952  6.3e-04 3.7e+02 4.6e-03 1.8e-02 13984 5192 1.55e+-00 5.96e-01
13694 3.9e-04 1.8e+02 7.1e-03 8.0e-02 100000 2551 3.08e+01 8.70e-01
5832  9.0e-03 1.7e+00 1.0e+00 1.0e-02 2397 2390 6.25e-01 6.36e-01
9801 9.1e-04 1.5e+00 1.0e+00 2.6e-03 3132 3036 7.93e-01 7.72e-01
4000  5.5e-04 1.3e+09 7.5e-10 7.3e-03 7194 5 5.05e-01 8.63e-03
5940 2.4e-03 6.6e+00 4.6e-01 3.6e-02 100000 44539 1.74e+401 7.78e+00
4326  3.3e-03 1.1e+05 1.7e-05 1.4e-02 34107 2486 4.85e+00 3.69e-01
9800 6.0e-04 2.6e+00 9.9e-01 6.4e-03 18382 18177 4.37e+00 4.29e+00

Table 4.9: LSQR Comparison on Large Suitesparse Matrices: Algorithm 4.4 vs No Preconditioning

The results in Tables 4.7 and 4.8 show that although the two-sided x-optimal preconditioner in
[149] often achieves a stronger reduction in x, Algorithm 4.4 consistently yields lower w values at a
significantly lower computational cost. Importantly, reductions in w correlate more strongly with
LSQR iteration counts, resulting in faster convergence on the majority of tested instances.

In summary, these experiments reinforce that w-optimal preconditioning offers a more practical
and computationally efficient alternative to k-optimal scaling for LSQR, particularly in large-scale
and nonsymmetric settings.

4.3.4 From r-optimal M to “Improve PCG” using w-Optimal Scaling

We study the effect of applying w-optimal (Jacobi) diagonal scaling to a k-optimally scaled matrix
M > 0.8 To this end, we construct the matrix M using Theorem 4.1.7: the extreme eigen-
pairs satisfy (4.7) and (4.8), while the remaining eigenvalues are spread uniformly in (A,, A1) with
orthonormal eigenvectors chosen in the orthogonal complement of span{zi,z,}. The remaining
eigenvectors are generated via a sparse QR factorization, so the density of M cannot be prescribed
exactly in advance. A more detailed description of the construction is provided in our code.

After constructing M, we apply the w-optimal (Jacobi) scaling J = DV2MD'V? where D =
Diag(1./ diag(M)), and compare PCG applied to Mz = b and to the scaled system J(D~2z) =

8For the large problems in Table 4.11 we used the fastlinux server, cpul55.math.private, a Dell PowerEdge R650
with two Intel Xeon Gold 6334 8-core 3.6 GHz (Ice Lake) processors and 256 GB RAM.
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D/2p. Tteration counts and runtimes are averaged over five initial points. The results are reported
in Tables 4.10 and 4.11.

Dim & Density | Ratios in conds (J, M) J: w-opt of M Ratios M/J

n density w(J)/k(M) w(J)/w(M) iters cpu iters cpu
5000 9.40e-03 2.98e+00 7.368e-01 19.4 3.927e-03 25.2 13.9
10000 7.44e-03 3.31e+00 7.362e-01 18.8 6.698e-03 36.6 30.5
15000 6.02e-03 2.64e4-00 7.365e-01 17.0 1.418e-02 41.6 39.0
20000 4.57e-03 3.56e+00 7.363e-01 20.6 2.861e-02 41.6 41.1
25000 3.47e-03 3.71e+00 7.370e-01 20.6 8.006e-02 30.9 29.1
30000 2.42e-03 3.52e+00 7.362e-01 20.2 4.327e-02 48.0 43.0
35000 1.56e-03 2.77e+00 7.371e-01 16.0 4.174e-02 36.5 36.1
40000 8.93e-04 2.89e+00 7.364e-01 18.0 2.535e-02 46.7 38.9
45000 4.15e-04 3.93e+00 7.370e-01 21.8 1.820e-02 28.5 27.0
50000 4.12e-04 4.12e4-00 7.361e-01 24.0 2.679e-02 49.5 43.7

Table 4.10: PCG tol. 1le—7; Medium; k-opt VS J, w-opt of M

Dim & Density | Ratios in conds (J, M) J: w-opt of M Ratios M/J

n density k(J)/k(M) w(J)/w(M) iters cpu iters cpu
50000 9.05e-03 3.26e+00 7.366e-01 15.6 3.332e-01 48.7 42.5
52000 8.17e-03 4.34e4-00 7.362e-01 20.8 4.245e-01 51.7 46.9
54000 7.49e-03 3.55e+4-00 7.365e-01 17.0 3.578e-01 47.5 42.4
56000 6.71e-03 3.73e+00 7.363e-01 18.0 3.672e-01 57.1 51.0
58000 5.98e-03 3.33e+00 7.369e-01 16.8 3.367e-01 38.5 34.1
60000 5.24e-03 3.90e+00 7.362e-01 17.6 3.316e-01 62.1 55.4
62000 4.63e-03 4.43e+00 7.371e-01 18.0 3.233e-01 33.2 29.7
64000 4.01e-03 4.37e+00 7.365e-01 22.0 3.582e-01 38.9 35.5
66000 3.46e-03 3.24e+00 7.369e-01 16.0 2.457e-01 38.9 34.4
68000 2.87e-03 4.31e+00 7.361e-01 20.8 2.756e-01 59.8 54.0
70000 2.40e-03 4.25e+00 7.363e-01 20.4 2.445e-01 46.5 42.0
72000 1.96e-03 4.05e+00 7.369e-01 17.8 1.883e-01 36.4 32.1
74000 1.54e-03 3.68e+00 7.362e-01 17.2 1.438e-01 64.8 56.9
76000 1.22e-03 3.95e+00 7.366e-01 18.0 1.194e-01 43.6 38.4
78000 9.02e-04 2.98e+4-00 7.361e-01 16.4 8.235e-02 72.1 62.2
80000 6.44e-04 3.50e+00 7.366e-01 17.0 6.009e-02 43.4 36.6
82000 4.20e-04 3.81e+00 7.366e-01 19.2 4.669e-02 40.2 33.9
84000 2.46e-04 4.12e4-00 7.363e-01 20.2 3.227e-02 46.2 37.8
86000 1.20e-04 2.92e4-00 7.370e-01 17.0 1.930e-02 35.8 27.8
88000 4.12e-05 3.25e+00 7.366e-01 21.6 1.801e-02 36.7 23.2
90000 1.14e-05 1.81e4-00 7.366e-01 18.8 1.303e-02 38.2 21.9

Table 4.11: PCG tol. 1e—7; Large; x-opt VS J, w-opt of M

The experiments show that surprisingly, despite increasing the x-condition number, the w-optimal
(Jacobi) scaling consistently yields dramatic improvements in PCG convergence. Across all medium
and large instances presented in Tables 4.10 and 4.11, PCG requires between 96-98.6% fewer iter-
ations and correspondingly less CPU time after w-optimal scaling. This improvement is especially
pronounced on the large-scale instances presented in Table 4.11.

In summary, our computational experiments in Section 4.3 provide compelling evidence that
the w-condition number is a stronger predictor of iterative solver performance than s, and that
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w-optimal preconditioners strike a superior balance between computational cost and practical ef-
fectiveness.
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Part 11

EDM Completion

7



Chapter 5

Local and Global Minimizers of the
Smooth Stress Function

5.1 Introduction

EDM (completion) problems have long been studied in the scientific literature, see e.g., the surveys,
book collections, and some recent papers [3,5,15,114,119,132]. It is well known that one can obtain
the Gram matrix G from a given EDM D. Then, a configuration matrix P of points p; € R% such
that D;; = |p; — p;||>,4,5 = 1,...,n, can be obtained from a full rank factorization

G =PPT, P =[pi,...,pn] e R

In this chapter, we consider the question of exact recovery from the unconstrained minimization

problem

i K(PPTY - D|%, 5.1
pin 1K ) |7 (5.1)

where K : S — S" is the Lindenstrauss operator on symmetric matrix space:
K(G) = diag(G)e® + ediag(G)T — 2G.

Here e is the vector of ones and | - || denote Frobenius norm.

The optimization problem (5.1) is a Euclidean distance geometry problem (DGP), see e.g., [119].
DGP includes the EDM Completion Problem, where D can have missing entries as well as noisy
entries. This latter problem has been proven to be NP-hard [153].

The objective function of (5.1) is denoted and expressed as a quartic in P:
_ & 2
o2(P) = [K(PP") = D|F = 3 > (I = pjl* = Ipi — 1)
i=1j=1

which is referred to as the smooth stress in the multidimensional scaling (MDS) literature. (Through-
out this chapter, for notational convenience, we use f(P) = 102(P) as our objective function.)

Since the function o2(P) is nonconvex, and optimization methods generally find local minima,
we investigate the possibility for such a quartic function to have all local minimizers as global
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minimizers. This question has been considered as open and has been widely studied in the MDS
literature; see for example, [124,125,128 111]. One of the motivations for the research about the
local nonglobal minima (Ingm) of o2(P) is that the characterization of the Ingm is critical to de-
veloping efficient algorithms without resorting to convex (semidefinite programming) relaxations.
This is also closely related to tightness results for low-rank semidefinite programming reformula-
tions, where a central question is whether nonconvex formulations admit spurious local minima or
whether all local minima are globally optimal [17,31, 175].

The question about the existence of a Ingm was also considered for another type of stress
function, called the raw stress:

n n
_ 2
o1(P) = > > (lpi — psl = |pi — B51)* -
i=1j=1
Trosset and Mathar [128] analytically verified that the raw stress function o1(P) admits a Ingm ,
where P is a square configuration with vertices at the four points p; = [1/2,1/2],p2 = [—1/2,1/2], p3
[—1/2,—1/2], and ps = [1/2,—1/2]. The authors of [171] applied this example to the smooth func-

tion o2(P) but did not find a Ingm. Instead, they present an example of the inezact EDM recovery
problem having a Ingm; specifically, problem (5.1) with D replaced by A € S™ that is not an EDM
. However, the question about the existence of a Ingm for the exact problem o3(P) remained open.
Addressing this challenge involves two main difficulties: (1) the apparent lack of simple examples
exhibiting Ingm ; and (2) the inherent complexity in proving the existence of a Ingm for such a
complex problem.

In this chapter, we provide a definitive answer to this open question. We prove that all second-
order stationary points are global minimizers whenever n < d + 1. For n > d + 1, we present an
example in dimension d = 1, with a very special structure, for which we can analytically exhibit a
Ingm . For more general cases, we find examples where the function o2(P) has a Ingm, and we
provide analytic verification using techniques from the local convergence proof of Newton’s method.
The examples are obtained using the trust region approach with random initializations.

The rest of this chapter is arranged as follows. We continue in Section 5.2 with a description
of our main unconstrained minimization problem (5.1). We introduce two additional equivalent
problems with reduced numbers of variables. The reduction allows for strict second-order sufficient
optimality conditions and thus is necessary for the analytic existence proof. In Section 5.3, we
include various linear transformations, derivatives, and adjoints. Many of these are used through-
out this chapter. We suggest that they provide a useful addition to the literature on EDM, as it
emphasizes the use of matrix transformations rather than individual elements or points. In Sec-
tion 5.4, we study the optimality conditions and establish that o(P) has no Ingm if n < d + 1.
In Section 5.5.1, we give a special example with d = 1 where a Ingm can be explictly illustrated.
In Section 5.5.2, we provide two examples and use the Kantorovich theorem to (numerically) prove
the existence of Ingms in this more general setting.

5.2 Notation and Main Problem Formulations

We follow notations in Section 2.3. For a set of points p; € R?, i€ [n] := {1,2,--- ,n}, denote the
configuration matrix by

P=|pips ... pn]T e R,
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Here d is the embedding dimension. Denote the quadratic mapping M : R**¢ — S" M(P) = PPT.
Recall that e denotes the column vector of ones of appropriate dimension. Then, the classical result
of Schoenberg [157] relates an EDM | D(P), with the corresponding Gram matriz, G = M(P), by
applying the linear operator K : S — Sj;:

K(G) = diag(G)eT + ediag(G)T —2G = (Hm —ijQ)l.j =: D(P), (5.2)

where the centered subspace, St and the hollow subspace, S7; are defined by
St ={SeS": Se=0}, Si={SeS": diag(S) = 0}.

Denote S : R* — S™ S, (v) = vel +ev”. Then, K(G) = S.(diag(G)) —2G. Note that the centered
assumption PTe = 0 & G = PPT ¢ S¢. Also, when the domain of K is restricted to be Sf, the
mapping K is a bijection between Sf and K(S).

Further detailed properties and a list of (non)linear transformations and adjoints are given
in Section 5.3.

5.2.1 Main Problem Formulations

Suppose that we are given a centered configuration matrix P € R"*?¢ PTe = 0. This gives rise to
the corresponding Gram matrix G = PPT e S¢ and EDM, D = K(G). We now present the main
problem and two reformulations that reduce the size of variables and help with stability.

Problem 5.2.1. Let D = D(P) be a EDM obtained from some given configuration matriz P.
Consider the nonconvex minimization problem of recovering a corresponding configuration matrix
P given by
. i 1 _ 1
P e argmin f(P) := S|KC(PPT) — D[} =: 5| F(P)|%: (5.3)
PeRnxd 2 2
thus defining the function F : R"*4 — SE.

Problem 5.2.1 is a nonlinear least squares problem. It has nd variables. By taking advantage of
symmetry and the zero-diagonal constraints, the objective function can be seen as a sum of squares
of t(n — 1) quadratic functions, where ¢(n —1) := n(n —1)/2 is the triangular number. Note that P
is a global minimizer for (5.3) with the optimal value f(P) = 0. We study whether all stationary
points where the second-order necessary optimality conditions hold are global minimizers.

Note that the distance matrix is invariant under translations and rotations of P. Without loss
of generality, we assume P is centered (PTe = 0). Let V € R"*(®=1) be such that

VIV =I,1, Vie=0. (5.4)

By the fact that V'V is the orthogonal projection onto el (the orthogonal complement of €), we
have PTe = 0 if, and only if, P = VL for some L € R®D*d1 We exploit this property for
deducing an equivalent problem formulation having a smaller dimension.

Problem 5.2.2. Let P,D be as given in Problem 5.2.1, and let V be as in (5.4). Consider
the nonconvex minimization problem of recovering a corresponding centered configuration matrizc

!This is similar to the application of facial reduction for the semidefinite relaxation, see [J].
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P=VL by finding
. ) 1 _ 1
Le argmin fi(L):= S |K(VL(VL)") = Dlf = S| FL(L)|E; (5.5)
LeR(n—1)xd
thus defining the function Fy, : R(v—1xd _ SE.

Let O = {Q e R4 : QTQ = I} be the orthogonal group of order d. Note that LLT = LQQT LT
holds for all Q € O. If LT = QR is the QR factorization, then

R" = LQ = fr(L) = fL(R"Q") = fL(R"),
where R € R4 (=1 is upper triangular (trapezoidal when d < n — 1). The problem can be further

reduced using rotation invariance: fr(LQ) = fr(L), VQ € O.

Recall that the linear transformation svec : S* — RY™ is a generalization of the vectorization
vec applied to symmetric matrices that avoids the duplication of the lower triangular part. We
now extend this idea to triangular (trapezoidal) matrices to avoid the zeros. We define the linear

operator that maps a vector £ € R to a lower triangular (trapezoidal) matrix in R("~D*? given by
: Crim—t(V4iv1, I J<i
LTriag(t) ;) = { ’ ('_t)(])+ - otljlerwise (56)
where ( )
t(n —1), ifd>n—1
te = { (n—1)d—t(d—1), otherwise. (5:7)

For L € R(~Uxd Jower trapezoidal, ¢, counts its entries where nonzero values are allowed. For
d <n—1, LTriag(¢) has t(d — 1) zero elements at the top right; whereas for d > n — 1, LTriag(¥)
has t(n — 1) nonzero elements at the bottom left.

Using the above definition, we define

for R =R, fo(€) := fr(LTriag(l)). (5.8)

Notice that the adjoint of £Triag, LTriag* : R("~D*d _ R takes the lower triangular (trape-
zoidal) part of L € R("~1*4 and maps it to the corresponding vector £ € R*, such that £Triag* £LTriag(¢) =
£. Moreover, LTriag LTriag*(L) is the projection of L onto the subspace of lower triangular (trape-
zoidal) matrices.

Problem 5.2.3. Let P, D be as given in Problem 5.2.2 (and in Problem 5.2.1), and let V. ty, fo(£),
be as in (5.4), (5.7) and (5.8), respectively. Consider the nonconvex minimization problem of
recovering a corresponding centered configuration matriz P=VL = VETYiag(é)QT, with Q e O,
by finding

(€ argmingge, fo(6) = 3|K(V LTriag(¢)(V LTriag(¢))") — D|%

= L FL(LTriag(0) 2 =: Y| F(0)[2; (5.9)

thus defining the function Fy : R — S%.

Remark 5.2.4. Compared to Problem 5.2.1, Problem 5.2.3 is a nonlinear least squares problem,
with fewer variables and the same number of quadratic terms (K(V LTriag(¢)(V LTriag(¢))”) — D). .

ij

1<

j. For d < n —1, the underlying system of equations is overdetermined, as ty < t(n — 1). For
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d>=n-—1, from (5.7), the number of variables is t(n — 1), the same as the number of quadratic
equations. Thus we no longer have the singularity that arises for the Jacobian of an underdeter-
mined nonlinear least squares problem.

In order to determine whether a Ingm exists, the next section provides useful formulae for linear
transformations and derivatives.

5.3 Properties and auxiliary results

We now provide appropriate notation and formulae for transformations, adjoints and derivatives
involved in EDM, and then give the equivalence relationships among local minimizers of the above
three reformulations.

5.3.1 Transformations, Derivatives, Adjoints, Range and Null Spaces

Lemma 5.3.1 below presents a list of auxiliary results. It concerns the following vectors, matrices
and functions:

Pec Rnxd, p= VeC(P) e Rnd7 AP e Rnxd7 Ap _ VeC(AP) c ]Rnd7
LeRO=Dxd yecRle ¢,in (5.7), S, T € S™;

MR 8" S — S, F R S f iRV S R,

LTriag : R — R-Dxd g R — §n Fp  R=Dxd gm0 gy Rv=Dxd R
F,:R¥ — Sy, fo: R¥ — R.

Lemma 5.3.1. We have the following first and second Fréchet derivatives and adjoints:

1. M'(P)(AP) = PAPT + APPT, M"(P)(AP,AP) = 2APAPT

2. M'(P)*(S) = 2SP.
3. S*(S) = 2Se.
4. K(G) = S.(diag(G)) — 2G, range(K) = 8%, null(K) = range(S.).
5. K*(S) = 2(Diag(Se) — 5), range(K*) = 8%, null(K*) = Diag(R™). Moreover, S > (<)0 —>
K*(S) = (x)0.
6. D(P) = S.(diag(M(P))) — 2M(P).
7. D'(P)(AP) = S.(diag(M'(P)(AP)) — 2M'(P)(AP).
8. F'(P)(AP) = K (M'(P)(AP)), F"(P)(AP,AP) = K (M"(P)(AP,AP)).
9. F'(P)*(S) = M/(P)*(K*(S)) = 4(Diag(Se) — S)P.
10. We have

J(P) = F/(P)*(F(P)) = A[Diag(F(P)e) — F(P)|P, (5.10)
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and
f"(P)(AP,AP) = (K(PAPT + APPT),K(PAPT + APPT))

+2(F(P),K(APAPT)). (5.11)

Proof. 1. It follows directly from the expansion

M(P + AP) (P+ AP)(P+AP)T
PPT + APPT + PAPT + APAPT

M(P) + M'(P)(AP) + 3 M"(P)(AP,AP).

2. Note that

(M'(P)(AP),S) = (PAPT + APPTS)
trace(PAPTS + APPTS)
trace(SPAPT + SPAPT)
(M'(P)*(3), AP).

3. From the trace inner product,

(S.(v),8) = trace(ev’ S + vel §) = trace(v! Se) + trace(Sev’) = (2Se, v).

4. See [2, Prop. 2.2].

5. See [2, Prop. 2.2] for the characterization of the nullspace of £*. The identity K£*(S) =
2(Diag(Se) — S) follows from

(K(T),Sy = (diag(T)e’ + ediag(T)" — 2T, S)
2trace(el S diag(T)) — 2 trace(T'S)
2(Se,diag(T)) — (T, S)
2(Diag(Se) — S, T),

where the last equality is due to Diag = diag*. Moreover, for S € S™, we have by diagonal
dominance that S > ()0 = K*(S) > (x)0.

6. It follows directly from Item 5.
7. This follows from the linearity of diag and S,.
8. Both follow from the definitions and linearity of .

9. It follows from

(F'(P)(AP),S) (K(M'(P)(AP)),S)
(M(P)(AP),K*(S))

= (AP, M'(P)*(K*(5))),
and M’(P)* and K*(S) presented in Items 2 and 5.
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10. From the expansion of f(P + AP),

f(P+ AP)
$(F(P+ AP),F(P + AP))
%HF( ) + F'(P)(AP) + §F"(P)(AP,AP) + o(|AP|*)|?,
2<F( ), F(P)) + (F(P), F'(P)(AP))
+5(F'(P)(AP), F'(P)(AP)) + 5(F(P), F"(P)(AP,AP)) + o(|AP|?),

we get (5.10). Then we obtain

J"(P)(AP,AP)

(F'(P)(AP), F'(P)(AP)) + (F(P), F"(P)(AP,AP))

(M (P)(AP)), (M (P)(AP))) + (F(P), K(M"(P)(AP,AP)))
(K(PAPT + APPT), K(PAPT + APPT)) + 2(F(P), K(APAPT)),

(5.12)

where the second equality follows from Item 8. Define Ap := vec(AP). Now, we can isolate
the matrix representation with

f"(P)(AP,AP) = {(f"(P)(Matvec(AP)),Matvec(AP))
{[vec f"(P) Mat] (Ap) , (Ap)).

Denote the symmetrization S : R**" — §" S(K) = (K+K7)/2, and let T be the self-adjoint
transpose operator. The first term in (5.12) is

4K (S(P(Mat vec AP)T)), K(S(P(Mat vec AP)T)))
= 4(PTS*K*KSP)((Matvec AP)T), (Mat vec AP)T)

= 4(PTS*K*KSP)(T Mat vec AP), (T Mat vec AP)) (5.13)
= 4 <[V€C T*PTS*IC*ICSPTMat] Ap, Ap> i
The second term in (5.12) is
2(F(P),K (APAPT))
2{K*(F(P)),APAPT) (5.14)

2{AP,K*(F(P))AP)
2{[vec K*F(P)Mat] Ap, Ap).

Recall that F'(P)(AP) = K(M'(P)(AP)). We combine (5.13) and (5.14) and obtain the
matrix representation of the Hessian (not necessarily positive semidefinite) :

[vec f"(P)Mat] = 4[vecT*PTS*K*KSPT Mat]
+2 [vec K*F(P) Mat] (5.15)
= 4[J*J] + 2[vec K*F(P)Mat],

where

J(Ap) := KSPT Mat Ap. (5.16)
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Theorem 5.3.2. The second-order necessary optimality conditions for (5.3) are:
0 = [f/(P)=F(P)*(F(P)) = 2K*(F(P))P, (5.17)
0 < [vecf"(P)Mat] =4[J*J] + 2[vec K*(F(P))Mat] . (5.18)

Proof. The second equality in (5.17) follows from (5.10), and the third equality in (5.17) follows
from Items 2 and 9 of Lemma 5.3.1. In particular, we have

['(P) = F'(P)*(F(P)) = M(P)*(K*(F(P))) = 2K*(F(P))P. (5.19)
The expression for the second-order term in (5.18) follows from (5.15) in Item 10 of Lemma 5.3.1. [

Throughout this chapter, we denote the following two matrices in S™%:
Hy = [J*J], Hy = [vec (K* (F(P))) Mat]. (5.20)

By abuse of notation, H; and Hs represent both the linear maps and their matrix representations.
The meaning will be clear from the context. We call P a stationary point if (5.17) holds, and we
call P a second-order stationary point if both (5.17) and (5.18) hold.

5.3.2 Optimality Conditions of Three Problem Formulations

According to the chain rule, the derivatives and optimality conditions of f7, defined in (5.5) and f
defined in (5.9) can be easily obtained from that of f.

Proposition 5.3.3. The derwatives of fi (L) : R"=D*4 L R are

fi(L)y=VTf(VL), (5.21)
and
(L) =VTf(VL)V. (5.22)

Proposition 5.3.4. The derivatives of fi(¢) : R — R are

f;(0) = LTriag* f1 (LTriag(f)), (5.23)
and
f7(€) = LTriag* f] (LTriag(¢)) LTriag . (5.24)

In the following, we show that any local minimizer of (5.5) corresponds to a family of local
minimizers of (5.3), obtained by translations. Similarly, any local minimizer of (5.9) corresponds
to a family of local minimizers of (5.5), derived from rotations.

Proposition 5.3.5. The configuration matriz Py € R™*? s a local minimizer of the function f
(see (5.3)) if, and only if, all configurations in {Ps + ev” : v € R} are local minimizers of the
function f.
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Proof. We exploit the fact that the function f is invariant w.r.t. translations: for any point P, we
have

J(P) = f(P + 7).

If P, is a local minimizer of f, there must be a é > 0 such that:
VP : |Py—Plr <94, f(Ps)< [f(P).
Then, for all P such that |P — (P, + ev?)|r < 8, we have |(P — evT) — Py < 4, thus
F(P) = f(P—ev") = f(P) = f(Px + ev")
implying that Py + ev” is also a local minimizer. The other implication follows similarly. O

Proposition 5.3.6. The configuration matriz Ly, € R4 is o local minimizer of the function fr,
(see (5.5)) if, and only if, all configurations in {L.Q : Q € O} are local minimizers of fr.

Proof. We now exploit the fact that the function fr is invariant w.r.t. rotations: for any configu-
ration L, and ) € O, we have

fu(L) = fL(LQ).

If L, is a local minimizer of fr, there must be a § > 0 such that:
VL : |Ls — L|p <98, fo(L«) < fr(L).
Then, for all L such that |L — L4Q|r < 8, we have
I1LQ" — Lullr = |L — LuQ|F <6,

thus R )
fr(L) = fo(LQT) = fr(Ly) = fL(L.Q)

implying that L.Q is also a local minimizer. The other implication follows similarly. O

The local minimizers of the two functions in equations (5.3) and (5.5) have the following rela-
tionships.

Theorem 5.3.7. Let P, € R"*? and V be as defined in (5.4). Denote

Vg = %P*Te eRY P, =P, —evl, L, =VTP,,.
Then, Ly is a local minimizer of (5.5) if, and only if, P,, and Py are local minimizers of (5.3).
Proof. First, recall that V'V is the orthogonal projection onto e’ and that the columns of P,

are centered. Thus, we have VL, = VVTPU* = P,,. Sufficiency: Let P,, be a local minimizer of
(5.3). Then, there exists 6 > 0 such that

f(Po,) < f(P), VP : |P =Py |r <. (5.25)
For any L € R(=1*P such that |L — Ly||p < 8, let P = VL. Then, we have
Ji(La) = F(VLe) = [(Po,) < F(P) = J(VL) = fu(L),
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where the inequality is due to |[P — Py, |r = |VL — VLy|r = |L — Ly r < 6 and (5.25), and the
equalities hold by the definition of f7,.
Necessity: Suppose L, is a local minimizer of f1 (L), meaning there exists § > 0 such that

F(Ly) < fu(L), VL : |L — Ly|p < 6. (5.26)

For any configuration P with |P — P, |r < 4, define its centroid v = PTe/n. Then, there exists
L e R(=1xd guch that the centered configuration can be expressed as P = VL +ev”. This implies
that P — P,, = V(L — Ly) + ev?. As V(L — L) and ev” are orthogonal, we get

|L = Lalp = V(L = L) [ = | P = Po, [l — e | £ < 6% (5.27)
Now, from (5.26) and (5.27), we have
f(P)=f(VL+ev") = f(VL) = f(VLi) = f(Pos),

implying that P,y is a local minimizer of f(P). According to Proposition 5.3.5, Py is also a local
minimizer of f(P). O

From Proposition 5.3.6, we know that for the case of d > 2, if L is a local minimizer of fr,(L),
then {LQ : Q € O} is a local minimizer of fz,(L). This means that when d > 2, any local minimizer
of fr(L) is nonisolated and has a singular Hessian matrix.

Next, we consider the correspondence between the local minimizers of (5.5) and its rotation-
reduced formulation (5.9).

Theorem 5.3.8. The following statements hold.

1. If Ly is a local minimizer of fr, then any l, satisfying
Ly = LTriag(4:)Q7, (5.28)
for some Q € O, is a local minimizer of f.

2. If Ly is a local minimizer of fo, and the first d rows of LTriag(¢y) are linearly independent,
then L, = LTriag(¢y) is a local minimizer of fr.

Proof. 1. Suppose L, is a local minimizer of fr, meaning there exists r > 0 such that
f(L) = fr(Ls), VL ¢ |L = Lifp <. (5.29)
For any £ € R satisfying |¢ — £4|| < r, we let L = LTriag(¢)Q” and we have
L = Lyllp = | £Triag(t) - LTriag(6)]r = £~ Cu] < 7.
Then, from (5.28) and (5.29) we have
fe(0) = fr(LTriag(l)) = fr(L) = fo(Lx) = fo(LTriag(ly)) = fo(ls).

Therefore, £, is a local minimizer of fj.
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2. We prove Item 2 by contradiction. Suppose L, = LTriag(¢s) is not a local minimizer of fr.
Then there exists a sequence L,k = 1,2, ... such that

lim Ly = L, f1(Ly) < f(Ls). (5.30)

k—+00

Consider the QR decompositions of LY, k = 1,2, ..., i.e., there exist Q, € O,k = 1,2, ..., and

upper triangular matrices Rg, k = 1,2, ..., such that
L} = QuRi, k=1,2,.... (5.31)
Since |Qkl2 = 1 for all k = 1,2, ..., the bounded sequence {Q} has a convergent subsequence.

Without loss of generality, we directly assume that limg_, o Qr = Q«. According to (5.30)
and (5.31), we have
R := L,Q. = lim L;Qr= lim R}, (5.32)
k—+00 k——+00

By (5.32), R is a triangular matrix. Since the first d rows of L, = LTriag({,) are linearly
independent, the QR factorization of L is unique except for signs in each dimension. Thus,
Q4 is a diagonal matrix with diagonal elements being —1 or 1. Let

) = LTriag*(REQT), k =1,2,....

By (5.32), we get

lim /0 = £,.
k—+00

By (5.30), we have

felly) = fL(Ry) = fr(Ly) < fo(Ls) = fL(RL Q%)
= fL(RY) = fe(ls).

Thus, ¢, is not a local minimizer of f;, a contradiction.

O]

The optimality conditions of (5.3) and (5.5) also have an equivalence relationship. To this end,
we first note that the directional derivatives of f(P) are zero in any translation.

Lemma 5.3.9. For any v € R%, we have
(f'(P),evTy = 0 and f"(P)(ev”,ev™) = 0.
Proof. For t € R, we have
(P +ter™) = F(P)+ 1 (P),en™y + LGP e”), o + o(f2).
Since f(P + tev?) = f(P) holds for all v € R? and t € R, we get

{f/(P),ev”y = (f"(P)(ev”),ev”) = 0.

Moreover, we claim that
f(P)(ev™) = 0. (5.33)
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According to (5.15) and (5.16), we have

f"(P)(ev?) = 4[J*J]vec(ev”) + 2 [vec K* F(P) Mat] vec(ev™).
Since null(K) = range(Se) and range(K*) = {S € S” : Se = 0} in Items 4 and 5 of Lemma 5.3.1,
we have

PoeT T pT
J(vec(ev?)) =IC( e +2€U

Thus, (5.33) holds. O

) =0, K*F(P)(ev™) = 0.

Theorem 5.3.10. For P € R"*?, denote v = (PTe)/neR?, P, = P —evT, L = VTP, where V is
defined in (5.4), denote LT = QR where R is upper triangular and Q € R%*? is orthogonal. Then,
the following are equivalent:

(i
(ii

(iii

the first (resp., second)-order necessary conditions of (5.3) hold at P;
the first (resp., second)-order necessary conditions of (5.3
the first (resp., second)-order necessary conditions of (5
(

) 3)
) .3) hold at P,;
) .5) hold at L;
(iv) the first (resp., second)-order necessary conditions of (5.5) hold at RT .
Proof. Since
2
F(P+tAP) = f(P) + [ (P), AP) + (f"(P)(AP), AP) + o(f?)
2
= J(PyHIAP) = f(P) + 1 (P), APy + (" (P)(AP), AP) + of )

holds for all AP € R"*% and ¢ € R, we have

PR = F(P). F(P) = F(P). (534
By
FulL+1AL) = fu(D) + KDL AL + S(HDAL), AL + off)
—FURT 4 ALQ) = fu(RT) + KL (RT), ALQ) + AT (ALQ). ALQ) + o),
we have

fLRT) =0« f1(L) =0, fL(R) = 0= f/(L) > 0.2
Thus, (i)<(ii) and (iii)<(iv).

Now we prove (ii)<(iii). First, we prove the equivalence of their first-order necessary conditions.
According to (5.19) and range(K*) = Sp& (Lemma 5.3.1, Item 5), we have

el f'(P) = 2T K*(F(P))P = 0. (5.35)

2Note that f7 (L) is a positive semidefinite linear operator on R("~1*4,
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By Proposition 5.3.3, (5.34), (5.35), the definition of V', and Item 5 of Lemma 5.3.1, we obtain
f'(P)) =0« fi (L) =V"f(P,) =0.

Secondly, we prove the equivalence of their second-order necessary optimality conditions. According
to (5.22), for any AL € R(1*4 e have

7(LY(AL,AL) = VT f"(VL)V(AL,AL) = f"(VL)(VAL,VAL). (5.36)
According to (5.33) in Lemma 5.3.9 and (5.36), we have f/(L)(AL,AL) > 0 if, and only if,
f"(P)(AP,AP) = f"(P,)(VAL + ev”, VAL + ev™) > 0.

(Note that we have proved a slightly stronger statement as the semidefinite condition is treated
separately from stationarity.) O

Remark 5.3.11. The reduction from (5.5) to (5.9) may introduce additional stationary points. Let
LTriag(ly) = RL. According to (5.23), f,(£) = 0 holds if, and only if, the lower triangular part of
fi(R:{) 1s zero. Moreover, to have a local minimizer correspondence, the assumption that the first
d rows of R is linear independent in Theorem 5.3.8, Item 2 is needed.

5.4 Second-Order Optimality Conditions

In this section, we present the optimality conditions and derive a sufficient condition such that
there is no Ingm. First of all, the necessary and sufficient characterization for the global minimizer
is clear.

Lemma 5.4.1. A matriz P € R"*? is a global minimizer of (5.3) if, and only if, D(P) = D.

Proof. Since f(P) = 0 holds for all P € R"*¢ and f(P) = 0, the global minimum of f is 0. By the

definition of f and property of norms , f(P) = 0 holds if, and only if, F(P) =D(P)—- D =0. O

In order to further characterize the second-order optimality conditions, we discuss essential
properties of the matrices

Hy =[J*J] and Hjy = [vec(K* (F(P)))Mat].

Lemma 5.4.2. The matrix Hy defined in (5.20) is always positive semidefinite. For Hs, the
following holds:

e Hy > 0 when F(P) is element-wise nonnegative,

e Hy <0 when F(P) is element-wise nonpositive.

Proof. For any = € R™?,
eTHyx = (x, J* Jz) = (Jx, Jz) = 0.
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Thus, H; is always positive semidefinite. By Lemma 5.3.1, Item 5, if F(P) > (<) 0, then
K*(F(P)) = (x) 0, which implies

ol Hyx = (x, Mat* K*F(P) Mat z) = (Mat z, C*(F(P)) Mat z) > (<) 0
for all z € R*™. Thus, Hy > (<) 0 if F(P) = (<) 0. O

Lemma 5.4.3. The matrix Hy is the zero matriz if, and only if, F(P) = 0 holds, which is equivalent
to P being a global minimizer of (5.3).

Proof. By Lemma 5.3.1, Item 5, £*(S) = 2(Diag(Se) — S) and null(K*) = Diag(R"™). Since
diag(F(P)) = diag(D(P)) — diag(D) = 0 is always true, K*(F(P)) = 0 holds if, and only if,
F(P)=0. O

Lemma 5.4.4. Let P, with PTe = 0, be a global minimizer of (5.3). Suppose that P is a stationary
point for (5.3) but is not a global optimizer. Then Hj is not positive semidefinite. Specifically,
vec(P)T Hy vec(P) < 0.

Proof. By (5.17), we have (P, K*F(P)P)=0, and then

vec(P)' Hyvec(P) = (P,K*F(P)P)—{(P,K*F(P)P)
(K(PPT), F(P)) — (K(PPT), F(P))
(K(PPT) — K(PPT), F(P))

(D —D(P),F(P))

= —(F(P),F(P))

< 0.

The last inequality holds because P is not a global minimizer, which implies F'(P) # 0 according
to Lemma 5.4.1. ]

Under the condition of Lemma 5.4.4, we have known that
(P,K*F(P)P) <0,

which implies that
K*F(P) * 0. (5.37)

We analyze the extreme case of D = 0.

Corollary 5.4.5. If D = 0, then every stationary point is a global minimizer.

Proof. Suppose P is a stationary point. As D = 0, we get p1 = ... = Py holds. Since K*F(P) is a
Laplacian (sum of its columns is zero), we have K*F(P)P = 0. Combining this with the first-order
condition (5.17), we have

vec(P)T Hyvec(P) = (P,K*(F(P))P)—{(P,K*(F(P))P)
= 0.

From Lemma 5.4.4, we conclude that any stationary point P for f(P) is a global minimizer.  [J
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Next, we consider another extreme case of D # 0, D(P) = 0.

Theorem 5.4.6. For D # 0 and P with D(P) = 0 (i.e., all p; = p), P is a stationary point and
has nontrivial negative semidefinite Hessian:

0#4H, +2H> < 0.

Proof. Since p; = ... = p, = p and K*(F(P)) is a Laplacian, P satisfies the first-order optimality
condition (5.17). Since f(P) = |D — D(P)|3 = |D||> > 0, P is not a global minimizer. By

PAPT + APPT = epT APT + APpel = e(APp)T + (APp)eT,

and null(K) = range(S,) (Lemma 5.3.1, Item 4), J = 0 defined in (5.16) holds, and then H; = 0.
Since D(P) = 0 and D > 0, F(P) < 0 holds. According to Lemma 5.4.2 and Lemma 5.4.3,
0 # Hs < 0 holds. Therefore, the Hessian matrix satisfies 0 % 4H; + 2Ho < 0. O

Remark 5.4.7. If P is a local maximizer of f, then necessarily D(P) =0 (p1 = --- = pp). To
see this, observe that t = 1 must locally mazimize g(t) = f(tP). By the second-order necessary
conditions, we have g’(1) = 0 and ¢"(1) < 0. Since ¢'(t) = 43| D(P)|% — 4D, D(P)), 0 = ¢'(1)
implies that |D(P)|% = (D, D(P)). Then, 0 = ¢"(1) = 8|D(P)|% and we conclude that D(P) = 0.

In the following, we present the condition under which there is no Ingm . Recall the equivalence
between local minimizers of (5.5) and (5.3) in Theorem 5.3.7, we analyze (5.5) for convenience.

Theorem 5.4.8. Any stationary point L of (5.5) satisfying rank(L) = n—1 is a global minimizer.

Proof. Since 0 = f; (L) = 2VTK*F(V L)V L, where the last equality follows from (5.21) and (5.19),
the span of columns of L is an n — 1 dimensional eigenvector space corresponding to the zero
eigenvalue of the (n—1) x (n—1) matrix VI IC* F(VL)V. Therefore VIKC*(F(P))V = 0. Combining
this with range(K*) = Sf from Lemma 5.3.1, Item 5, we conclude that K£*(F(P)) = 0, and then
Hy = 0. Thus, L is a global minimizer according to Lemma 5.4.3. 0

As L € R(~Dxd the condition in Theorem 5.4.8 holds in the case that d = n — 1 and L is of
full row rank. Next, we consider another case where L is not full column rank.

Theorem 5.4.9. Suppose that L is a non-globally-optimal stationary point of (5.5) and
rank(L) < d. (5.38)

Then, the second-order necessary optimality conditions fail at L.

Proof. Denote P = VL. According to Lemma 5.4.4 and the subsequent discussion, (5.37) holds.
Thus there exists a € R” such that o’ *F(P)a < 0. Then, for any nonzero w € R?,

vec(awD)T Hyvec(aw®) = {(aw?,K*F(P)(awT))
tr(K* F(P)(aw™) (aw™)T)
wlwtr(K*F(P)aaTl)
wlwa” K*F(P)a

< 0.
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By (5.38), there exists a nonzero w € R? such that w € null(L), meaning,
Lw = 0. (5.39)
We claim that H; vec(aw?) = 0 holds. First, we have
Jvec(aw”) = KSVLT (aw™).

By (5.39), we have
L’T(awT) =L [alw asw ... an_lw] =0.
)

Thus, H; vec(aw”’ ) = 0 holds. In sum, we have

vec(awD)T (4H, + 2Hy) vec(awT) < 0,

which implies the second-order necessary optimality condition (5.18) fails. O

Combining Theorem 5.4.8 and Theorem 5.4.9, we present the main result of this section.

Theorem 5.4.10. If n < d + 1, then any stationary point satisfying the second-order necessary
optimality conditions is a global minimizer.

Proof. Suppose that n < d + 1, and L is a stationary point satisfying the second-order necessary
optimality condition. If rank(L) = n—1, then L is globally optimal by Theorem 5.4.8. If rank(L) <
n — 1, then rank(L) < d. If we assume L is not a global minimizer, according to Theorem 5.4.9, L
does not satisfy the second-order necessary optimality condition, a contradiction. O

Recalling Remark 5.2.4, we note that n < d+1 is exactly the condition such that the underlying
system of equations is square. When n > d+1 (overdetermined), it is possible to find local nonglobal
minimizers.

5.5 Ingms Examples

We now provide instances with Ingms. The data and codes are available at GitHub repository.

We first provide an analytical example with d = 1 with a specific simple structure for the points
in R%, see Section 5.5.1. Then in Section 5.5.2 we give two examples where we numerically obtain
approximate second-order stationary points. Then, we analytically prove that the assumptions of
the Kantorovich theorem hold at these two points, i.e., this implies that there exists Ingms in the
neighborhoods. We consider the sensitivity analysis needed to analytically prove that our examples
have Ingms. We exploit the strength of the classical Kantorovich theorem for the convergence of
Newton’s Method to exact stationary points when using the approximate stationary points that we
found as starting points. See Theorem 5.5.6 and Corollary 5.5.10, below.

5.5.1 An Explicit Example with a Ingm with d =1

We now present a simple explicit example with an Ingm, where we can analytically verify the
Ingm .
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Example 5.5.1. Let

d:17n>6a PT [plu )pn]v PT: [ﬁlu'” 7ﬁn]ERdxn7

with
P1L=2,p2=0,p3=-=p,=1 and py=p2=0, p3=--+=p, =1

We now continue and illustrate that P is a Ingmof (5.3) in Problem 5.2.1. Let Ej,_2 be the
2 x n — 2 matrix of all ones, and [0] denote the matrix of zeros of appropriate size. From the
definitions of F(-), () and K£*(-), we have:

F(P) = D(P)-D(P)
[0 0 0 4
= [0 0} EQ:"Q] — {{4 0] EQ"”] (5.40)
;E%:nf2 [0] E%jn72 [0]
i 4
_ [_4 o %2zl (5.41)
02n—2 [0]
4 4
IC*(F(P))Q“ZL —4] [0]]
[0] [0]

Moreover, we have

(K(PAPT + APPT), K(PAPT + APPT))
4 [(Bi — p;)(Api — Apy)]

i#j
(> (pr—pi)* —(p1 — p2)? , —(p1 —ﬁn)z

_ ApT (pl pz) Zi:l(p? —pi)? - —(p2 _pn) AP
| (1 —p2)? —(P2 —Pn)® o X (o — Bi)?

_ T _(n - 2)I E2,n—2

= AT | Ar

Then we can compute from (5.10) and (5.11) that the derivative (gradient) is

f'(P) = 4[Diag(F(P)e) — F(P)]P = 0. (5.42)

And the Hessian quadratic form is

f"(P)(AP,AP)
(K(PAPT + APPT),K(PAPT + APPT) > + 2 F( 15), K(APAPT))

r|(n—=2) —FEy, o [
SAP ({EZT,” S 2 AP,
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The Hessian f”(P) = V2f(P) is arank 3 update of 161. It is positive semidefinite with nullspace
span(e) if, and only if, n > 7. (It is indefinite when n < 6.) Thus, P is a second-order stationary
point of the problem with data given above. Next, we prove that P is a Ingm by considering the
reduced formulation (5.5).

To center as done in Theorem 5.3.7, we let

PTe
n

ER, P*Zp—eflT, EZVT]B*a

U=

to obtain L. According to Theorem 5.3.10, L is a second-order stationary point of the function
fr(L). By Proposition 5.3.3, we have f/(L) = VI f"(VL)V = VT f"(P)V. Since f”(P) has a
one-dimensional nullspace (span{e}), its restriction to span{e}* is positive definite. Thus, f (L)
is positive definite. This implies that L satisfies the second-order sufficient optimality conditions
for a strict local minimum of fr(L). By Theorem 5.3.7 and Lemma 5.4.1, P is in fact a Ingm of
f(P). Note that the objective function value f(P) = 16 > 0 = f(P), thus confirming that P is not
a global minimum.

5.5.2 Examples via Kantorovich Theorem and Sensitivity Analysis

We now present Examples 5.5.2 and 5.5.7, with d = 1,2, respectively, where we first find an
approximate second-order stationary point L numerically that has a sufficiently large (positive)
objective value; and then we prove that there is a Ingm nearby using the Kantorovich theorem and
sensitivity analysis.

Cased=1

In this case we analyze a configuration matrix P = VL € R**! L e R®~D*1 gatisfying:

Objective value :  f(P) = fr(L) > fr, for some (large) f1, > 0;
Near stationarity : |V fL(L)| < gL, for some (small) g, > 0;
Local Convexity : Amin(V2fL(L)) > Az, for some (large) Az, > 0.

(5.43)

While theoretically exact, the floating-point representations introduce round-off errors in finite-
precision computations. Our MATLAB implementation performs complete finite-precision arith-
metic analysis in order to compute the rigorous bounds fr,, g1, and Az (see Footnote 3).

We apply the classical Kantorovich theorem, e.g., [54, Thm 5.3.1], to show that there is a point
nearby that satisfies: (i) it is an exact stationary point; (ii) the function value is positive; and (iii)
the Hessian is still positive definite. This provides an analytic proof that we have a theoretically
verified Ingm near L.

Example 5.5.2. An ezample with n = 50,d = 1 is given, with data p = VELP =VLe R”Xd.
(See the footnote below.?) Matriz D is the distance matriz obtained from L by D = K(VL(VL)T).

3 The data and codes are available at https://github.com/MengmengSong97/EDM-code
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Thus, L is a global minimizer. L is a numerically convergence point obtained by a trust region
method with random initialization, where the objective value is

fr(L) > 2.65 x 103, (5.44)
the absolute and relative gradient norms are

HVfL(

IVfL(L)| <1077, 2” 3.53 x 10718, (5.45)
fu(L)
and the least eigenvalue of the Hessian matriz is
2.12 x 10% > A\pin (V2 f2(L)) > 2.10 x 10°. (5.46)

In the following, we will verify that fr(L) has a Ingm .

Remark 5.5.3. The problem to find a Ingm is a nonlinear least squares problem. The standard ap-
proach for nonlinear least squares is to use the Gauss-Newton method, which simplifies the Hessian
4Hy + 2Hs (see (5.15) and (5.20)) by keeping only 4Hy and omitting 2Hy (same for L, cf. (5.22)).
This approximation relies on the assumption that fr,(L) is near zero, a condition we intentionally
avoid, as this would yield the global minimum.

Now, we find an estimate for the Lipschitz constant v > 0 for the Hessian matrix of f;. From
our numerical output, we know that the smallest eigenvalue Amin(V2f7(L)) > 0. By continuity of
eigenvalues, we are guaranteed that this holds in a neighbourhood of L, which is now estimated in
Proposition 5.5.4.

Proposition 5.5.4. Let r > 0 and L € R®Y%4 pe given. If
v = 242 (Z (VD] = (VL) e + 2n3/2r> : (5.47)
i,J
then ~y is a Lipschitz constant for the Hessian of fr, in the radius-r neighborhood of L, i.e.,
IV2fr(L) — V2 fr(L)|l2 < y|L — L|p, for all L, L € B.(L). (5.48)

Moreover,
Amin(V2fL (L)) = Amin (V2 fL(L)) — yr,  for all L € B,(L). (5.49)

Proof. By the definition of the induced norm, (5.48) is equivalent to
L)AL, AL) = fE(L)(AL, AL)| < AL - L], (5.50)
for all L, L € B.(L),|AL|| = 1. Let

P=VL,P=VLAP=VALP=VL.
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According to (5.12) and Proposition 5.3.3, we have

~

f"(P)(AP,AP)
= |K(PAPT + APPT)|% + 2F(P), K(APAPT))
= 2., (207 Api + 2p] Apj — 2p] Ap; — 2p] Api)?
+2 3, 15 — pil*1Ap; — Apj?
= 43,5100 — )" (Api — App)? + 235, i — Bi[*[Api — Ap;*.

7(L)(AL,AL)

The calculations about L are similar, implying

“(L)(AL, AL) — fy(L)(AL, AL)
= 4,0 — )" (Api — Apy)* =[5 — 5;)" (Api — Apj)]?
+2 3%, (I19i = p4l1* = |5 — p;11*) |1Api — Apj?
= 4%, (i — i — pi + 5) T (Api — Apy) (i — Bj + pi — 5;)T (Api — Apy)
+2 3% (B — pj — pi + )" (Bi — Dy + Pi — pj) | Api — Apj]*.
Then,
[fL(L)(AL,AL) — f{(L)(AL, AL)|
< 6% 1B — Dy — i + pjllDi — Bs + Pi — Bill| Api — Apj*.

Since |AP||r = |[VAL|r = |AL|F = 1,
|Ap: — Apjl* < 2(]Apil* + | Aps]?) < 2.
From L, L € B,(L), it follows that P, P € B,(P). Then, we have
|6 —D; = Pi + Dl < pi — il + [1B; — pil

< \/Q\[Hﬁi jﬁiHZ + [l — py?

N

where the first inequality follows from the triangle inequality, the second from the Cauchy-Schwarz
inequality, and the third from the fact that

|P—Plp=|VL-VL|r=|L-L|r.
We also have

24 1Di — B + pi — by
2 12(0i = pj) + (Bi — i) — (B; — Bj) + (Bi — Pi) — (B — D))
2255 1P — Bl + 25 5 1P — Bill + 22 5 |95 — Bl +
2P = Bill + 25 5 155 — Byl
235 1Di = Dl +n 20 P — Bill +n 25 [ — Byl +
n > |pi — pill +n 2 (D — byl
< 225 0pi — bl + An®/2r,

N

where the last inequality follows from the Holder inequality. Thus,

L)AL AL) ~ fUENAL AL < 12v2|L ~ L|p S 161 — b5 + 5 — ]
< V2L - Lir (S, 15 — Bl +20%2r).
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applying (5.47) turns out (5.48). By (5.50), we have

#(L)(AL, AL) zgé;m, AL) — (f}(L)(AL,AL) - f{(L)(AL, AL))
L

> uin(VAfL(L) = 7|L — L|r )
= )\min(v fL<L>) -, fOI’ all L e BT(L)7 HALHF = 1.
Thus, we obtain (5.49). O

To verify the existence of a Ingm for Example 5.5.2, we calculate the Lipschitz constant esti-
mated in Proposition 5.5.4. Let r = 1073. Since

2V = (VD) ) < 213 x 10°,

z?]

(5.47) gives
v =7.24 x 10%,

Moreover, by (5.49), we have

Amin(V2fL(L)) = 211 — 7.24 x 10* x r = 138.6 > 0, for all L € B,(L). (5.51)

That is, we find a neighbourhood where the Hessian stays positive semidefinite. Next, we prove
that the objective stays sufficiently positive in a region around L.

Lemma 5.5.5. Let the configuration P~= VINLE R=Dxd [ ¢ RO=Dxd gnd positive parameters
fr.m € Ry, be given. Suppose that fr(L) > fr and that the Hessian V2 f1, is uniformly positive
definite in the r-ball around L, i.e.,

Amin(V2fL(L)) > 0, for all L € B,(L). (5.52)

Then fr, is positively uniformly bounded from below in B,(L), i.e.,

fo(L)> fr >0, forall |L — L||p < min {T, %} :

Proof. By the positive definiteness assumption of the Hessian in the r-ball B, (L), we can apply con-
vexity of fr, in the ball. Therefore, for all L € R*=D*d such that |L—L| p < min {r, (fr(L) = F)/ IV fr(D)| F}

we have

fuL) = foL)+<{Vfr(L),L—L)
> fu(L) = IV D)FIL - L|F
> fr,>0.

By (5.44), (5.45) and considering f;, = 103, we get

fr(L) - fr _ 265 % 103 — 103
IVfo(L)| 10-7

>,
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According to Lemma 5.5.5 with (5.51) we conclude that

fo(L) > fr. >0, forall Le B.(L). (5.53)

We now apply the classical Kantorovich theorem to prove the existence of a unique Ingm point
within a certain neighborhood. We reword the version in [54, Thm 5.3.1].

Theorem 5.5.6. Let the configuration matriz P = VL € R™*4 [ ¢ R=1xd pe given. Letre Ry,
be found such that

V2fL(L) >0, for all L € B.(L),
and f1, satisfying

fo(L) > f. >0, forall L€ B.(L).
Let v be a Lipschitz constant for the Hessian of f1, in the r-ball about L. Set

B:=|V2fL(L) 2 and n:=|V?fL(L)T'VfL(L)].

1 1—/1—2a
By

Define yg = By and a = vgn. If a < 5 and r = rg :=
I~/,L1,L2, ..., produced by

, then the sequence Lo =

Lis1 = L — V2 fr (L) 'V fr(Lg), k=0,1,...

is well defined and converges to Ly, a unique root of the gradient V f1, in the closure of By, (L). If
a < %, then Ly is the unique zero of V fr, in By, (L), where

. { 1++/1— 2a}
rii=minir, ——— ¢
By
and |L, — Ly|p < 20)?*Z,  k =0,1,.... Moreover, Ly is a Ingm.
Proof. The proof is a direct application of the Kantorovich theorem, e.g., [54, Thm 5.3.1], along
with the above lemmas and corollaries in this section. O

As mentioned previously in this section, the conditions required in Lemma 5.5.5 and Theo-
rem 5.5.6 are fulfilled with

r=1073, v =7.24 x 104, f; = 10°.
Plugging them and (5.44), (5.45), (5.46) into Theorem 5.5.6, we have

1/212 < 3 < 1/210,

n < |V2fr(L) V2|V (L) < 1/210 x 1077,

YR = By < 1/210 x 7.24 x 10%,

a=vyrn < (1/210 x 7.24 x 10%) x (1/210 x 10~7) < 1/2,

(1-vI—2a) _ 1—4/1-2x1/2102x7.24x10-3
By < 1/212%7.24% 104

ro =

Combining these with (5.51) and (5.53) via Theorem 5.5.6, we conclude that f, has a Ingmin
B, (L).
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In Figure 5.1 we plot the known centered global minimizer P and the centered numerically
found P near which it has been proved there exists a Ingm. It is interesting to observe that the
Di ~ p; for all i # ig, all except the one p;, with the biggest absolute value, i.e., |pi,| > |pil, for all
i # 19; the corresponding p;, has the biggest absolute value among all p; for i = 1,...,n = 50, and
has an opposite sign to pj,.
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Figure 5.1: values of global min P € R%9*! and numerical configuration near Ingm P e R%9%! in
Example 5.5.2.

Based on these observations, we generated examples with d = 1 and n = 100. We randomly
generated L, then get centered P by setting P = VL. Next, we find p;,, which has the biggest
absolute value among all p; for ¢ = 1,...,n. We define the starting point P by setting p; = p; for
it # 19 and p;, = —p;,. Starting from L= VTlf’, the trust region method converges to a nonglobal
second-order stationary point of fr (L) with high frequency.

Case d =2

As mentioned in Section 5.2 for the case of d > 1, all local minimizers of f7,(L) are nonisolated,
implying that the Hessian matrix, at any local minimizer of fr(L), is singular. We consider the
model fy(¢) for an example with d = 2, and we analyze a configuration ? € R satisfying equivalent
conditions to (5.43) but for f:

~
V
S

Objective value : fg(g) = fg(g) > f;,  for some (large) fo ; (5.54)
Near stationarity : |V fo(€)| < g, for some (small) g, > 0; '
l

Local Convexity :  Amin(V2fe(£)) > Ay, for some (large) Ay > 0.
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We use Kantorovich Theorem to verify that this example has a strict local nonglobal minimizer
Ly, where the first 2 rows of LTriag(¢,) are linearly independent. According to Theorems 5.3.7
and 5.3.8, LTriag(¢,) is a local nonglobal minimizer of fr(L), and V LTriag(¢y) is a local nonglobal
minimizer of f(P).

Example 5.5.7. AT} ezample with n = 100,d = 2 is given, with data 0,0 € RY7 presented, see
Footnote 3. Matriz D is the distance matriz obtained from £ by

D = K(V LTriag(f) LTriag()T V7).

Thus, £ is a global minimizer; lisa numerically convergence point obtained by a trust region method
with random initialization. The objective value is

fo(f) > 9.99 x 10°, (5.55)

the absolute and relative gradient norms are

IV fo(0)] < 9.23 x 1078, VIO _ g 94 « 10712 (5.56)
1+ fi(€)
and the least eigenvalue of the Hessian matrix is
8.58 > Amin(V2/fe(£)) > 7.93. (5.57)

In the following Corollary 5.5.8, we verify that there exists a Ingmof fy(¢).
Corollary 5.5.8. Let r > 0,0 € RV pe given. If

v = 24V2 <Z I(V LTriag(€))[i,:] — (V LTriag())[4, ]| r + 2n3/2r> : (5.58)

i,
then v is a Lipschitz constant for the Hessian of f; in the radius-r neighborhood of l:
IV2fe(8) = V2 fo(@) o < AL =2, for all £,0 € B, (f).

Moreover,

Amin (V2 £2(0)) = Amin(V2fo(0)) — 7, for all £ € B,.(f).

Proof. The results follow from the fact that, according to (5.24), the Hessian matrix of f; at 1

is a submatrix of the Hessian matrix of fr, at LTriag(¢). The steps are similar to the proof of
Proposition 5.5.4. 0

In Example 5.5.7, we have
IV LTriag(0))[i,:] — (V LTriag(f))[4,:]| < 1.803 x 10",
12

Let 7 = 107°. Then v = 6.12 x 10° satisfies (5.58). According to Corollary 5.5.8 and (5.57), we
have

Amin (V2 £2(0)) = Amin(V2fo(0)) —yr > 0, for all £ € B,.(). (5.59)
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We now continue to extend the results from Section 5.5.2 to this d = 2 case.

Corollary 5.5.9. Suppose that fg(g) > f; and that the Hessian V2 f, is uniformly positive definite
in the r-ball around £:

Amin(V2fe(€)) > 0, for all £ € B,(¢).

Then, fo is positively uniformly bounded below in B, ({):

_ ~ N7
fe(0) > fr >0, forall |¢ —¢| < min {7‘, ‘M} .
V1)
Proof. The results follow as in Lemma 5.5.5. O

Let fr, = 103. By (5.55) and (5.56), we have

fo(0) = fo _ 899 x 10°

= > r.
[VA(O)] ~ 923 x 1078
Thus, according to Corollary 5.5.9, we have
fe(0) > fo >0, forall £e B,(f). (5.60)

Corollary 5.5.10. Let (e R be given and r € Ry be found such that

V2fi(0) >0, for all L € B.(f), (5.61)

and f, satisfy

fo(€) > fo >0, forall £ e B.(¢).
Let v be a Lipschitz constant for the Hessian of fo in the r-ball about (. Set

8= V) N2y and = [V2f(0) TV fo(D)].
Define yg = By and a = ygn. If a < % andr =1y = 1_%17_20‘, then the sequence by = 0,01,0s, . ..,
produced by

Chyr = by — V2 () 'V folle), k= 0,1,...,

is well defined and converges to Ly, a unique root of the gradient V fy in the closure of By, 0). If
a< %, then Uy is the unique zero of V f; in the closure of By, ({),

1—1—\/1—204}
By

71 := min {r,

and
16x — 4] < (Qa)%g, k=0,1,....

Moreover, £y is a lngm .

Proof. As in Theorem 5.5.6, the proof is a direct application of the Kantorovich theorem. O
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Plugging (5.55), (5.56), (5.57), and

r=10"° ~=6.12 x 10°, f; = 10?,

into Corollary 5.5.10, we have

1/7.93 > 8 > 1/8.58,

n < |V2f(0) 7 2|V fe(0)] < 1/7.93 x 9.23 x 1078,
YR = By <1/7.93 x 6.12 x 10°,
a=vrn < (1/7.93 x 6.12 x 10°) x (1/7.93 x 9.23 x 1078) < 1/2,

1-VI-2a _
By

1—\/1—2><1/7.932 x6.12x9.23x 103 <r

ro =

1/8.58x6.12x10°

Combining this with (5.59) and (5.60), we conclude from Corollary 5.5.10 that there exists a Ingm in

B, (0).

In Figure 5.2 we plot: the points p; € R%, i = 1,...,n = 100, of the global configuration
P e R199%2 “and the corresponding points p; € R?, i = 1,...,n, of the numerical configuration
P e R'09%2 pear a proven Ingm. We note that p; ~ p;,Vi = 1,...,n, except for two indices i

and ¢1; while p;, and p;, appear to be the reflections of p;, and p;,. This interesting observation is
similar to what happens in Example 5.5.2 as seen in Figure 5.1.
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Figure 5.2: coordinates of global min P € R'99%2 and numerical configuration near Ingm P €

R190%2 i Example 5.5.7.
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Chapter 6

Single Element Error Correction in an
EDM

6.1 Introduction

We consider error correction for a given Fuclidean distance matriz, EDM, D, where the elements
are the squared distances between n points in R? with d the embedding dimension and d > 1.
For our problem, we know the embedding dimension, and it is given that exactly one distance is
corrupted with nonzero noise. But we do not know the magnitude or position of the noisy distance.
Thus our problem is a EDM completion problem with known embedding dimension where the
position of the noisy unknown element is not given. This means that there is a hard combinatorial
element to the problem. We use three different divide and conquer, D€ C, approaches in combi-
nation with three different versions of facial reduction, FR, one of which involves Gale transforms.
These methods solve this problem efficiently and accurately in all but two hard cases. The results
are related to yielding in an EDM studied in [0], i.e., characterizing when a perturbation of one
element yields an EDM. We also show that the intuitive approach of finding the nearest EDM
only works in the trivial case where the original distance is 0, degenerate, and the perturbation is
negative.

The first D& C approach divides the matrix into two overlapping principal submatrix blocks.
We then either identify a block that contains the corrupted element and continue with the smaller
problem for that block; otherwise we use EDM completion to identify the correct position and
magnitude of the noise. The second approach divides the matrix into the largest number of over-
lapping principal submatrix blocks with minimal overlap that allows for EDM completion. Again,
we either identify one block to further subdivide the problem or we complete the EDM to locate
the correct position and identify the noise. The third approach divides the matrix into principal
submatrix blocks of smallest size that can be completed and we again apply the divide and conquer
approach.

The three D& C approaches are used in combination with three different types of facial reduc-
tion: (i) finding exposing vectors Z; for each block and then using the exposing vector Z = .. Z;
to identify the face f =S n Zt < S?; (ii) finding a facial vector, F'V, denoted V;, for each block,
and then finding the intersection range(V) = n;range(V;) efficiently so as to identify the face
f= VS‘i vl «a S%, of the semidefinite cone S'}; (iii) a combination of exposing and facial vectors
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first finds a Gale matrix N so that Z = NN7 is an exposing vector and yields a facial vector V to
identify the face f. Identifying the correct face allows one to find the correct full rank factorization
of the Gram matrix to complete the EDM.

Included are several interesting results on: the commutativity of some operators for this distance
geometry problem; and properties of having exactly one noisy element. Our main result is three
successful algorithms that efficiently find the position and magnitude of the corrupted distance.
The algorithms scale well. The best algorithm can solve problems of the order of 100,000 points
in approximately one minute, and to machine precision. With embedding dimension d, the data
is then size 100,000d with resulting D € EDM of size n = 100,000. Theoretical difficulties arise
when the points are not in general position. Note that the n points are in general position if the
affine hull of every subset of k > d + 1 points is all of R%. In fact, we prove that difficulties arise
only when all but at most d + 1 points are in a linear manifold of dimension d — 2.

In the process of this study, we review the relationships between three methods of facial reduc-
tion and Gale transforms. In addition, we show that the only time that the intuitive approach, the
nearest EDM problem, solves our problem is the case where the original distance is 0, and the
perturbation is negative, i.e., a trivial case.

6.1.1 Related Literature

The literature for EDM and more generally distance geometry is vast and includes many surveys
and books with many applications in multiple areas of mathematics, engineering, health sciences.
Classical results on EDM completion problems appear in e.g., [16, 18, , , 115] and relate to
applications in protein folding and molecular conformations, e.g., [34,158], as well as sensor network
localization, e.g., [34, 113].

Completing a partial EDM using facial reduction, FR, and exploiting cliques and facial vectors
was presented in [113]. This approach was extended to the noisy case in [(1] by exploiting the
exposing vector representation for FR. Other approaches that do not necessarily use FR are
discussed in e.g., [3,50,112] and the more recent surveys [59, 120] and the references therein. The
paper [306] discusses perturbation analysis for EDM completion and convergence of algorithms
under perturbations. Matrix completion with noise and outliers is discussed in [178]. Further
applications of EDM for finding the so-called kissing number are found in sphere packing that has
further applications to error correcting codes from the fields of communications. A recent discussion

on EDM completion with noisy data is in [133]. More recently, finding the nearest EDM in the
£y norm, the least number of changed elements, is studied in [14]. Many applications are included
as well.

An application to finding a single node in the graph where the edges to the node are known
but can be noisy was done in [145]. This is closely related to our problem and the paper includes
applications to real world problems, e.g., when the unknown node is a cellular phone and the other
nodes are cellular towers. Our application would consider the case when one tower is partially
obstructed and provides a noisy distance to the cellular phone. Further results related to our
problem is [5, Section 7.1] that deals with the completion problem for one missing entry of an
EDM. See also [10].

!These exact conditions for difficulties arise in finding examples of local nonglobal minima for configuration matrix
problems presented in [159, Example 5.1].
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Further, we relate FR to Gale transforms. Details for Gale transforms are presented in [09]
and discussed further in e.g., [7].

6.1.2 Outline and Main Results

In Section 6.2 we present the main problem description. This includes the relationship with semidef-
inite programming, SDP and the Gram matrix. We include the background on FR and results
on commutativity involving the mapping between the semidefinite cone S’} and the EDM cone.
Further definitions and results are presented as needed.

In addition, in Section 6.2.2 we show that the only case when the nearest EDM formulation,
NEDM,,, solves our problem is when the original element (distance) is zero and the perturbation is
negative. This emphasizes the difference in our approach and that of FR with a NEDM approach.
Solving FR for NEDM allows for reduction in the size of the problem while also improving ro-
bustness, e.g., [61]. FR for our approach also reduces the size of the problem but it allows for
recognizing the location of the single corrupted element in an efficient way. We note that moving
to more than one corrupted element greatly increases the difficulty of the problem, as one moves
from characterizing intervals to higher dimensional objects that maintain the EDM property as
well as the embedding dimension. In Section 6.3 we present the three algorithms: Section 6.3.1
presents the bisection D& C with facial reduction using exposing vectors, BIEV; Section 6.3.2
presents the multi-block case with FVs, MBFV, and is based on an efficient technique for finding
the intersection of faces. A proof of finite convergence for this algorithm can be given based on
the characterization of so-called restricted yielding in Theorem 6.5.2, i.e., characterizing an interval
of perturbation of an element that preservers both the EDM property as well as the embedding
dimension d. Finite convergence for the other approaches can be proved similarly. Section 6.3.3
presents an equivalent approach that uses small blocks with Gale transforms, SBGT. This sec-
tion also highlights the interesting relationships, equivalences, between facial reduction and Gale
transforms.

In Section 6.4 we present a complexity analysis of the methods as well as present the empirical
results. We solve small, large, huge problems.

In Section 6.5 we discuss the two hard cases where the algorithms can fail. We present a
characterization in Theorem 6.5.2 for detecting one noisy distance. Here we extend the results on
yielding in [5, Section 7.2], i.e., characterizing when the EDM property is preserved under a single
element perturbation. We provide a characterization when a perturbation yields (preserves) not
only an EDM but also maintains embedding dimension d. The result states that all but two points
are on a linear manifold of dimension d — 2; and this is particularly elegant for d = 2. We include
empirics for the hard case.

6.2 Problem Description

We recall basic results about EDM and SDP in Section 2.3. In particular, Lemma 2.3.1 provides a
useful commutativity result for K, P,, while Lemma 2.4.11 recalls the result that a sum of exposing
vectors is an exposing vector. Theorem 2.4.12 shows how to find a (centered) FV for the face
corresponding to a given principal submatrix D,. Then Lemma 2.4.13 illustrates an efficient and
accurate way to find the intersection of two given faces by finding a F'V from the corresponding
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two given FVs. Many of these can be found in classical references e.g, [5,16,1141] and the references
therein.

The results here use the general position assumption. Further results are in Theorem 6.5.2 that
characterizes when the perturbation of a single element in an EDM with embedding dimension d
can still be an EDM with embedding dimension d. This is important for our general algorithm
in identifying the location of the corrupted element in the EDM. The main problem is presented
in Section 6.2.1.

6.2.1 Main Problem Description and Model

We begin with a description of the main problem.

Problem 6.2.1 (Find magnitude/location of noise in EDM). Let the original data Dy € E", the
cone of EDMs, and let d = embdim(Dgy) > 1. Let 1 < i < j < n be unknown fized indices and

let the unknown noise magnitude be 0 # € € R. Define the corrupted data matriz D, = Dg + eE;;.
Then:

Find the position i,j and the value of the noise € from the given corrupted data matriz
D,, with one noisy data element.

Remark 6.2.2 (Naive Discrete Model). The fact that we have a single noisy element and a known
embedding dimension leads to the following rank constrained mized integer MIP and SDP:

p* = min |Ho (K(G)— D)3
s.t. G =0, rank(G) =d
(MIP,SDP ) diag(H) =0 (6.1)
H e S"n{0,1}"*"
e’He =n?—n—2,

where H o D denotes the Hadamard product and H is the adjacency matriz of the complete graph
where one edge is missing as characterized by the last constraint. Since exactly one element is
noisy, we know that the optimal value p* = 0 when the correct position i,j is chosen for H. This
problem looks extremely difficult as we deal with binary variables as well as semidefinite and rank
constraints. Our approach in this chapter takes advantage of the structure to get extremely accurate
solutions very quickly, while avoiding the difficult nature of the hard discrete problem (6.1).

6.2.2 Nearest EDM, NEDM, Formulation and Solving Main Problem 6.2.1

It is natural to try and solve Problem 6.2.1 by finding the nearest EDM, (NEDM, see (6.3)
below) to the given noisy D,, i.e., relax the MIP formulation (6.1). This emphasizes the difficulty
of Problem 6.2.1 when the noisy data D, € £". We now see that the NEDM approach works
only in the case where the corrupted element arises from a negative noise at a zero distance in the
original Dy € £", i.e., the degenerate case of one point on top of another.

We now choose a facial vector V that allows for facial reduction for EDM completion problems.
We let V be chosen so that [V e] is an orthogonal matrix and for X € S"~!let Ky (X) := K(VXVT),
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where K is given in (2.4). Results on adjoints, ranges and nullspaces are given in [2]. For example,
the adjoints are:
K*(D) = 2(Diag(De) — D), Ki-(D) = VIK*(D)V,

Moreover,
0=VXVT = 0=VIVXVTV — X =0,

and therefore, for D = KK(VXVT) we get that VXV is a centered matrix by definition of V, and
so D is a hollow matrix and

X #0 = (X,K{(Kv(X))) = [Kv(X)|F = |D|} #0 = KyKyv >0, (6.2)

ie., Ki(Kyv(:)) > 0, is a positive definite linear operator. The facially reduced NEDM then has a
unique solution and is:

_ 1
X(D,) = X = argmin - |Ky(X) — Dy |%. (6.3)
x>0 2

Lemma 6.2.3 (Nsn (X), normal cone). Let

X =[Q1 Q] [j(; 8] [Q1 QQ]T eSt, AeS,,

with Q = [Ql Qg] orthogonal. Let A € R"} be the vector of eigenvalues of X. Then the normal
cone

Now(X) = QDiag (Niy (1)) QT
= {Xe-S$":XX =0}
_ {X e—S":X =[Q1 Q] [8 [ﬂ [Q1 @] Ae —Si""}

— (St —7)_()+ (nonnegative polar cone)
—face(X)?, (the conjugate face).

Proof. Results on normal cones for SDP are well known, e.g., [25, 114]. We include a proof for
completeness.

The proof follows from using t_he Eckart-Young-Mirsky, e.g., [65], and the Moreau decomposition,
e.g., [131], theorems. That is X is the nearest point in S’} to a given Y e S™ if, and only if,

Y -Xe Nsn (X), and Y has an orthogonal decomposition
Y =Y, +Y., Yy, —Y_eS", Y,Y_ =0,

using the projections Y., Y_ onto the nonnegative and nonpositive semidefinite cones, respectively.
Therefore Y — Y, = Y_,Y, = X yields the result. Note that the Eckart-Young-Mirsky theorem
characterizes the projections as being the same as using the Moreau decomposition. O

We now present a characterization for when the nearest point finds the original EDM after a
single element is corrupted. Note that for our problem the ¢, j are not known.

Theorem 6.2.4 (When NEDM finds Dy). We define Dy € £", E;; € S", indices i,j as above, and
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let the corrupted D,, = Do + e€FE;; ¢ E". Further let

YZK:?/(E”) = VTIC*(EU)V

2 [viTvi + v]ij — ol

i Uj — UTUi] s

J

where v; is the i-th row of V. Then e #0,0#Y >0, and

Dy is the nearest EDM to D,, <= Dy = Ky (X), for X from (6.3),
= Xo:=Kl(D)eY?:=ST1 Yt ande<0,
— Xo:=K,(Dg)eY?:=ST1nY"t Ve<,
< (Dg)ij = O, and € < 0.

i
v (6.4)
1%

Proof. We consider the nearest EDM problem in (6.3) with X, = /C}(D()) as the original data.
We want to characterize Dy, or equivalently X, so that the optimum X in (6.3) equals Xy, i.e, the
NEDM problem solves our Problem 6.2.1.

First we note from (6.2) that ICj;/Cyy > 0 so that the objective in (6.3) is strongly convex and
we have a unique optimum. The optimality conditions for Xy for the nearest point problem are
that the gradient of the objective function is in the polar cone (negative normal cone) of the SDP
cone at X, see Lemma 6.2.3, i.e., we have the equivalences

K (Kv(Xo) — Dn) € (S = Xo)t  «—  Ki(KvKl (Do) — Dy) € (ST — Xo)*
— K¥(Do—D,)e (ST - Xo)*
—  eKE(—Ey) e (S - KL (Do)t
—  —eKy(By) e (ST = Kl(Do))*

Note that range(KC) = range(KCy) = S}, the hollow subspace defined in (2.5). Therefore
null(K#) = (S%)+ = range(Diag). As Ej; is not diagonal, we get K} (E;;) # 0. Alternatively, we

recall that the choice of V implies V := [V ﬁe] is orthogonal. Therefore, the rows satisfy

T

1 1 1 1
vivj%—E:O,viTvi—i-E:l = v;[vi—i-v?vj—vlrvj—vai:Q(l—+> =2#0,

n n

i.e., we see again that Kf,(E;;) # 0.

We now observe that necessarily € < 0. Without loss of generality, we assume € < 0. To have
the nearest matrix be the original data Dgy, Xo, we need to have

Ki(Ey) € (S =K} (Do)t

= (87— Xo)*
= {XeST':XX,=0}
= face(Xp)2,

i.e., the conjugate face to face(Xp).
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Next we see the equivalence using v;, the rows of V:

Y =Ky (Ey) = VIK*(Ej )V
2V (Diag(E;ije) — Ei;)V, (> 0, since congruence of a Laplacian matrix)
2V T (ezel + eje;‘-F - eie? +ejel )V

2 [viTvi + vavj — vz»ij — vavi] .

Since Y, X € Sﬁfl, we have
Y € face(Xo)® <« Xgeface(Y)® «— YXy=0 < traceY Xy = 0.

Therefore, the first two equivalences in (6.4) follow as Dy = Ky (Xj).

Finally, we note that the conjugate face condition is equivalent to
0 = trace XY = trace XOVTIC*(EU)V = trace /C(VXOVT)Eij = trace Do F;;.

Therefore, we can only have a negative perturbation from (Dy);; = 0. O

6.3 Three D& C and Three FR Methods

We have three different D& C methods: bisection; minimum block overlap; and minimum block size.
And we have three different FR methods: exposing vector; facial vector; and Gale transform. The
result is nine possible algorithms. We now pair each D&C method with exactly one FR method
and describe and implement these three methods. For simplicity, we assume that the general
position assumption holds, i.e., we can easily find a principal submatrix of the Gram matrix with
rank d, see Remark 6.3.1.

6.3.1 Bisection D&C with Exposing Vector for FR

The first algorithm combines the bisection approach for D& C with the exposing vector approach
for FR, denoted BIEV. We divide the corrupted data matrix D,, into 2 properly overlapping blocks
corresponding to principal submatrices. We first identify whether the noisy element is within one
of these two principal blocks and reduce the problem to that block. Or if it is outside both chosen
principal blocks, then we apply FR. explicitly to solve the problem and find the position (4, j) and
noise e.

Recall that d is the embedding dimension. We assume that n > d, i.e., is sufficiently larger than
d. Then we use the two blocks indexed by columns (rows)

L=1{1,... [(n+d+2)/2]}, L={(n—d—2)2]....n}, (6.5)

i.e., we have the two principal submatrices D1 = Dy, Dy = Dy, which overlap in the block of size
at least 2((n+d+2) — (n—d—2)) = d+2. In addition, the assumption n » d implies each block
is at least size d + 1.

Remark 6.3.1. The overlap corresponds to the sets of points
I=ILnh={(n-d-2)/2],...,[(n+d+2)/2]}.
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If the corresponding (centered) Gram matriz has rank d, then we know that the overlap of the
graph is rigid, i.e., the missing distances in I; U Iy can be uniquely found using e.g., FR, see
e.g., [113, Lemma 2.9] and further clarification in Section 6.3.2, below. If this is not the case, then
we need to permute the columns of D,, in order to obtain a rigid overlap.

This raises the hard question of how to find the best overlap. The simple case occurs if the
overlap is in general position, i.e., each principal submatriz Do, < [n], |I| = d+ 1 corresponds to
a Gram matriz with rank d.

We now find the supposed Gram matrices G; = KT(D;),i = 1,2, i.e., these are indeed centered
Gram matrices with rank d if D; is an EDM. There are now three cases to consider for this current
approach.

Case 1: Reducing Size of Problem

Suppose that one of G;,7 = 1, 2, is not positive semidefinite of rank d, i.e., as a result of the noise in
the data, the corresponding submatrix D; is not an EDM or does not have embedding dimension
d. Then we can continue on the D&C approach and reduce our problem to that submatrix. And
then we continue the division, i.e., we have reduced the problem by a factor of roughly 2. We then
redefine n and D,, appropriately and return to dividing the indices in (6.5).

Case 2: EDM Completion using FR

We first recall that for G > 0, face(G) denotes the smallest face containing G. Let V, N denote
matrices with columns that are orthonormal basis for range(G), null(G), respectively, e.g., made up
of an orthonormal set of eigenvectors. Let d = rank(G). Then as stated above,

face(G) = VSLVT = 8" A (NNT)L. (6.6)

V is a facial vector, [103], while Z = NN is an exposing vector, e.g., [61]. And moreover, the sum
of exposing vectors is an exposing vector, Lemma 2.4.11:

Z; > 0,trace Z;G =0,i=1,... .k = ZZiZO,trace<<2Zi> G) =0. (6.7)

Suppose both G;,i = 1,2, are centered Gram matrices with rank d. Then we know the corrupted
element /distance is outside the principal blocks. We now continue to completely solve the problem
using FR as we can now complete the partial EDM formed from the two blocks. We now give the
details.?

1. Using the spectral decomposition of G;,7 = 1,2, given above, we obtain orthonormal bases of
centered null vectors for the nullspaces of the Gram matrices G;,7 = 1,2,

GiN; =0, N'e =0, NN, =1,i=1,2. (6.8)

2See e.g., [61, Algor. 1, Pg. 2308] for more details.
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Let Z; = NiNZ-T > 0,7 = 1,2, be the corresponding centered exposing vectors, i.e., we have
Z:Gi =0,Gie =0, Zie =0,G; + Z; + el >0,i=1,2. (6.9)

By centering N; we get that both G;, Z; are centered and thus we add the missing element e
to get positive definite.

2. Let W; be zero matrices of order n and set
(WZ)LL = Zi? 1= ]-727

i.e., we place the centered exposing vectors Z; into the correct blocks. Now each W;, 71 =1, 2,
is a centered exposing vector for the true centered Gram matrix G. As the sum of exposing
vectors is an exposing vector, we form the centered exposing vector of the true centered Gram
matrix G,

Z =Wy + Ws. (6.10)

This yields a mazimum rank exposing vector

GZ=0,Ge=0,Ze=0,Z>0,G+Z+ee’ >0. (6.11)

3. We choose V, VTV = I, to be full column rank and to span null([Z e]?).> This completes
the FR as we have
G=VRVT ReSl,  Ge=0. (6.12)

4. We denote the adjacency matriz, H, to be the matrix of zeros with ones in the positions
indexed by a. Recall that H o D denotes the Hadamard product. We solve the cone least
squares problem that does not include the noisy element:

min || Hy, o, © K(VRVT) — Hy, o1, © Dyl|%. (6.13)

Since R is order d and at the start d << n, this can be a very overdetermined problem and
can be helped by using a sketch matriz, see e.g. [(1].

5. In the case of random data, we expect all non-noisy blocks of size at least d + 1 to be proper
EDMs. Therefore, the optimal solution R in (6.13) is unique and in S¢ . Therefore, we can
solve this least squares problem as an unconstrained problem and improve on the accuracy
and speed. There is one constraint, linear equation, for each distinct pair in the set

Ir:={(i,7) : (4,5) € (I x 1) v (I2 x I2), i < j}.

We let svec : S* — RY™ denote the isometric mapping that vectorizes a symmetric matrix
columnwise with multiplying the off-diagonal elements by +/2. The inverse (and adjoint) is
sMat = svec*. Similarly, usvec : S" — R*"~1 g for the strict triangular part with usMat =
usvec®. Let the unknown variable be r = svec(R) € R4 where we denote triangular number,
t(d):= d(d+1)/2. The mg x ng system, mp = t(|[1|—1) +t(|L2] = 1) —t(|[1 n 12| —1) X (ng :=
t(d)) linear system to solve for r is

usvec Hy, 1, o K(V sMat(r)VT) = usvec Hy, o, © D, (: RUD — REPD), (6.14)

3 As noted following (6.6), this is called a facial vector [103]. In fact, this is a centered facial vector.
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The columns of the matrix representation are obtained by replacing r with unit vectors
ei,i = 1,...t(d). We note that the rows corresponding to 7,j not in the union of the two
blocks are zero and can be discarded.

Alternatively, we could find the transpose of the matrix representation by taking the adjoint of
the left-hand side in (6.14) and working on R{™ — RUY We use g = ¢, € RH*~1) usMat(g).
The adjoint is given by

svec (VI K* [Hp, 1, o usMat(g)] V) . (6.15)

We first simplify Hy, o7, o usMat(e,) to get the row of the matrix representation. For each
L€ [t(n —1)], we can find i, j € [n] such that « =i + Z;;g ¢ and observe
% (eie? + qe?) it H;; =1,

Hip, 1, ousMat(e,) =
0 otherwise,

where H;; denotes the 4, j-th entry of Hy,r,. Restricting g to the case when H;; = 1, gives

K* [Hy, o1, © usMat(e, )] K| L (eieJT + ejeT)]

V2 i
V2 | Diag ((eie? + ejeT)e> - (eiejT + ejeT)]

7 %

V2 |Diag (e; + ;) — eie]T - eje;fr]

T ol o oT _ . oT
ﬁ(ezei—i—e]ej €i€; ejel->.

Plugging this into (6.15), we obtain

V2 svec (viTvi + vavj — vl — U]-Tvz) = +/2svec (’UiT('Ui —vj) — 'UJT('Uz‘ — vj)) (6.16)
= +/2svec ((vZ — vj)T(Uz‘ - Uj))

as a column of the matrix representation of the adjoint. Here v; is the i-th row vector of V.
The advantage here is that we can use unit vectors for g restricted to the indices corresponding
to I; u I3 when finding the columns.

In our implementations, the calculation of the matrix representation was the most expensive
step. We now show how to avoid this step.

This provides a simplification for solving the least squares problem in (6.13).

Corollary 6.3.2. Let
Deé&™ G =KlI(D),

and let o < [n],|I| = d + 1. Define
Dg := Pa(D), Gq := K1(Dy).
Suppose that rank(Gy) = rank(G) = d. Then

KI'PK(G) = KHC(Pa(G))
J(Pa(G))J.

Moreover, if G = WWT Gy = W WL are full rank factorizations, and V,V, are centered facial
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vectors with

range(V) = range(G), range(V,,) = range(G,,),

then
Q=VW=>UV)W,, W=W,,

and the EDM can be recovered with D = K(VQQTVT).

Proof. Let G € S} n S, face(G) = VSLVT 987, V a given centered, VTe = 0, facial vector of
full rank. The first part of the corollary is a direct consequence from Lemma 2.3.1. Let G = WWT
be a full rank factorization and let () be a solution of

JPVQ = W,.
Then,
KIP.LVQQTVT) = J(Pa(VQQTVT))J

= JVQQQTVOF;FJ

= JVaQ(JVaQ)T

= WQW;{ = Gqy.
Therefore,

PQK(VQQTVT) = K:(Ga) = D,

and thus

Pa(K(VQQR'VT) — D) = 0.
O

Using the above lemma we can avoid finding the matrix representation and find the full rank
factoriazation of the small R instead.

Case 3: Small Remaining Block

Suppose that there is a single last block I with G, that is not a proper Gram matrix with the
correct rank but is too small to divide further, e.g., < 2d+ 2. Without loss of generality, we assume
I ={1,2,...,¢}. Then there are (¢ — 1)/2 possible elements that are noisy. We can now use other
distances to find the noisy one, i.e., for i,j € I,i # j, we set

Lij={i,j, 0+ 1,042, .. L+1t}, |Ij| =d+1,

and verify whether or not KT (D[ij) is a Gram matrix with rank d. As soon as we find the one
that is not, then we have found the noisy position i,j. We then choose a well conditioned block
Ip,|Io| = d+ 1 and set

Il = I(] v {Z}, IQ = Io U {]}

We then use Section 6.3.1 to find the true value of D;;.

6.3.2 Multi-Blocks with Facial Vectors, FV, for FR, MBFV

The second approach uses overlapping principal submatrices, matrix blocks, where the overlap is
minimal size > d + 1 but with embedding dimension d. Therefore, we have a larger number of
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principal submatrices but they are significantly smaller. If at anytime we find a block that is not
a EDM, then we stop and find the noise for this small problem by using submatrices with the
correct embedding dimension. We denote this approach MBFV .

Rather than using exposing vectors as done above in the bisection approach Section 6.3.1, the
FR is done by efficiently finding the intersection of two faces corresponding to two blocks by
finding the FV using the approach in [113, Lemma 2.9]. We find a FV for the small blocks using
Theorem 2.4.12. We then find the new FV that represents the intersection of faces, i.e., the union
of blocks, using Lemma 2.4.13. If we end up with a small final block, we use the same strategy as
in Section 6.3.1.

Remark 6.3.3. Notice that once the problem is divided into principal submatrices, it becomes an
EDM completion problem. But it is clear that we could permute the columns and rows D, «—
QD,QT, where Q € 11 is a permutation matriz, before applying the subdivisions and the algorithm.
In fact, we could use overlapping cliques in the graph as long as we maintain a chordal structure,
as chordalty allows for EDM completion, see e.g., [106, 100].

6.3.3 Equivalent Approach Using Gale Transforms

In this section we present an alternative approach, using Gale transforms that is equivalent to
that of FR and exposing vectors discussed above. We use the smallest blocks along with Gale
transforms and denote this as SBGT. We note that the notion of Gale transform [69,85] is well
known and widely used in the theory of polytopes. Our approach reveals interesting relationships
between FR and Gale transforms. We only consider the multi-block case presented in Section 6.3.2.

Recall that we have points pi, ..., p, in R and we assume that the affine hull of these points
has full dimension d. (In fact after centering as in (2.3), we can assume they are centered and span
RZ.) Recall that the n x d matrix of points P with P* = [pl . pn], is called the configuration
matriz of these points. Note that P has full column rank, and the Gram and EDM matrices
defined by these points are G = PPT and D = K(G), respectively. The Gale space of D, gal(D),

is given by .
sy ([ 75 ) - (] £ ). 610

Any n x (n —d — 1) matrix N such that the columns of N form a basis of gal(D) is called a Gale
matriz of D. (This is the matrix N; for G; in (6.8).) The i-th row of N is called a Gale transform
of p;. Note that N is not unique. In addition, we recall that a face f <IS"} is characterized by the
nullspace or range space of any X € relint(f) and f = face(X), i.e., f is the minimal face containing
X. We know that the full rank factorization X = PP yields a configuration matrix P. Now we
note Lemma 6.3.4 that a maximum rank exposing vector Z € f2 and a full rank factorization
Z = NNT yields a Gale matrix N.

Lemma 6.3.4. Let G € S} 0884 be a centered Gram matrix of the EDM D. Let Z be a mazximum
rank centered exposing vector for G as given in (6.11). Equivalently, Z € relint(face(G)> n S&),
where -2 denotes conjugate face. Then any full rank factorization Z = NNT yields a Gale matriz
N of D. Conwversely, if N is a Gale matriz of D, then Z = NN is a mazimum rank centered
exposing vector of G.

“The centered subset Sg is defined in (2.5).
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Proof. This follows from the definitions in (6.11) and (6.17). O

Recall that a set of points {p1,...,px} in R? is said to be affinely independent if

nuu<[pi o DZ{O}.

It is easy to see that the columns of the Gale matrix N encode the affine dependency of the points
P1y.--yPn.

Given D € E" of embedding dimension d, and j € [n—d—1], let D; = Dy; j;44+1] be the principal
submatrix of D induced by the columns (rows) [j,j + d + 1]. Therefore, each D; is an EDM of
order d+ 2. Furthermore, for j € [n —d —2], the submatrices D; and D;,1 overlap in d+ 1 columns
(rows).

Now suppose we have an incomplete D € £" where only the principal diagonal blocks D;,i €
[n — d — 1] are known, while the entries of D outside these diagonal submatrices are not known or
are noisy. The problem addressed in this chapter is how to recover all the entries of D, i.e., how to
complete the EDM. We now show how to recover D by computing P, a configuration matrix of
D, using the Gale matrix N. Recall that we have assumed that the points p1, ..., p, that generate
D are in general position. We now build IV using only information from the diagonal submatrices
D;,i € [n —d — 1]. We compare this to (6.8) and see the relation between the Gale matrix and
exposing vectors.

Recall that KT(D;) = —3.JD;J. Let
G; = K'(Dy) (6.18)

be the Gram matrix of D;. Then a Gale matrix N; corresponding to D is the (d + 2)-vector which

forms a basis of?
null q ffi D (6.19)

Moreover, it follows from Lemma 2.3.2 that all the entries of IV; are nonzero. Now a Gale matrix
N for the entire matrix D can be built one column at a time® as follows: the entries of the jth
column of N are zeros except in the positions ¢ = j,...j + d + 1 which are equal to those of Nj.
Obviously, by construction, N is n x (n —d — 1) matrix of full column rank.

Now let V' be the n x d matrix whose columns form a basis of”

NT
null ([ o7 ]) .
Note that a configuration matrix of D is given by
P’ =VvQ, (6.20)

for some nonsingular @ of order d, since the columns of both P? and V' are both bases of the same
space. Once we find @, both P° and consequently D = IC(POPOT) can be recovered. Note that

5See also (6.8) where N; is not necessarily a single column as the size of G; can be larger than G; in (6.19).

5This step is equivalent to the summation of exposing vectors in (6.10). It is shown in [61] that the summation
reduces noise if the data is random and from a (Gaussian) normal distribution.

"This is equivalent to the V' found in (6.12).
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(6.20) is an overdetermined system. We see next how to find @ by considering only the first d + 2
equations of (6.20) that we denote by:
p10 = Q. (6.21)

Here both P and V; are (d + 2) x d.®

Now (6.21) cannot be solved as is since both P and @ are unknown. In order to overcome this
hurdle, we multiply both sides of (6.21) from the left with J and let V? := JP?. Thus we get

VY =JP) = JViQ. (6.22)

Note that V is a configuration matrix corresponding to D; and (V{”)Tes.2 = 0. Recall that D;
is the principal submatrix of D induced by the rows (columns): 1,...,d + 2. Now let B; be the
Gram matrix corresponding to D;. Then V be can be found by the full-rank factorization of
By, ie., B] = V10V10T. Thus, Equation (6.22) can be solved since @ is the only unknown. Then
Lemma 6.3.5 shows that (6.21) and (6.22) are equivalent.

Lemma 6.3.5. Let V7, PlO and Vlo be as defined above. Under the general position assumption,
consider the two systems in the d x d variable matriz X

System I: V1 X = P System II: JVi X = JPY = V.

Then both systems have the same unique solution.

Proof. First note that, by relabeling the points if necessary, we can assume without loss of generality
that P has full column rank. Moreover, it follows from (6.21) that rank (Vi) = rank (P{) and
rank ([V4 €]) = rank ([P e]) since [P €] = [V €] [ QO (1) ] Thus, V; has full column rank.

Now (@ is the unique solution of System I. It is easy to see that the solution of System IIis Q+Y
where the columns of Y are in null(JV7). Let y be a nonzero vector in null(JV;), then Viy = e for
some scalar 7. Thus rank ([V; e]) = rank ([P e]) = d which contradicts Lemma 2.3.2 since we
assume that p',..., p" are in general position. Thus null(JV7) is trivial and the result follows. [

An immediate consequence of Lemma 6.3.5 is that @ in (6.20) can be calculated from System
11, for example Q = (ViTJV1)"'W1 TV, Consequently, P° = VQ and D = IC(POPOT).

8Finding Q is equivalent to solving the system for r in (6.14). In fact, we have the equivalence R = QQ™,G =
VQRQTVT = VRVT. Using the smaller system with Vi would be equivalent to not using the entire overdetermined
system in (6.14).
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Example Using Gale Transforms

Example 6.3.6. Consider the following EDM D of embedding dimension d = 2,

025 9 5 2
01 5 5 4

0 2 45

b= 0 2 5
0 1

0

(For both the EDM and Gram matrices we only provide the upper triangular parts.) And assume
that noise is added to the entries dis, dig and dsog. Then the Gram matrix corresponding to D1

51 -2 —4
. 1 1 0 -2 0 . . . .
is G1 = 3 1 L Therefore, V', a configuration matriz of D1, is obtained by the
5
1 -3
full-rank factorization of G, i.e., V¥ = % :1 _i Furthermore, a Gale matrix for D is
1 3
[ -1 0 0 ]
3 -2 0
-3 3 -1 , . NT .
N = 1 9 Nk Hence, V, the matrix whose columns form a basis of null T , 18
0o 1 -3
| 0 0 2 |
- 3 0
0 1 30 7 -1
-2 1 | o1 IR ! .
V= 30 and hence Vi = 9 1 and JVy = 3 _3 . Hence, solving (6.22)
0 -1 -3 0 -5 -1
- 0 3
-2 -1
0 1| 0 -~ 0 N A
Vi =JWNQ, we get Q = 5 9 1 Therefore, P° =V Q = 5 0 3 and the full EDM
2 1

D is recovered by using D = IC(POPOT).
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6.4 Empirics and Complexity under General Position Assumption

We generate random problems based on: the number of points n; the embedding dimension d; the
magnitude of the noise.” Table 6.2 compares three methods as outline in Table 6.1:

method # 3 D& C methods 3 FR methods
1 2 blocks exposing vectors
2 min multi-blocks FR facial vectors
3 max multi-blocks Gale transforms

Table 6.1: Three combinations of D& C and FR.

The first uses two blocks and FR with exposing vectors; the second uses a minimum number of
multiblocks with facial vectors; and the third uses Gale transforms with the maximum number of
multiblocks. In this way we illustrate all three D& C and all three FR methods. The Gale transform
method goes naturally with small blocks and so we used the maximum number of blocks. We found
that the facial vector goes best with the minimum number of blocks. Our output indicates that
all the problems were solved successfully and this follows from the fact that the general position
property holds generically. The output includes: the relative error for the accurate EDM found;
and the time in cpu seconds. We discuss the hard cases below in Section 6.5.

6.4.1 Random Problems

Tables 6.2 and 6.3 (on pages 120, 121) illustrate the high efficiency of the algorithms for speed,
accuracy, and size. The noise ¢ was a normal random variable with nonzero absolute value greater
than .01. Both the position and a near machine precision accurate value for the noise was found
in 100% of the instances.

6.4.2 Complexity Estimates

We now look at theoretical complexity estimate results and compare them to the empirical output.
For randomly generated problems, we have plotted dimension versus solution time in Figure 6.1,
page 121. This agrees with the estimates in (6.23) to (6.25) for the three methods, respectively:

BIEV,MBFV,SBGT: 0O(n?),0(n),0(n?).

Note that the expense for generating the random problems is O(n?) as the main work is the
multiplication using the configuration matrix PPT.

Bisection with Exposing Vectors, BIEV

At each step, we divide an n X n matrix into two blocks with size %d” so they overlap in a block

of size d + 2. The most time consuming calculation in each iteration is calculating the spectral

9We used MATLAB version R2022b on the two servers at University of Waterloo: biglinux, cpul49.math.private
Dell PowerEdge R840 four Intel Xeon Gold 6230 20-core 2.1 GHz (Cascade Lake) 768 GB; and fastlinux,
cpul57.math.private Dell PowerEdge R660 Two Intel Xeon Gold 6434 8-core 3.7 GHz (Sapphire Rapids) 256 GB.
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Data specifications BIEV MBFV SBGT

n d noise rel-error time(s) rel-error time(s) rel-error time(s)
1000 5 0.289 1.86e-12 0.200 8.44e-14 0.022 3.10e-12 0.121
2000 5 -0.235 1.22e-12 0.916 1.28e-13 0.044 3.84e-13 0.364
3000 5 -0.843 2.33e-12 1.713 3.36e-13 0.130 1.28e-13 0.638
4000 5 0.570 7.01le-13 1.842 3.41e-13 0.195 2.74e-13 1.342
5000 5 0.517 1.10e-12 4.394 8.80e-14 0.292 2.07e-13 1.847
6000 5 0.659 1.30e-12 6.861 3.07e-13 0.414 1.31e-12 2.889
7000 5 0.200 2.16e-12 11.759 7.95e-14 0.631 2.01e-13 3.895
8000 5 -0.240 1.71e-12 10.993 1.12e-13 0.768 2.01e-13 5.338
9000 5 -0.294 4.63e-13 18.939 1.73e-13 0.974 1.54e-13 7.299
10000 5 0.197 2.01e-12 23.177 1.63e-13 1.179 5.51e-13 9.529
11000 5 -0.405 4.42e-12 18.598 7.43e-14 1.383 3.15e-13 11.282
12000 5 0.085 4.99e-12 20.521 3.88e-13 1.732 3.16e-13 14.150
13000 5 0.311 1.42e-12 44.017 3.35e-13 2.097 2.55e-13 17.511
14000 5 -0.390 4.50e-12 53.028 7.69e-14 2.201 2.14e-11 20.961
15000 5 -0.348 5.31e-12 54.837 3.78e-13 2.383 6.69e-12 25.517
16000 5 -0.294 6.14e-12 51.610 1.30e-13 2.780 6.97e-13 29.842
17000 5 0.063 3.08e-12 64.764 2.12e-13 3.176 3.78e-13 33.774
18000 5 -0.064 1.33e-11 92.478 2.20e-13 3.485 1.27e-12 38.898
19000 5 0.001 2.81e-11 99.526 3.89¢-13 3.986 2.99e-13 43.750
20000 5 -0.004 9.56e-13 97.926 9.13e-13 4.229 4.21e-13 51.621
21000 5 0.368 1.09e-12 130.590 1.93e-13 4.749 9.99e-13 58.367
22000 5 0.035 1.21e-11 177.391 7.86e-14 5.232 1.34e-13 66.882
23000 5 0.018 5.76e-12 173.445 2.44e-13 5.786 1.06e-12 73.720
24000 5 1.000 2.69e-12 160.173 1.38e-13 5.970 2.18e-13 82.715
25000 5 0.139 4.08e-12 242.229 3.11e-13 6.804 3.07e-12 91.045
26000 5 -0.385 1.91e-12 91.091 1.28e-13 6.946 3.23e-13 102.973
27000 5 -0.131 7.17e-12 173.206 9.43e-14 7.791 2.47e-13 112.248
28000 5 0.022 1.18e-11 245.353 3.61e-13 8.199 2.10e-10 124.508
29000 5 0.109 1.05e-11 264.581 6.11e-13 8.728 3.85e-12 134.517
30000 5 0.089 2.68e-12 299.627 2.58e-13 8.793 7.09e-13 149.871

Table 6.2: Fastlinux; 3 methods: n = 1K to 30K; mean of 3 instances per row

decomposition of the corresponding Gram matrices G1, Go with runtime 20 <(%‘1+2)3> = 0(n?),

. . . . . . n—d—2 2 _ (n_d_2)2
as n » d. The number of points outside of the two principal submatrices is 2 (T) = .

If the noisy element is outside of the two principal submatrices, the algorithm will terminate in this
step. Thus, the probability to continue to another step is

(n—d—2)?

1—
2n?

1
x5
If the noisy element is in one of the principal submatrices, then we continue with the divide and
conquer algorithm. After the division, the smaller matrix has size %M, i.e., we reduce the size of

problem by approximately half. After ¢ divisions, the size of the matrix is %t(d”) The total
runtime of this algorithm is O(n3). We now drop the d and constants in the analysis as n » d.
Let T'(n) be the total runtime of the algorithm, and f(n) be the runtime of one iteration of the

subproblem. Then, we have the recurrence

T(n) %T (5) + 700 = %T (5) +006®).
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Data specifications MBFV

n d | noise | gen-time | rel-error | time(s)
60000 | 5 | 0.436 | 90.767 | 1.32e-13 | 53.049
70000 | 5 | 0.026 | 109.262 | 3.37e-13 | 72.006
80000 | 5 | 0.550 | 155.565 | 3.12e-13 | 93.529
90000 | 5 | 0.435 | 196.015 | 8.91e-13 | 114.084
100000 | 5 | 0.420 | 243.331 | 9.21e-13 | 144.727
110000 | 5 | 0.330 | 315.411 | 3.01e-13 | 196.053
120000 | 5 | 0.205 | 385.318 | 7.16e-13 | 237.335

Table 6.3: BigLinux; Multi-block solver with gen time; mean of 3 instances per row

semilog y: dim. =50:10:8000; versus time
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Figure 6.1: Semilogy plot; dimension versus solution time

The O(n3) term dominates the recursive relationship. We get:

total runtime is O(n?). (6.23)

Multi-Block with Facial Vectors, MBFV

We build up the full facial vector from overlapping small principal submatrices of size 2d + 6. Each
overlaps with the previous one with a block of size d + 3. Solving for the final connecting matrix
Q@ also involves solving a small system of equations using the first block, thus costing a constant
time. Finding the facial vector of each small matrix has constant runtime as well, since n is large.
The number of small blocks we look at is roughly 5. Therefore, we get the

total runtime is O(n). (6.24)
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Small Blocks with Gale Transform, SBGT

We calculate the Gale matrix of each small principal submatrix of size d 4+ 2, and then build up the

Gale matrix for the entire matrix D. The most time consuming step is in finding V € R"*%, the
T

FV , whose columns form a basis of null ([]ZT ]) This has runtime complexity of:

total runtime is O(n?). (6.25)

6.5 Hard Cases; No General Position Assumption

We now consider problems where the general position assumption may not hold. This can lead to
hard cases for our algorithm. The hard cases are related to problems where all but 2 points are in
a linear manifold of dimension d — 2. We present examples as well as empirics for the hard cases.

Our modified algorithm for the hard case finds a block with rank d by checking all consecutive
principal diagonal blocks Dy; ;1 4] of size d + 1. If we can find a block with the correct embedding
dimension d from the principal diagonal blocks, we can proceed with the Gale algorithm as before.
Otherwise, we calculate the Gale matrix

T
N; = © |, whose columns form a basis for null ([ f]) ,
- e
Ritd

for each small block D; := Dy; ;14). Since the G; does not have rank d, the points p;,-- -, p;1q are
not in general position. We identify the indices where the corresponding Gale transform results in a
row of zeros. If n; = 0, then p; is not in the affine hull of {p;,--- ,pi+a}\{p;} [5, Section 7.2.1]. We
collect these indices in a set I, so j € I if there is some i € {1,--- ,n—d} such that j € {i,--- ,i+d}
and n; = 0 in N;. Additionally, let I = {1,--- ,n}\I. We repeat the process on Dy (i.q+1) until
we have d + 1 points that are in general position.

There are certain cases where we can not solve the problem, so-called hard cases. The results
in Section 6.5.1 show that critical to our conclusions is the difficult case when all but two points
are in a linear manifold of dimension d — 2.

Definition 6.5.1 (good, bad blocks). Let D,, be the noisy EDM as above. Let (i,j) be the
corrupted index.
1. By a good block we mean a principal submatriz (D), such that the corresponding Kt ((Dy)a)

1s positive semidefinite with rank d.

2. By a bad block we mean a principal submatriz (Dy,)a, such that the corresponding K ((Dy,)a)
1s either not positive semidefinite or the rank is greater than d.

3. An uncorrupted good block signifies a principal submatriz (Dy,)a, such that the corresponding
K'Y ((Dp)a) is positive semidefinite with rank d, and o does not contain either corrupted index
107 j.
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Suppose that there exists an uncorrupted good block, then we never encounter an unsolvable
case. After we found a block D, of size d + 1 with embedding dimension d, we calculate the Gale
matrix for D, for each i € {1,--- ,nj\a. If D, contains the corrupted entry, then by the result
in Section 6.5.1, the only case we cannot recognize D, to be a corrupted EDM is if all but two
points in this set are in a linear manifold of dimension d — 2. However, under the assumption of
the data, there exists d + 1 points: {p;,,---,p;,,,} in general position and the corresponding block
is uncorrupted. Therefore, it cannot be that Dy iy, s Daugiy, ) @ll result in the case of all but
two points are in a linear manifold of dimension d — 2. Thus, if D, contains the corrupted entry,
we can recognize it as not being a proper EDM.

6.5.1 Characterizing Good and Bad Blocks; embdim(D) = 2 and Beyond

We know that an EDM D with embedding dimension d corresponds to a Gram matrix G =
KY(D) > 0 with rank(G) = d. The question that arises is whether, when a single element is
perturbed in D, can this corrupted block always be verified correctly by checking that there are
no longer exactly d nonzero and positive eigenvalues for the corresponding Gram matrix G7 More
precisely, does a corrupted block always have a negative eigenvalue and/or more than d positive
eigenvalues. We show that indeed this can always be detected except when all but two points of a
corresponding configuration matrix P lie in a linear manifold of dimension d — 2. In addition, we
show how to handle these cases by extending the notion of yielding in [5, Section 7.2]. Note that
the 2 in the results arises from the fact that the perturbation matrix eFj; is rank 2.

The case when the embedding dimension d = 2 is special. We conclude that no failures in
detection can occur if the distances are positive, an easy check. For this special case d = 2, we do
not have to assume that the problem is in general position to recognize a corrupt entry.

In our algorithms we have to identify whether the corrupted element is within a principal
submatrix D,, where for MBFV the cardinality |a| > d + 2 and is often relatively small |a| << n.
We do not assume general position, see Lemma 2.3.2. We present the characterization in the
general d case in Theorem 6.5.2. This is related to the results on yielding intervals in [5, Section
7.2], [0], i.e., characterizations of intervals of perturbations that maintain the EDM property but
the embedding dimension is not fixed. Also, this is related to the general question of when a matrix
pencil is positive semidefinite. The interval for this is studied recently in [134]. Our case is special
in that we look at rank two updates

D(e):=D +¢Ej e E",De ", G(e) := G + K(Eij) = 0,G > 0.

The specific case of a rank two perturbation as in our case is studied in [33]. However, we have the
additional condition that the rank is maintained at d.

Essentially we characterize the cases when the perturbation D(€) results in a corresponding
Gram matrix with the correct rank, thus fooling the algorithm. Recall that blkdiag denotes the
block diagonal matrix formed from the arguments.

Theorem 6.5.2. Let D € £F with embdim(D) = d < k —2. Suppose that there is a single, nonzero
corrupted distance D;j,i < j, and the noisy EDM is denoted by the singular matrix pencil

D(e) := D + €E;j, e € R\{0}.
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Let G := KI(D) = QAQ™ be the Gram matriz with its spectral decomposition and, without loss of
generality,
A = blkdiag(0,A4), Ay e S%,.

Denote Gg := ICT(EU) = —%JEUJ and let Gg be defined and appropriately blocked with size d:

~ Gll 612 ~ d
G =QTGpQ = |24 '], Gypes?.
E Q" GeQ {G{Z Ggg,] 22 €

Define the open interval I, for maintaining Ay + €Gag > 0, equivalently for maintaining Iy +
—1/2~ A—1/2
€A+ G22A+ > 0, as

-1 -1
I = C (-0, +0), (6.26)

max {0’ Amax <A11/2é22/\;1/2> } 7 min {07 Amin (A;1/2@22A;1/2) }

where a 0 in the denominator results in —oo, +00, for the left/right bound of the interval, appropri-
ately. Define the condition:

EDM condition: |e€ I, and € (Gll — eG1a (A+ + 6@22)_1 Ggl> >0} (6.27)

Then:

1. The EDM condition (6.27) defines the convex yielding interval for D;j. More precisely,
suppose that the EDM condition (6.27) holds. Then:

D(e) € E* and embdim(D(e)) > d; (6.284a)
G11 =0 — D(e) € EF, embdim(D(¢)) = d; (6.28b)
G11 — G (A+ + 6622)_1 Go1 =0

— D(e) € EF, embdim(D(e)) = d. (6.28¢)

2. Conversely, we have the following necessary conditions for restricted yielding. Suppose that
there exists 6 € Ry such that

D(e) € EF, embdim(D(e)) = d, Ve € (=6, 6).

Then the configuration matriz P of D, PPT = G = KI(D), has k — 2 > d points that are
in a linear manifold £ of dimension d — 2. Necessarily, the two points i,j outside the linear
manifold define the corrupted distance D;;.

Proof. We define the matriz pencil
G(e) := KI(D(e)) = G + G.

Our results depend on identifying when the perturbed Gram matrix, the matrix pencil, maintains:
G(e) = G+ eGp > 0 with rank G(e) = d. We use the spectral decompositions and the Sylvester law
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of inertia. The latter identifies when positive semidefiniteness and rank d are maintained under a
congruence.

To begin, we need to consider the eigenpairs for the two nonzero eigenvalues of
t 1
GE = IC (EZ]) = _ijEl]J

An orthogonal pair of eigenvectors of Ej; is e; + ;. We have the properties E;; # 0, trace(E;;) = 0
and
)\I(Eij) =1>0= )\Q(Ez]) =...= )\nfl(Eij) =0> )\n(EU) = —1.

Therefore, the above singular congruence JE;;J = Psn (Ej;), by (2.8), implies

)\1(GE) >0= )\Q(GE) =...= )\n—l(GE‘) =0> )\n(GE)v
i.e., there are exactly two nonzero eigenvalues of Gg; verified as well in the following. Define the
two orthogonal vectors

2
€ij = €; — €j, €jjc i= Ee —(e;+e5)€ et — RF, (6.29)
One can verify that e;; and e;j. are eigenvectors of Gg and the corresponding eigenvalues are:

2—k

1

Notice that signs of the eigenvalues are strictly positive and strictly negative. The congruences with

Q and the interlace theorem for eigenvalues yield Amax(G22) = 0 > Amin(Gaz). The congruence

with A;l/Q and the definition (6.26) of I, bring us to 0 € I, and we conclude that

cele = Ij+eh]GuAl? > 0
— A++6G22 > 0,

and that
G+eGp=QA+eGp)QT =0 «— A+ eGp > 0.

1. Assuming (6.27), we have A, + ¢Gg > 0. By the Schur complement theorem,
€ (G’H — 6@12 (A+ + 6@22)71 621> >0 G(E) > 0.
Under the assumptions and definitions on D(e), I, and by continuity of eigenvalues and of

the linear transformation KT, we get that the d positive eigenvalues of G are perturbed but
stay positive in G(e), i.e., recalling the assumption that embdim(D) = d, we have

rank(G(e)) = rank(G) = d = embdim(D(¢)) > d.

This proves (6.28a).
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(6.28b) and (6.28c) follow from a Schur complement argument. That is,

R

66{2 A+ + €G22
€ (Gn —eG12 (A+ + 6622)_1 GQl) eG12
0 A+ + 6@22

Since rank(A+ + 6@22) =d, Gll — 6@12 (A+ + 6622)_1 ém = 0 implies
rank(A + eGg) = rank(G + ¢Gg) = d.
Similarly, G1; = 0 leads to G2 = 0 and thus rank(G + ¢Gg) = d. Therefore (6.28¢) holds.

. Suppose that there exists § > 0 such that, for all |¢| < &, we have D(e) € ¥ and embdim(D(¢)) =
d. This is equivalent to

G + €eGg > 0 and rank(G + eGg) = d.
We want to show that
G + eGg > 0, rank(G + eGg) = rank(G) = range(Gg) < range(G).
Recall that G + eGg >0 <= A+ eGp > 0 and that

A eGp>~|€ (GH — Gz (Ay + 6522)_1 C_¥21> eG1a ] ‘

0 A+ + 6@22

Since 0 € I, we can find small enough |e| > 0, namely € € I n (=6, ), so that A, + eGag > 0.
Hence rank(A; + €Gag) = d and note that the rank of the entire matrix is the sum of the
ranks of the diagonal blocks. Hence, the top left block after the elimination has to have rank
0, by rank(G + eGg) = d assumption. Therefore,

GH — 6@12 (A+ + 6@22)_1 621 = 0. (6.31)

(6.31) is violated for small enough |e| unless G711 = 0. Hence G1; = 0, which also implies

G12 = 0. Hence,
range(G ) < range(blkdiag(0, I;)) = range(blkdiag(0, A;)) = range(A),
which is equivalent to

range(Gp) = range(QGrQT) < range(QAQT) = range(Q).

This implies that the facial vector V for G = KT(D) must have range that contains the span
of the two eigenvectors of Gg = ICT(Eij). Otherwise, at least one of the following happens: (i)
we lose positive semidefiniteness; (i) the number of positive eigenvalues increases. Therefore,
we must have

range ([eij eijc]) crange(V), V = [eij Cijc V] , [eij ez-jc]T V =0. (6.32)
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Thus, the /-th row of V is

V() =[0 2 V()] e {0} x {2/k} x R"2,
for all ¢ # 4, j. This shows that for R = I, all but two points are in a manifold of dimension
d — 2. This means the same is true for general R € Sﬁlr 4. Without loss of generality, let
i=n—1,7 =n. Then,

V= |:¥1:| c kad’v*l c R(k_z)Xd’Vg c R2Xk.
2

Note that rows of V} are in a d — 2 dimensional manifold if, and only if, rankV} < d — 2.
Since R > 0, V4 RY? maintains the same rank as Vj, i.e., the rows of V4 RY/2 are in a manifold
of dimension d — 2 where

VRVT = [VRV[VRYHT

V1R1/2 V1R1/2 T
= |:V'2R1/2] |:V'2R1/2:|

G

O]

Corollary 6.5.3. Let D € £ with embdim(D) = 2 < k — 1. Suppose that there is a corrupted
position © < j and the noisy EDM s

D, = D+ €Eyj, € # 0. (6.33)

If D,, € E¥ embdim(D,,) < d, and |e| is sufficiently small, then the (centered) configuration matriz
P of D, PPT = G = KY'(D), has (at least) k — 2 > 2 points that are equal, i.e., the rows
P, =peR¥Vsel[k],s #i,5#j. Thus

Dst = (Dn)st = O,VS,te [k]78 # 0,1 #]

Proof. We apply Theorem 6.5.2, Item 2 for this special d = 2 case with |e|] small to guarantee we
are within the interval. O

6.5.2 Example of Hard Case; Multiple Solutions

The following is an example where we have determined a bad block but where we cannot determine
the position of the entry that is corrupted. Consider the following corrupted EDM in embedding
dimension 3.

[0 4 16 8 6 147 —0.7252

4 0 4 4 6 6 0.0000

16 4 0 8 14 6 0.0000
o _ _ it i _ ~

6 6 14 0 20 7.4003

(14 6 6 14 20 O 13.2759
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This is not an EDM | as its corresponding G,, = K(D,,) is not positive semidefinite. However,
there is more than one way to change only one entry of this matrix and obtain an EDM . We can
change the 18 in the (4,5) entry in two different ways, to 14 and 6/5, respectively, and get EDMs
Dy := D(14), Dy := D(6/5), with corresponding positive semidefinite G(a) = KT (D(a)):

0.000000 0.000000
0.000000 0.000000
0.000000 6 0.000000
MGAD) ~ | eres04 [+ A (G (5)) = | 1.562857
6.000000 6.189609
13.123106 14.114201

However, if we use a value in the middle of the changes [6/5, 14], e.g., D(5), then the corresponding
G(5) is indeed a Gram matrix but has 4 > d positive eigenvalues. This corresponds with Theo-
rem 6.5.2 and means that we have the end points of a yielding interval where D(6/5) + eEy5 € £°
if, and only if, € € [0,12.8]. This also means that the two eigenvectors of Gg = KT(Eys) are not in
range(G(6/5) or range(G(14)). In fact, by checking the rank of [G v], with v one of the eigenvec-
tors for Gg, we can see that one eigenvector is in the range while the other is not, thus explaining
the finite yielding intervals. The example can be extended to higher embedding dimension using
yelding intervals formed with the eigenvectors in the appropriate range.

Points from P1 obtained from D1

0 1

—— Points on line
-1 // O Points off line
—< -0.5

2 -1

Figure 6.2: Three points off the line

Or we can change the (4,6) entry in 2 different ways and obtain a proper EDM

0 416 8 6 14 0 4 16 8 6 1

40 4 4 6 6 L0 4 4 6 6
164 8 1 16 4 0 8 14 6

Ds = 4 0 18 |2 Pi=lg 4 5 0 18
6 14 18 0 20 6 6 14 18 0 20

14 6 6 20 0 (14 6 6 [2] 20 0]



Similarly, changing the (5,6) entry can also make D,, into an EDM

[0 4 16 8 6 147 [0 4 16 8 6 147
4.0 4 4 6 6 4.0 4 4 6 6
16 4 0 8 14 6 16 4 0 8 14 6
Ds=1s 48 0 18 14| P=|s 48 0 18 14
6 6 14 18 0 6 6 14 18 0 [6]
(14 6 6 14 [14] 0 | (14 6 6 14 [6] 0

This situation occurs in general when all but 3 points are in a manifold of dimension d — 2. In this
case, points 1-3 are on a line in R3, and point 4-6 are off the line.
For example, the configuration of D;, see Figure 6.2, page 128, is

0 0 2

0 0 0

0 0 -2
Pi=1_9 o o
1 2 1

1 -2 —1]

If we perturb the distance between points 4 and 5, then we no longer have a EDM . However, if
we ignore the existence of point 6, then all but 2 points are on a manifold of dimension d — 2 so
the (4,5) entry is yielding. Thus, the submatrix formed by points 1 to 5 is still a proper EDM .
Thus we can fix the corrupted EDM by changing the (4, 6) entry instead.

6.5.3 Empirics for the Hard Case

We now generate random hard problems where some points are generated to be on a linear man-
ifold of dimension less than d. Thus, many points are not in general position. Under the Data
specification columns, the fourth column indicates the number of points not in general position.
The fifth column indicate the dimension of manifold these points live in. We run the problems with
n = 100 and d from 2 to 10. For each embedding dimension, we run 50 problems. Our output
demonstrate the algorithm works well for the hard problems.

Data specifications Hard Gale Transform with Multi Blocks
n d noise # pts not in general position dim of pts tol-attained rel-error time(s)
100 2 0.016 79 1 100% 1.64e-12 0.058
100 3 0.071 86 1 100% 1.62e-13 0.050
100 4 -0.472 82 3 100% 5.08e-13 0.034
100 5 -0.328 78 3 100% 6.98e-13 0.032
100 6 0.185 89 1 100% 1.08e-12 0.048
100 7 0.334 91 1 100% 3.09e-12 0.045
100 8 -0.193 78 2 100% 3.98e-12 0.041
100 9 0.394 76 8 100% 9.31e-12 0.028
100 10 0.222 83 5 100% 1.91e-11 0.047

Table 6.4: Average of 50 hard problems; hard problems where many point are generated to be on
a manifold of dimension less than the embedding dimension d
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Chapter 7

Projection onto Spectrahedra

7.1 Introduction

Facial reduction, FR, is a finite step process that regularizes convex programs where the strict
feasibility constraint qualification, CQ, fails. This CQ holds generically for linear conic programs,
see e.g., [01]. However, failure is pervasive in applications such as semidefinite programming, SDP,
relaxations of hard discrete optimization problems, e.g., [63]. The minimum number of FR steps
is denoted as the singularity degree of F, sd(F), of the program with feasible set F. It has been
shown to be related to stability, error analysis, and convergence rates, see e.g., [55,02, , 166].
Further generalized notions of singularity degree such as the maximum number of FR steps are
studied in [100, 103] and shown to also relate to stability and convergence rates. In this chapter
we study sd(F) and relations to the projection problem, or best approximation problem (BAP),
onto a spectrahedron, the intersection of a linear manifold and the positive semidefinite cone in
symmetric matrix space.

Our main purpose is to examine the effect of failure of strict feasibility on the projection
problem. In the absence of strict feasibility, we find surprising relationships between the eigenpairs
of small eigenvalues of the Jacobian in a newly proposed Newton method for the projection problem
and finding exposing vectors for FR. Furthermore, we provide a characterization that links the
degeneracy of a point X in the spectrahedron, which pertains solely to the feasible set, to the
singularity of the Jacobian computed in the course of the Newton method applied to the BAP,
where X is the projected point. This establishes a connection between the degeneracy and the
behaviour of the Newton method. We apply the results, both theoretically and empirically, to
the problem of finding nearest points to the sets of: (i) correlation matrices or the elliptope; and
(i) semidefinite relaxations of permutation matrices or the vontope, i.e., the feasible sets for the
semidefinite relaxations of the max-cut and quadratic assignment problems, respectively.

7.1.1 Projection Problem

Let the data, W € S™, be given. The projection, or basic best approrimation problem, BAP, is

X* = argmin 3|X — W2, p* = SIX* — W2,

st. XeF:=LnSY, (7.1)
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where £ € S” is a linear manifold; and, p*, X* are the optimal value and optimum, respectively.
The representation of the linear manifold is essential in algorithms and different representations can
result in different stability properties for the problem, e.g., [I71]. We let £ = {X € S" : AX = b},
where A : §" — R™ is a given surjective (without loss of generality) linear transformation; AX =
(trace A; X ) € R™ for given fixed linearly independent A; € S*,i = 1,...,m. We assume that F is
a nonempty feasible set; it is called a spectrahedron. Here the data of BAP is W, A, b.

Nearest point problems are pervasive in the literature and are often the essential step in feasiblity
seeking problems, e.g., [20,36,127]. We study these problems and show that they reveal hidden
structure and information about the stability and conditioning of feasible sets and the degeneracy
of optimal points. Related convergence analysis and new types of singularity degree are given
in [62,103]. Recall that a correlation matriz is a positive semidefinite matrix with diagonal all one.
The set of correlation matrices is often called the elliptope. Finding the nearest correlation matrix
is one application [27,94,95] that arises in many areas, e.g., finance. In addition, we specifically look
at the feasible set of the SDP relaxation of the quadratic assignment problems QAP, which we
call the vontope. We characterize degeneracy of nearest points and the resulting effects on stability
of the nearest point algorithm for these two special instances.

Related Results

The BAP for the polyhedral case is studied in [35] with application to linear programming. (In
the linear programming, LP, case, S" <« R", S} « R".) Generalized Jacobians play a critical role,
though the relation to stability is not studied. The SDP case is studied in e.g., [90,122]. They
use a quasi-Newton method to solve a dual problem similar to our dual problem; though we use a
regularized semismooth Newton method with a generalized Jacobian and illustrate fast quadratic
convergence for well-posed problems. Further related results on spectral functions, projections, and
Jacobians, appear in [123].

In [101] it is shown that any conic program that fails strict feasibility has implicit redundancies
and every point is degenerate. Relationships with the Barvinok-Pataki bound and strengthened
bound [19, 102, 143] for conic programs is discussed. Further discussions on degeneracy related to

loss of strict complementarity appear in [19].

The paper [62] provides a sublinear upper bound based on the singularity degree for the con-
vergence rate of the method of alternating projections applied to spectrahedra. The paper [135]
furnishes analytic formulas for the sequence generated by alternative projection that reveal that this
upper bound can fail to be tight. Although this work is not restricted to the singleton case, much
of the analysis is developed with emphasis on the singleton setting. Further results on accuracy
and differentiability appear in [78, 123].

7.1.2 Outline

Section 7.2 presents the equation to be solved using the semismooth Newton root finding method,
which is derived through a detailed examination of the optimality conditions along with notions
on facial structure. We also derive a useful formula for the projection onto a face of the semidef-
inite cone. In Section 7.3 we introduce the semismooth Newton method for the BAP and derive
Jacobians associated with the Newton method. In Section 7.4, we investigate various phenomena
arising in the absence of strict feasibility. This includes the relationships between the eigenpairs
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of small eigenvalues of the Jacobian in the Newton method and identification of exposing vectors
for FR (Section 7.4.1); the singularity of the Jacobian and its link to degeneracy (Section 7.4.2);
and applications to the set of correlation matrices and the feasible set of the SDP relaxations
of the QAP (Section 7.4.3). We present numerical experiments in Section 7.5 with results and
observations discussed in Section 7.4.

7.2 Characterization of Optimality for the BAP

We now study the optimality conditions of the BAP (7.1) and present several properties, including
an equation for the application of Newton’s method.

Theorem 7.2.1. Consider the projection problem (7.1). Then the following hold:

(i) p* is finite and the optimum X* exists and is unique.

(ii) There is a zero duality gap between the primal and the dual problem of (7.1), where the
Lagrangian dual is the mazimization of the dual functional, ¢(y, Z), i.e.,

p*=d* = maxgsoyerm —3Z + A*y|? + (y,b— AW — (Z, W), (7.2)

(iii) Strong duality (zero duality gap and dual attainment) holds in (7.1) if, and only if, there
exists a root §, F'(y) = 0, of the function

F(y) := APSX (W + A*y) —b. (7.3)
Moreover, in this case the solution to the primal problem is given by

X* = Py (W + A*p).

Proof. Ttem (i): The primal problem (7.1) is the minimization of a strongly convex function over a
nonempty closed convex set. This yields that the optimal value is finite and is attained at a unique
point.

Item (ii): Since the primal objective function is coercive, there is a zero duality gap, see e.g., [14,
Theorem 5.4.1]. Let Z > 0. The Lagrangian function of problem (7.1) and its gradient are given
by

1
It follows that X is a stationary point of the Lagrangian if

X=W+A%y+ Z (7.4)

By means of this equality, we can eliminate X and write the Lagrangian dual as the following
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maximization problem in Z,y.

d* = in L(X,y, Z
fhax min (X,y,2)

1 )
glz%fzm)éngllX =W+, b - AX) —(Z,X)

1 2 : _

o 1 #0112
= pax —o |2+ Ay|" + <y, b — AW) —<(Z, W).

Item (iii): Let X be the unique optimal solution, as found by the above. Then strong dual-

ity holds if, and only if, there exists (y, Z) such that the following Karush-Kuhn-Tucker, KKT
conditions hold:

X-W—-A*y—7Z=0, Z>=0, (dual feasibility),
AX —b=0, X >0, (primal feasibility), (7.5)
(Z,X) =0, (complementary slackness).

Note that the complementary slackness condition and the fact that X, Z > 0 yield

Pgi (W + A*y) = X and Psn (W + A*g) = —Z, (7.6)

due to X + (—Z) = W + A*y being the Moreau decomposition. Finally, substituting X = Psn (W +
A*g) in the primal feasibility condition, we conclude that the KKT conditions imply F(y) =
APsn (W + A*y) —b=0.

Conversely, directly from the Moreau decomposition theorem, if we are given some § € Y
satisfying F(y) = 0, then the tuple (X, 7, Z), with X and Z defined as in (7.6), satisfies the above
KKT conditions. 0

Theorem 7.2.1 (iii) shows how to obtain a solution to the primal problem (7.1) from a root of

F'. In addition, the pair (g, Z), with
Z = _PSE (W + A*g)a

is a dual optimal solution of the dual problem (7.2). This fact immediately follows from the proof
of Theorem 7.2.1 (iii), where we showed that the tuple (X,y, Z) satisfies the KKT conditions of
problem (7.1).

7.2.1 Regularization for Strong Duality

The projection problem (7.1) always admits a solution given that the feasible set F is nonempty. If
the dual (7.2) of (7.1) has an optimal solution, one can verify that the system given by the function
in (7.3), i.e.,

F(y) = APy (W + A*)) —b

has a root y € R™. However, when (7.3) does not have a root, then strong duality fails. We
elaborate on this pathology further in Section 7.4.1. One way to guarantee that dual optimal set is
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nonempty is to regularize (7.1) using FR. In Theorem 7.2.2 below, we list some properties induced
by FR properties that guarantee strong duality.

Theorem 7.2.2. Consider the projection problem (7.1) with data W, A,b. Denote f := face(F,S?),
the minimal face of S't containing F. Let X € relint f and let V be a full column rank facial range

vector with orthonormal columns with rangeV = range X, rank(V) = r. Let W = VIWV e §'.
Define the linear transformation

V(R) := VRVT Res".

Let A, b define the affine constraints obtained from (AoV)(-),b after deleting redundant constraints.
Then the following hold:

(i) A facially reduced problem of (7.1) in the original space S™ is

X*(W):= argmin 3|X — W|?

(7.7)
st. AX=0b Xef (X >0, fST).
The KK T conditions hold at X*(W) with optimal dual pair y* € R™, Z* € f+.

(ii) A facially reduced problem of (7.1) in the smaller space S" with surjective constraint A :
St — R™ is

VI(X*(W)) = R*(W) := argmin {5|R—W|? : AR=b, ReS', }, (7.8)

where we denote VI for the Moore-Penrose generalized inverse of V. The KKT conditions

hold at R*(W) with optimal dual pair y* € R™, Z* € S', .
(iii) Strong duality holds for the FR problems (7.7) and (7.8). Moreover:
X* = V(R*(W)) solves the original problem (7.1);
and, R = R*(W) is a solution to the FR primal problem (7.8) if, and only if,
R = Psr (W + A*p),
where § is a root of the function

F(y) := APs (W + A*y) —b. (7.9)

Equivalently, X*(W) is a solution to the original primal problem (7.1) if, and only if, there
exists y such that

0= Fp(9) := APy (W + A*y) —b, X*(W) = Pp(W + A*y), (7.10)
where Py stands for the projection onto f := face(F,S%) given by:

Pi(u) =V (PSQ(VT(u)V)> VT (: % <PSQV*(U)> . VY = 1) . (7.11)

!The Moore-Penrose generalized inverse of a linear transformation V is the unique linear transformation satisfying
the four Penrose equations, e.g., [21].
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Proof. The proof for Items (i) and (ii) follows from the regularization in [28]. Recall that the
KKT conditions for conic programming problems are:

X-W-A*y—~2=0, Zx=4+0, (dualfeasibility),
AX —b=0, X >¢0, (primal feasibility), (7.12)
(Z,X)=0, (complementary slackness).

The first-order optimality follows directly from [28, Theorem 6.1] by taking 2 = S", .S = 0,, x (=S),
where 0, € R"™ denotes the vector of zeros, and g : 2 — R"™ x S™ defined by

9(X) = <b:)}4x> :

Item (ii) follows from the substitution X « VRV”T. We note that the number of variables in the
objective function reduces since V' has orthonormal columns and the norm is orthogonally invariant.

Item (iii): We first show the elegant projection formula (7.11). To show that the expression for
Py (u) solves the nearest point problem defined as Py(u) = argmin,es v — u[?, we now verify the
optimality conditions [96, Theorem 3.1.1.]:

trace {(Pr(u) —u)(x — P¢(u))} =0, Vx € f,

i.e., for each z € f, there is R € §", such that x = VRVT and thus,

trace § (V/ (P (VT ()V)VT —u)(z — V(Ps, (VT(u)V))VT)}
= trace? (V(Ps (VT(u)V))VT —u)(VRVT — V(P (VT(u)V))VT)}
= trace{ V(P (V TW)V)WVITVRVT + uV (Psr. VT (u)V) VT

—V(Psr VT ()V))VIV (Psr (VI (w)V))VT — uVRvT}
= trace { (P, (VT (@)V))(VIVRVTV) + (VTuV ) (P (VT (@)V))
~(Por, (VT (w)V) (Psr, (VT ()V) — uV RV }
= trace { (P, (VT (@)V))(R) + (VTuV) (P (VT (w)V)
— (P (VI (u)V))(Psr, (VT (w)V)) — VTuVR}
= trace {(PSQ (VTuV) — (VTuV)) (R — Psr. (VTuV))} >0

)
)

)
) —
where the last inequality comes from the projection. This completes the proof of (7.11) and

establishes the formula for the projection onto the face.

We continue to study the case where the CQ (strict feasibility) fails. With P being the projection
that makes the linear transformation onto, we get (7.9) is equivalent to:

F(y) = APg (W +A*y) -

(P.A oV)Psr (VTWV + (PAoV)*y) — Pb, for given data W
= (PAo V)ng (VIWV + (V* o A*PT)(y)) — Pb

— (PA) (V [PSQ(VT(W + A*PTy)V )] VT) —Pb

(PA) (Pr(W + A*PTy)) — Pb

(PA) (Pr(W + (PA)*y)) — Pb,
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where we have used the elegant formula (7.11).

This shows that we can work in the original space if we have done facial reduction. Moreover,
Pr(W + A*PTy) = V| Py, (V(W + A*PTy)) |

Recall that VTV = I. In summary, necessity of (7.9) is clear. Therefore necessity of (7.10) follows
from

0 = APS:_(W + ﬂ*y) —b
= (PAYVPs, (V¥(W + A*PTy)) — Pb
= (PA)P;(W + A*PTy) — Pb.
We can remove P in the last line and ignore the redundant constraints. O

We emphasize that strong duality holds in Theorem 7.2.1, Item (iii), only when there is a dual
optimal solution that attains the dual optimal value d*. However, strong duality is guaranteed to
hold in Theorem 7.2.2, Item (iii), as a result of the regularization.

Remark 7.2.3. The proof of Theorem 7.2.2 above provides the following elegant formula for the
projection of u € S™ onto the face f = VS VT VIV =1,

Pr(u) =V (PSQ(VT(u)V)> v =y (ngv*(u)> . VRV =1, (7.13)

i.e., the work of finding the projection onto the face f is reduced to the well-known projection onto
the smaller dimensional proper cone S, .

We now consider dual optimal sets
S:={yeR™: F(y) =0} and &y := {y e R™ : Fy(y) = 0}, (7.14)

where F' is defined in (7.3) and Fy is defined in (7.10). In fact, when strict feasibility fails, S is
unbounded given that S # & (see Theorem 7.4.4 (i) below). Moreover, S and Sy are convex and
Scs f-

Theorem 7.2.4. The facially reduced problem (7.10) admits at least maxsd(F) number of affinely
independent dual solutions .

Proof. Let (X,7,Z) be a triple satisfying (7.5). Let A, X2, ..., \2&sd(F) he vectors generated by
FR iterations. By (2.10), each A’ satisfies A*(\') > 0 and (X, A*(\")) = 0. Since y satisfies
X —W — A*y — Z = 0, it follows that X — W — A*(y — \!) — (Z + A*(\¥)) = 0. Moreover,
Z + A*(X) = 0 and (X, Z + A*(\")) = 0. Thus the vectors in the following set

Sy = y— {)\1’ e )\maxsd(]:)} _ {:U o )\1’ e — )\maxsd(]-')}

are solutions to (7.10) as well. Consequently, the result follows from the linear independence
in Proposition 2.4.3. 0

We show in Example 7.2.5 that S and Sy can differ, i.e., the containment S € Sy can be strict.
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Example 7.2.5 (S < Sy). Consider the instance F given by the data:

100 0 0 1 000 1
A;=10 0 0],A2=10 1 0|,A3=1]0 0 Of, andb= {0
000 1 00 001 0
The singularity degree of F is 2, sd(F) = 2. The first FR iteration yields a face that strictly
0 10
contains the minimal face and corresponds to A\' = | 0 | with the facial range vector Vi = |0 1];
1 00
0 1
and the second FR iteration yields N> = | 1| with the facial range vector Vo = <0) Thus,
0
1
the minimal facial range vector V- for F is V.= ViVa = | 0|. The facially reduced system is
0
{ResS! . [1] R = 1}. We note that F contains a unique point ejel .
0 0 O o
We now consider the BAP (7.1) with W = |0 —1 —1|. We consider the triple (X, Z,y)
0 -1 O
where
1 00 0 00 1
X=10 00, Z=]01 1|, andy=1| 0
0 00 01 2 -2

The triple (X, Z,7) satisfies the

>

rst-order optimality conditions.

We note that j — ' and § — \? are solutions to (7.10). However, §j — A2 is not a solution to
(7.3) since

0 0 0 10 1 1 0 -1
W+A G- =10 -1 -1|+(01 of|=|0 -2 —1],
0 -1 0 10 -2 -1 -1 -2

and X — W — A*(§j — A\?) has a negative eigenvalue.

It is of interest that the containment relation S £ & in Example 7.2.5 stems from the solutions
to (2.10). This can also be seen from the optimality characterization (7.5) with Z > 0 and the
regularized characterization (7.12) with Z >;+ 0, where the failure of strict feasibility implies
fE S 28t

7.3 A Basic Newton Method

We design a Newton-like method that solves for a root g, F(y) = 0, where

F(y) = APsn (W + A*y) — b.
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Rather than applying an optimization algorithm to solve the dual as in [122], we highlight that we
solve a system of equations of the form F(y) = 0 to find points satisfying the first-order optimality
conditions as is done in [29, 35, 130]. Given that F(y) = 0, it follows that the optimum of the
BAP (7.1)is X = Psn (W + A*y). We note that Ps» is found using the Eckart-Young Theorem
[65], i.e., we use a spectral decomposition and set the negative eigenvalues to 0. Primal feasibility
is immediate from the definitions and the projection. An application of the Moreau theorem yields
the dual feasibility and complementarity.

We now present the pseudo-code of our Semi-Smooth Newton Method for the BAP (7.1)
in Algorithm 7.1. The algorithm proceeds as follows: at each iteration, the search direction is
computed by forming a (Clarke generalized) Jacobian Ji of F' at the current iterate yg, and the
triple (X, Zg, yx) is then updated using this search direction. We resort to evaluations of unit
vectors to construct Jg, the computational steps are discussed in Section 7.3.1

Algorithm 7.1 Semi-Smooth Newton Method for BAP for Spectrahedra
Inputs: (W eS", A:S" - R™ beR™), (yo € R™, e > 0, maxiter € N)

1: Initialization: k < 0, Fy < A(Xy) — b, stoperit < | Fo| /(1 + [0]]),

2: Xo < Pgi (W + A*yp), Zo «— (Xo — W — A*yp)

3: while (stopcrit > €) & (k < maxiter) do

4 construct Jacobian Jj by evaluating each column of J(yi) using (7.21)

5 choose a regularization parameter o > 0 for positive definite J = (Jj. + ol,,)
6: solve system Jd = —F}, = (Obtain Newton direction d)
7 update:

8 Yk+1 < Yk +d

9: X1 — Psn (W + A*yp41)

10: w1 < Xpp1 — (W + A*ypi1)

11: Friq < .A(Xk_H) —b

12 stoperit — | Fys1]/(1 -+ [b])

13: ke—Fk+1

14: end while
15: Output: Primal-dual near optimum: Xy, (yg, Z)

Remark 7.3.1 (On the convergence of Algorithm 7.1). Convergence guarantees for Algorithm 7.1
are derived from the so-called inexact Semismooth Newton’s Algorithm in Facchinei and Pang’s
book; see [00, Algorithm 7.5.4]. Specifically, Facchinei and Pang consider an inexact Newton’s
method for obtaining a zero of a semismooth operator F : R™ — R™, with search direction d*
defined by

F(zF) + Jpd® =%, vk,

where Jy, is an element of the Clarke generalized Jacobian of F at x*, and the error v* satisfies
k k
I < e[| £ (")

for some nonnegative sequence {n}. According to [00, Theorem 7.5.5], if the generalized Jacobian
is nonsingular at a point x* satisfying F(x*) = 0, and if there exists a constant 7 > 0 such that
ne < 1 for all k, then the method converges locally to x*.

Our algorithm can be regarded as a realization of this inexact Semismooth Algorithm where
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rk = —gdt | with o > 0, and therefore d* = —(Jy, + ol,,) "L F(2*). Hence, we may choose ny as

[ [ (T + o lyn) " F(a¥)] o
Ne = = o< < 17 Vka
| F ()] | F(z)] Amin(Jk) + 0

where Apin(Ji) stands for the smallest eigenvalue of Jy. Therefore, [00, Theorem 7.5.5] provides
local convergence guarantees for Algorithm 7.1.

7.3.1 Alternative Directional Derivative Formulation

We now outline the computation of the Jacobian Ji at line 4 in Algorithm 7.1. In principle,
obtaining a Clarke generalized Jacobian of F' in our semismooth Newton method would require
computing an element in the Clarke generalized Jacobian of Pgi . Every element in the generalized
Jacobian is a 4-tensor on R", whose complete formulation can be found in [123]. In matrix form
this would be expressed as a square matrix of order n*. The memory requirements for storing
a matrix of such dimension can be too demanding even for moderate values of n. In particular,
MATLAB software would have problems with size n > 150.

In order to overcome the memory deficiency, we make use of an elegant formula for evaluating
Clarke generalized Jacobians of Pg:l_ derived by Sun in [167], which builds upon earlier developments
in [139,168]. In what follows we show this formula can be leveraged to efficiently compute a Clarke
generalized Jacobian of F' through evaluations involving only the unit vectors e; € R™. We begin
by introducing the following notation.

Let S = UAUT € S™ be the spectral decomposition with vector of eigenvalues A given as above.
We partition the index sets of the eigenvalues based on their signs:

a={i:A\>0}, 8={i: \y=0},y={i: \ <O}
Accordingly, the eigenvalue and eigenvector matrices can be block-partitioned as
A = blkdiag(Aq,0,A,), and U = [Uy,UgU,].
Next, we define €2 € S™ entry-wise by

max(A;, 0) + max(A;,0)
il + A

Q= , Vi, 7, (7.15)

where the convention % := 1 is adopted. By [167, Proposition 2.2], for any matrix S = UAUT,

a linear map G belongs to the Clarke generalized Jacobian 6CP§1 (S) if and only if there exists
G2 € 0cPypi(0) such that for all H € S,
+

Heuo Hosg Qoo Hy,
Gi(H)=U| HI;  Ga(Hgp) 0 ur, (7.16)
HE oL 0 0

where H = UTHU. Equation (7.16) indicates that any element of the Clarke generalized Jacobian
OcPsn (S) is determined by a Clarke generalized Jacobian in Gy € GCPSW(O). Consequently, the
+

problem reduces to finding an element in aCPS‘f‘ (0).
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In particular, by [123, Example 3.8|, the Clarke subdifferential of PS‘B' at 0 is characterized by
+
the set of 4-tensors on Rl given by

dc Fyp (0) = conv (@IBI - (Diag"?) D{o1}(\5|))) :
where conv(S) stands for the convex hull of a set S and

(1) Dyo13(|B]) is the set of |8] x [ 3| symmetric matrices with entries in {0, 1} such that the entries
in each row (from left to right) or column (from top to bottom) form a noincreasing sequence;

(ii) for any matrix M in RIBI<IAI Diag('? M is defined as the 4-tensor on RI?l whose components
are given by

(Diag® M)

1112

B { My iy, if i1 = jo and iz = ji,
Jije

0, otherwise.

We note that, since the zero matrix of size |3| x |3| belongs to Dyg13(|3]), the zero tensor from
RIBIXIBI to RIFIXIA! belongs to 0c Py (0).
+

Hence, in Algorithm 7.1, we can always choose the generalized Jacobian G € 8CP§1 (S) associ-
ated with G = 0. Under this choice, the evaluation of G at any H € S™ simplifies to

jglxcx -zikx/3 52(17 ()-iikxw
Gi(H)=U| HE 0 0 U, VHeS", (7.17)
HE QL 0 0

where H = UTHU. Finally, observe that a Clarke Jacobian for our function F is a matrix that
can be explicitly constructed by evaluating this operator along the standard basis vectors.

The following lemma provides an explicit expression for evaluating this particular Jacobian
J € 0cF(y) for any y € R™ along any direction.

Lemma 7.3.2. Let y € R™ be such that Y := W + A*y € S*. Let Y := U Diag(A\(Y))UT be a
spectral decomposition of Y such that the eigenvalues A\ = Ao = ... = A\, are sorted in nonincreasing
order, and denote with «, B and - the sets of indices associated with positive, zero and negative
eigenvalues, respectively, i.e., a = {i : \; > 0}, B :={i: \; =0} and v = {i : \; < 0}. Then
there exists a Clarke generalized Jacobian J in OcF at y such that its evaluation at any direction
Ay e R™ is given by

jikya lg}xﬁ 52(17 © jgkyw
J(Ay)=A(U| HI 0 0 ut |, (7.18)
77T T
Hpyy o€, 0 0
where H := UT (A*Ay) U.

Proof. 1t suffices to recall that the chain rule for Clarke subdifferential applied to F' yields

OcF(y) = Adc Psn (W + A%y) A%,
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where the equality above is by [13, Theorem 2.3.10], since semismooth implies Clarke regular.
Hence, by taking G; € (?chi(S) given above for S = W + A*y, the equation in (7.17) pro-
vides (7.18). O

We now outline the steps for computing the Clarke generalized Jacobian Ji at line 4 in Algo-
rithm 7.1. Specifically, by Lemma 7.3.2, the Jacobian of F' evaluated at y € R™, J(y), is computed
following the steps below.

(i) Let Y = W 4+ A*y € S". Consider the spectral decomposition of Y given by

Y =[Va Vs V;]DiagA(Y)[Va Vs W],

where V,, Vg and V, are the matrices of eigenvectors associated with the positive, zero and
negative eigenvalues of Y, respectively.

(ii) Define the rotation Ry : S — S", by

T
Ry (p) := [Va Vs ny] p [Va Vs V,y] : (7.19)
(iii) For each j =1,...,m, compute
VIAV, VIA; Vs Qoo VEAV,
T; = (VEA; V)T 0 0 esS” (7.20)
(Quy o VIAVOT 0 0

(iv) The j-th column of the Jacobian at y, J(y), is

A(Ry(Tj)) =: Asvec (Ry(Tﬂ) . (7.21)

7.4 Failure of Regularity and Degeneracy

This section examines various aspects of Algorithm 7.1 that result from the failure of strict feasibil-
ity. The failure of regularity is known to result in pathologies in conic programs, both on theoretical
and practical aspects. We show that Algorithm 7.1 is not an exception to this phenomenon.

This section is organized in three parts. In Section 7.4.1 we discuss two types of pathologies.
One well-known pathology is the possibility of failure of strong duality. Since the primal and dual
optimal values agree (Theorem 7.2.1 (ii)), the only difficulty left is that the dual optimal value
may not be attained by any dual feasible point. We identify a condition where this occurs (see
Lemma 7.4.2) and show how to construct instances where strong duality fails. Another well-known
consequence of the absence of strict feasibility is that the dual optimal set is unbounded [72]. We
explain why Algorithm 7.1 experiences difficulties in this case in Section 7.4.1. The second part in
Section 7.4.2 is devoted to understanding the properties of the Jacobian of F' computed near the
optimal point as seen through the lens of degeneracy. We recall the discussions from Section 2.4.2
to help explain the behaviour of Algorithm 7.1. In particular, we rely on the fact that every point in
F is degenerate in the absence of strict feasibility. We conclude in Section 7.4.3 with the application
of degeneracy identification to two real-world examples: the elliptope and the vontope.
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7.4.1 Pathologies Arise in the Absence of Strict Feasibility

In this section we discuss pathologies that arise as a result of the absence of strict feasibility.
We provide a method of constructing instances where the dual optimal value is not attained. In
addition, assuming that the dual optimal value is attained, we provide members that certify the
unbounded dual optimal set; and we examine the behaviour of Algorithm 7.1.

Unattained Dual Optimal Value

Theorem 7.2.1 states that there is always a zero duality gap, p* = d* and the solution value of the
primal problem, p*, is attained. However, in the absence of strict feasibility, the dual attainment
does not necessarily hold. Example 7.4.1 below illustrates that strong duality can fail for (7.1)
when strict feasibility fails.

Example 7.4.1 (Failure of strong duality). Consider the following instance of BAP (7.1) given
by
1 0 1 ’

The set of feasible solutions of (7.22) is {X € S? : X11 = X12 = Xo1 = 0, Xo9 = 0}. Therefore, the
optimal value of the problem is

1
1= min -

_1 2
X22=0 2 ' N 5 (2 + X22) ’

2
0 1
which is attained when Xoo = 0. In other words, the optimal solution of the best approximation
problem is attained at X = 0.

Now, note that the primal constraint in (7.22) is given by trace (E11.X) = AX = 0, and therefore
A*y = yFEq for all y € R. Thus, dual feasibility of the optimality conditions (see (7.5)) implies

0 -1 _ |-y 1 9 _
—[_1 0]—yE11—[1 O]ES+, for some g € R.
However this does not hold for any § € R. Thus attainment fails for the dual.

Example 7.4.1 above illustrates that strong duality may fail in the absence of strict feasibility;
the linear manifold defined by X1 = 0 entirely consists of singular matrices. We note that strong
duality can hold even in the absence of strict feasibility. Remark 7.4.3 presents a constructive
approach for generating instances that fail strong duality. We first recall the following.

Lemma 7.4.2 (150, Lemma 2.2]). Suppose that 0 # K <S%, is a proper face of S".. Then
S" + K+ = S7 + span KA.

Furthermore,
S" + span K is not closed. (7.23)
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Remark 7.4.3 (Constructing instances that fail strong duality). The dual feasibility of the first-
order optimality conditions (7.5) states:

X — W € range(A*) + ST.

From (7.23), we can choose any proper face K <S% and construct a linear map A to satisfy
range(A*) = span K. Therefore,

X — W e range(A*) + ST\ (range(A*) + ST) , X >0,

results in the failure_of (7.5). Ezample 7.4.1 indeed falls into this category. Note that we can
always choose b = AX so that we still have a zero duality gap.

Unbounded Dual Optimal Set and Singular Jacobian

We now discuss a property of the dual optimal set that, if it exists, results in a poor behaviour of
Algorithm 7.1. Recall that the absence of strict feasibility of F implies the existence of a solution
A of the auxiliary system (2.10). We use the solution A of (2.10) to derive two properties of the
dual solution set S = {y € R™ : F(y) = 0} defined in (7.14):

(i): solution set S is unbounded;

Slater fails, S # & = { (ii) Jacobian at any solution y € S is singular.

(7.24)

Theorem 7.4.4 below clarifies the conditions that result in the unbounded dual solution set in (7.24)(i);
it then explains why we get an ill-conditioned Jacobian and thus provides a rationale for regular-
ization of the search direction at line 4 in Algorithm 7.1.

Theorem 7.4.4. Suppose that strict feasibility fails for the (primal) spectrahedron (7.1) but strong
duality holds. Let y € S and let \ be any solution to (2.10). Then the following hold:

(i) The solution set S is unbounded. Moreover, X provides a recession direction, F(j — t\) =
0,Vt € RP,

(i) The directional derivative of F' at y along A ezists and is equal to zero.

(iii) In addition suppose that F' is differentiable at §y € S. Then the Jacobian F'(y) is singular.
Moreover, \ € null F'(g).

Proof. Ttem (i): Let (X, 9, Z) be a triple that satisfies the optimality conditions in (7.5). We now
let A be a solution to the auxiliary system (2.10) and Z := A*X > 0. We aim to show that, for any
t > 0, the triple (X,9 — tA, Z + tZ) also satisfies the optimality conditions. Indeed, for all ¢ > 0,
we have Z +tZ > 0 and

0 = X-W-A*%—2Z
= X-W-A*y—t\) — (Z +t2).

The verification of primal feasibility is trivial. Finally complementarity follows:

(Z+1Z,X)=tZ,X)=t(\,AX) =t{\,b) =0, Vt>0,
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where the last equality follows from (2.10). Finally, by the proof of Theorem 7.2.1 (iii) we conclude
that § — tA is a root of F for all ¢t > 0, or equivalently,

Item (ii): This directly follows from the fact that F(y) = F(y —t\) for all y € S and ¢t € R...

Item (iii): Suppose F' is differentiable at a point y € S. Then the partial derivative of F' at g in
the direction of A is given by

where F’() denotes the Jacobian of F at . O

We note that the system (2.10) may contain multiple linearly independent solutions. Let
{M,..., A"} be a set of linearly independent solutions to (2.10). Hence by Theorem 7.4.4 we
deduce that the solution set S contains a k-dimensional recession cone. Moreover, if the differen-
tiability of F' at g is further assumed, null F’(j) contains at least k zero singular values. Another
interesting consequence of Theorem 7.4.4 is that if F’(§) is nonsingular, then strict feasibility holds
for F.

The unboundedness of the set S immediately translates into the unboundedness of the set of
optimal solutions of the dual problem (7.2). The proof of Theorem 7.4.4 Item (i) shows that the
triple (X, 9 — tA, Z + tA*\) satisfies the optimality conditions (7.5) for all t € R, . Therefore, the
unbounded set

{(7,2) + t(=X\, A*X) : te Ry}

constitutes recession directions of the set of dual solutions.

Furthermore, as stated in [72] (and related papers), the dual optimal set is unbounded when
Mangasarian-Fromovitz type constraint qualifications fail. Here this means that the dual optimal
set is unbounded when strict feasibility fails for the primal (7.1), since we assume that A4 is surjec-
tive. Our dual Algorithm 7.1 can encounter numerical difficulties in this setting. We now provide
the details why the norms of the dual variables typically diverge.

Let y € S. Suppose that we are at a point g such that 0 # € = F(9), § = § + Ay. We note that
e =F(y+Ay)— F(y) ~ F'(5)Ay.

When | is small, Ay is close to being in null(F'(7)). We have shown in Theorem 7.4.4 that a
solution A to (2.10) always satisfies

F(g+A) =0and F'(y)\ = 0.

Therefore, large choices for Ay that include a large component from the nullspace is possible. This
is in particular true when the Jacobian is singular at the optimum and the regularization parameter
is converging to zero.

A typical behaviour of Algorithm 7.1 in the absence of strict feasibility is illustrated in Figure 7.1,
i.e., we see the growth of the norms of the dual variables.
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Convergence Behaviour of (Xy, yk, Zi)
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Figure 7.1: Typical behaviour of {(Xg, yx, Zx)} from Algorithm 7.1 in the absence of strict feasibility.

7.4.2 Jacobian Behaviour Near-Optimum and Degeneracy

In this section we study properties of the Jacobian of F' computed near the optimal point and relate
its behaviour to the degeneracy status of the optimal point. We show that the degeneracy status
of the optimal point characterizes the singularity of the Jacobian matrix.

We extend the discussion of computing the Jacobian presented in Lemma 7.3.2 and elaborate the
computational steps. Let (X, y,Z) be an optimal triple that solves (7.5). We further assume that
X and Z satisfy strict complementarity. Since X and Z are mutually orthogonally diagonalizable,

we obtain
R 0

X—Z=W+ A =[V V][O _S][v 71", R>0,5>0,

where X = VRVT and Z =V SVT.

Recall the steps for computing the Jacobian in Section 7.3.1 and the rotation operator in (7.19).
Since we are now assuming that the matrix X — Z = W + A*(y) is nonsingular, then the matrices

of eigenvectors in (7.19) are given by V,, =V, V3 = 0 and V,, = V. Hence, the rotation operator we
are interested in now is Rgx_z(-) = [V V] () [V V]T. We now closely observe how the (i, j)-th

element of the Jacobian in (7.21) is evaluated. Let T} be the matrix defined in (7.20). Then
trace(A;Rg_z(Tj))
= (a,[v Vi [v V")
v Ay 7))

VTAV VTAV VITAV Qo 0 VT A;V (7.25)
- |:‘_/TAiV VTAiV:| (O VTAjV)T 0

VIAV VITAV VTA;V Qay o VT AV
B [VTAz‘V 0 ] | (Qay 0 VT4 0

Note that the two arguments in the last trace inner product in (7.25) share the analogous block
structure, with the difference arising from both the use of A; versus A; and an element-wise
(Hadamard) scaling applied to the off-diagonal block. Lemma 7.4.5 below links the degeneracy
of the optimal point X to the invertibility of the Jacobian of F at 7.
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Lemma 7.4.5. Let D € S" | be a diagonal matriz, and let {x1,...,zm} S R" be given. Let U =
[21 @2 -+ am]. Thenrank(U) = rank(UTU) = rank(U? DU).

Now we use (7.25), Lemma 7.4.5, and Lemma 2.4.5 to characterize the singularity of the Jacobian
of F' evaluated at an optimal solution. We note that [10, Theorem 3.1] addresses nonsingularity of
Jacobians of linear SDPs under nondegeneracy assumptions.

Theorem 7.4.6. Let (X, 9, Z) satisfy the optimality condition (7.5) and the strict complementarity
condition. Then X is degenerate if, and only if, the Jacobian of F' at y is singular.

Proof. Let X be the optimal point of (7.1). Let

M 5500y (X)
D = Diag | svec S V2T € St(n)>
° ( ([«%WX)T M D) o

where M = -2 E + < I and where we include the dependence on X of ) given as in (7.15).

VTA v vT A V
VTAv 0

\_/

Let Xi = [
note that

}, and let z; := svec (X;). We recall the definition of Tj in (7.20) and

svec (T;) = Dz;.
We then observe the last inner product in (7.25):

(X3, T;) = (svec(X;),svec(T})) = {x;, Dx;).

Now we form U := [acl To - xm] e R{™*m  Then, Vi, j, we have
o
(UTDU);; = | [Dz1 Dy | =2 Dxj = trace(4;R 3 (T})).
T
Ty hy
7]

Therefore we conclude

X is degenerate <= rank(U) < m, by (2.12),
«— UTDU is singular, by Lemma 7.4.5,
<= Jacobian of F' at X is singular.

O]

Recall the sufficient conditions for producing a nondegenerate solution given in Propositions 2.4.9
and 2.4.10. Therefore, any projection point X that satisfies the conditions in Propositions 2.4.9
and 2.4.10 yields a nonsingular Jacobian.

7.4.3 Nondegeneracy of the Elliptope and Degeneracy of the Vontope
We study degeneracies of two classes of spectrahedra; the elliptope (the set of correlation matri-

ces), and the vontope (feasible region of the SDP relaxation of the quadratic assignment problem,
QAP). We introduce these sets to illustrate how degeneracy interacts with the performance of
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Algorithm 7.1 in Section 7.5.2. We exhibit the result from [111] that the elliptope has only nonde-
generate points; however all vertices of the vontope are degenerate before FR, and some vertices
of the vontope are degenerate even after FR.

Example 7.4.7 (Elliptope, [144, Thm 3.4.2]). We consider the problem of finding the nearest
correlation matriz:

1
min {2X ~ W% : diag(X) =e, X > 0} :

where e is the vector of all ones. The feasible region of the above problem is called the elliptope.
Note that the elliptope is the feasible region of the SDP relaxation of the maz-cut problem. Every
point in the elliptope is nondegenerate. A semismooth Newton method for this problem is developed

in [1/8].

Example 7.4.8 (Vontope, [182]). Let I1,, be the set of n-by-n permutation matrices. For X € 11,
let

1 2
Vy = T _ R" +1
X = Yxyx, where yx (VGCX) € ,

be the lifted matriz. Here we index the rows and columns of a matrix starting from 0. The lifting
process gives rise to the following feasible region for the SDP relaxation:

(7.26)

_ 07 _ 0 _
Foap = {Y . S:L_Q_;’_l : G;(Y) = ep, b’ diag(Y) = I,,0" diag(Y) = I,,, }

Yo =Y, Vi=1,...,n°+1

Here, G : s?*+1 — RV 4s a linear map that chooses the elements in the index set J that correspond
to the (0,0)-element of Y, the off-diagonal elements of the n-by-n diagonal blocks, and the diagonal
elements of the n-by-n off-diagonal blocks; b?diag : SP*Hl . S" s the linear map that sums
the n-by-n diagonal blocks; and o° diag : ST’ s S™ s the linear map defined by o° diag(Y) =
(trace(?i*j)) , where Y7 is the (i, j)-th n-by-n block submatriz in Y ; see [152] for details on the

)

construction of G 7,b? diag and o° diag.

We remark that the expression in (7.26) contains redundant linear constraints. It is well-known
that the SDP relazation of the QAP fails strict feasibility [152] and so we employ FR and work
i a smaller space. Let

T
_|e &I, 2nxn? [ 2nx(n?+1)
H[In®eT]eR K =[-¢ H]eR ,

and let V e RO*DX((=1°+D) pe the matriz with orthonormal columns that spans null(K).> FR
leads to the following constraints:

FERp = (Re SV G (VRVT) = ¢, R > 0}, (7.27)

where G ;5 : s+l o R g newly defined surjective linear map that chooses indices in J such that

J < J. This aligns with the fact that FR reveals implicit redundant constraints. It is known that
the number of equality constraints reduces to n3 —2n? + 1 after FR; see [152].3

2Note that the last row of K is linearly dependent and, for efficiency and accuracy, is best ignored when finding
the nullspace.

3The last column of off-diagonal blocks and the (n — 2,n — 1) off-diagonal block are linearly dependent and are
ignored, see [30, 182].
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We now discuss the degeneracy of each lifted matriz Yx = yXygg = VRxVT, where X € 1I,.
Due to the orthonormality of V', we get

Ry = VIYyV e S(=1*+1,

We note that rank(Rx) = 1. We let {Ai}?jf2"2+l < S(=D*+1 pe the set of matrices defining data
matrices for the affine constraints. Hence the linear dependence of the matrices of the set (2.12)
can be analyzed by considering their first columns. For n = 3, we observe that the vectors

N )
Vx Ai ne1)24 - B _
{<V§AiVx>}i_l <R ;o nP=2"+1>(n—-1)"+1, n=>3,

are linearly dependent. This proves that the rank-one vertices that arise from Il,, remains degenerate
after FR.

Remark 7.4.9. If we replace S'} with R}, the set F reduces to a polyhedron and the discussion
on the degeneracy simplifies. The degeneracy status of a point x in a polyhedron can be confirmed
by evaluating the rank of A(:,supp(x)), where supp(z) = {i : x; # 0} denotes the support of x;
see [1//]. The performance of the proposed algorithm in [75] is also affected by the degeneracy of
the optimal point. Moreover every point of F as a polyhedron is degenerate in the absence of strict
feasibility.

7.5 Numerical Experiments

To illustrate the effects on convergence and degeneracy, we now present multiple experiments using
diverse spectrahedra F with various ranges of values for the singularity degree, sd(F), and for the
implicit problem singularity, ips(F). In our algorithm, dual feasibility and complementary slackness
are satisfied exactly. Therefore, we use the following €* € R, to denote the relative residual of the
optimality conditions at iteration k:

k : IIF(y’“)I} -
e’ :=min< 1, —=5 3 =: o107 "% 1 < ay < 10.
{ T+ o

We denote the condition number of the Jacobian of F' at y* as cond(Jy), and let
cond(Jy) = Bx10°*, 1 < By < 10.
We stop Algorithm Algorithm 7.1 once
(i) €* <1071 or (i) si +t, > 16 or (iii) k > 2000.
If condition (i) holds, then we consider the BAP problem is solved. If condition (ii) holds, then
we consider the optimal solution of the BAP problem as being degenerate. In our algorithm, if
(ii) or (iii) hold, then we conclude that a small eigenvalue for the Jacobian exists and we assume

that strict feasibility fails.? And, by looking at the nonzero elements of an eigenvector associated
to the smallest eigenvalue we get information on an exposing vector; and we identify constraints

“Note that by Remark 2.4.6, nondegeneracy holds for our problem generically.
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that give rise to the failure of strict feasibility. This solves an auxiliary system for a FR step,
see Proposition 2.4.1. Using the information on the exposing vector, we then solve a reduced
auziliary system, using a Gauss—Newton approach®. This results in a FR step. Following this, we

remove the redundant constraints that arise from the FR step. We repeat until strict feasibility
holds.

Numerical experiments are conducted with MATLAB R2023b on a Windows 11 PC with Intel(R)
Core(TM) i5-10210U CPU @ 1.60GHz, RAM 16.0GB.

7.5.1 Comparison With(out) Strict Feasibility

As expected, our tests in Table 7.1, show that Algorithm 7.1 performs exceptionally well for in-
stances with strict feasibility but struggles when strict feasibility fails. In fact, we observe that
Algorithm 7.1 achieves the relative precision of 10~7 in under 7 iterations when strict feasibility
holds. In contrast, when strict feasibility fails and Algorithm 7.1 converges, hundreds of iterations
are needed to reach the desired precision. In Table 7.2, we repeat the same experiment setting a
relative precision tolerance of 107! and allowing 2000 iteration limit. In this case, Algorithm 7.1
never reached the desired relative precision within the maximum number of iterations.

n 10 20 50 100
Slater 100% | 100% | 100% | 100%
No Slater | 55% | 50% | 50% | 25%

Table 7.1: 20 randomly generated problems (7.1); % converged ¥ < 1078, k < 1000.

n 10 20 50 100
Slater 100% | 100% | 100% | 100%
No Slater | 0% 0% 0% 0%

Table 7.2: 20 randomly generated problems (7.1); % converged e* < 10713, k < 2000.

We now look at the case where the singularity degree sd(F) = 1, while the implicit singularity
ips(F) varies.

ips(F) =1

We use a spectrahedra with singularity degree 1 and n = 15,m = 7. The singularity degree is
obtained by constructing an exposing vector as a linear combination of 5 out of the 7 constraints
of the problem. Algorithm 7.1 is used to monitor the eigenvalues of the Jacobian of F' at every
iteration k, see Figure 7.2. We observe that only one of the eigenvalues tends to 0. After 452
iterations the method reaches a relative residual of 9.9567 x 10~%, while the condition number of
the Jacobian is 7.0236 x 10'2. Therefore the algorithm stops and indicates which of the constraints
are causing strict feasibility to fail. After applying FR and removing the single (implicit) redundant

Shttps://github.com/j5im/FacialReductionSpectrahedron
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constraint found, the algorithm now succeeds and converges to a point with a relative residual of
1.0231 x 10~1° in only 8 iterations, see Table 7.3.

100 L

AF,)

10—5 L

10-10 L

L L L L L L L
50 100 150 200 250 300 350 400 450
k

Figure 7.2: Changes in eigenvalues of Jacobian of F' for spectrahedron in Section 7.5.1.

n m eF(rel. res.) cond(F'(yx)) An (Y) k

Before FR 15 7  9.9567e-08  7.0236e+12 -1.7238e-16 452

After FR. 15 6  1.0231e-15 198.08 2.5515e-17 8

Table 7.3: Spectrahedron in Section 7.5.1; at final iteration k; before and after FR. iters

ips(F) > 1

In our second experiment, see Table 7.4, we work with data obtained from an SDP relaxation of
the protein side-chain positioning problems, e.g., [32]. The spectrahedron we are considering has
singularity degree 1, but the implicit problem singularity is greater than 1, i.e., there are more than
1 redundant constraints after applying FR. In particular, the dimension of the space is n = 35 and
the number of constraints is m = 75. By running our algorithm, we observe that a large number
of eigenvalues of the Jacobian tend to 0 along the iterations (see Figure 7.3). After applying FR,
we reduced the dimension of the problem to n = 10 and the number of constraints to m = 22. In
the next run of the algorithm, only one eigenvalue of the Jacobian tends to 0, but we detect that
a second iteration of FR. is needed. This time, we reduce n to 9 and we remove 6 more redundant
constraints, resulting in m = 16. The next time we apply our algorithm, the method converges to
the solution in 18 iterations, see Table 7.4.

7.5.2 Experiments with Elliptope and Vontope

In this section we address the importance of strict feasibility and degeneracy on the performance
of Algorithm 7.1. We consider the elliptope and vontope cases. Furthermore we compare the
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Figure 7.3: Iterations k vs eigenvalues; spectrahedron in Section 7.5.1; before and after one FR
iteration

n  m &F(rel. res.) cond(F'(yx)) An(Yk) k

Before FR 35 76 8.5351e-08  1.0060e+12 -1.6941e-15 534

After FR'1 10 22 7.6363e-04  1.8739e+16 -5.2097e-16 19

After FR2 9 16 8.7202e-14 16103.37 -5.6900e-16 18

Table 7.4: Spectrahedron in Section 7.5.1; at final iteration k; before and after FR. iters

performance of Algorithm 7.1 with the interior point solver SDPT36.

From Section 7.4.3 we recall that the MC problem satisfies strict feasibility and every point
of the elliptope, the feasible set, is nondegenerate; see Example 7.4.7. The results from the
MC problem are displayed in the line labelled ‘Elliptope’ in Table 7.5. As for the QAP, without
FR, the SDP relaxation of QAP fails strict feasibility and all the feasible points are degenerate.
Hence in our tests, we consider two models of the same set of instances: Fgap obtained directly
by the lifting of the variables (see (7.26)); and F, 55 p obtained after FR is applied to Fqap (see
(7.27)). In Table 7.5, QAP (QAPxg, resp.) indicates the results obtained from Fgap (fgﬁp,
resp.).

We used two settings for the choice of W in the objective function. The first setting for W
forces the optimal solution X to be rank 1. Recall that rank-one optimal solutions for QAP
are degenerate and thus lead to ill-conditioned Jacobians as can be seen by the huge condition
numbers demonstrated later in Table 7.5. The second setting chooses a random W. Followed by
the discussions in Remark 2.4.6 and Proposition 2.4.9, X is generically nondegenerate when strict
feasibility holds.

For SDPT3 we provided the following second-order cone formulation of (7.1):

g{mr}t{ t :svec(X) +y =svec(W), |ylla <t, XeF}.
7y7

Shttps://www.math.cmu.edu/~reha/sdpt3.html, version SDPT3 4.0 [169].
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The default settings for SDPT3 were used for the tests.

Each line of Table 7.5 reports on the average of 10 instances, problem order n = 10. The
meaning of the header names used in Table 7.5 is as follows:

(i) The headers ‘pf’, ‘df’ and ‘cs’ under Semi-Smooth Newton refer to the average of the primal
feasibility, dual feasibility and complementarity, respectively, introduced in (7.12). The df
includes both the linear dual feasibility and the violation of semidefiniteness. Both are essen-
tially zero up to roundoff error of the arithmetic. Note that the values 107!5 and smaller for
pf and df are essentially zero (machine precision). The headers pf, df and cs under SPDT3
refer to the solver outputs, pinfeas, dinfeas and gap, respectively.

(ii) k is the average number of iterations.
(iii) time is the average run time in cpu-seconds.

(iv) cond(F’(y*)) is the average condition number of the Jacobian (F’(y*)); we only have this
metric for the semismooth Newton method.

. Semi-Smooth Newton SDPT3
W Generation | Problem pf df cs k time  cond(F'(y*)) | pf df cs k time
- Elliptope | 9e-13  9e-16 2e-16 6.8 4e-02 3e+00 4e-12  6e-12  2e-07 15.5 2e-01
W, rank(X) =1 | QAPgg | 4¢-07 2e-15 1le-16 7.5  7e4+00 4e+15 5e-10 1e-09 9e-06 17.9 7e+01
QAP 8e-09 3e-15 1le-16 8.6  2e+01 de+14 5e-10  5e-09 1le-05 18.9 6e+01
Elliptope | 3e-12  1le-15 6e-17 6.3 1e-02 2e+00 le-11 6e-12 3e-08 11.5 9e-02
random W QAPgr | 2e-12 3e-15 T7e-17 206 2e+01 3e+05 5e-10  5e-10  7e-07 13.9 5e+01
QAP 1e-07 5e-13  3e-16 537.9 1le+03 Ge+11 1e-08 2e-09 1e-06 17.3 T7e+01

Table 7.5: Algorithm 7.1 and SDPT3 on: Elliptope and Vontope; n = 10;

We now discuss the results in Table 7.5. We start with the Semi-Smooth Newton, Algorithm 7.1.
The ‘pf’ column clearly indicates that the degeneracy of the optimal point X plays a significant
role. Except for random W with QAPgg, the ‘pf’ values for the QAP are poor. This correlates
with the condition number values; see also the discussion in Section 7.4. The condition numbers of
the Jacobian near optimal points, cond(F”(y*)), become ill-conditioned when strict feasibility fails
and the optimal solution is degenerate. The good measures for ‘df’ and ‘cs’ of Semi-Smooth Newton
method is attributed to the construction of Algorithm 7.1. We observe that the average number
of iterations for QAP is high when a random W is constructed, since the algorithm’s difficulty in
achieving the stopping tolerance ¢, set to 1077.

SDPT3 exhibits overall strong performance on all instances. However, the ‘df’ and ‘cs’ values
under SDPT3 are weaker compared to the Semi-Smooth Newton. This is due to interior point
methods aiming to satisfy the first-optimality condition simultaneously throughout the process.
We also observe that the number of iterations is higher when the optimal solutions are set to be
degenerate.

Algorithm 7.1 has a superior performance for M C problems as all components of the optimality
conditions are satisfied with near machine accuracy. This confirms that the status of the optimal
solution plays an important role when it comes to the performance of Algorithm 7.1. In addition,
preprocessing the instances so that they satisfy strict feasibility is important as seen by problems
failing strict feasibility only contain degenerate points; see Theorem 2.4.7.
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7.5.3 Data Availability Statement
The results and data used in this chapter is generated using our MATLAB codes. These are publicly

available at the link:
https:\www.math.uwaterloo.ca/~hwolkowi/henry/reports/CodesProjDegSingDegJul2024.d/
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Chapter 8

Simplified Wasserstein barycenter
problem

8.1 Introduction

We consider the so-called simplified Wasserstein barycenter, WBP, problem of finding the optimal
barycenter of k points, where exactly one point is chosen from k sets of points, each set consisting
of n points. This is a simplification of more general problems of optimal mass transportation and
the problems of summarizing and combining probability measures that occur in e.g., statistics
and machine learning. The latter is studied from a theoretical perspective in [!], while scalable
numerical methods based on entropic regularization are proposed in [15]. The descrete problem
considered in this chapter is called the cheapest-hub problem in [11, Def. 1.4]. Moreover, [I1]
derives a reduction to WBP from the k-clique problem thus proving NP-hardness.! Algorithms
for WBP with exponential dependence in the embedding dimension, d, are discussed in [I1, Sect.
1.3.1].2 There are many important applications in molecular conformation e.g., [32], clustering [180],
supervised and unsupervised learning, etc. For additional details on the theory and applications of
optimal transport theory see e.g., [12,73,138], lecture link, Introduction to Transportation Problems
link, and the many references therein.

The purpose of this chapter is twofold. First, we provide a successful framework for handling
quadratic hard discrete optimization problems; and second, we illustrate the surprising success
when applied to our specific WBP.

We model our problem as a quadratic objective, quadratic constrained {0, 1} discrete optimiza-
tion problem, i.e., we obtain a binary quadratic model where the binary constraints are equivalent
to quadratic constraints xlz —x; = 0. We then get a convex relaxation for this hard discrete op-
timization problem by lifting to the doubly nonnegative, DNN, cone, the cone of nonnegative
elementwise, positive semidefinite symmetric matrices. Strict feasibility fails for the relaxation, so
we apply facial reduction, FR. This results in many constraints becoming redundant and also gives
rise to a natural splitting that can be exploited by the symmetric alternating directions method

'Recall that the k-clique problem is the problem of finding k vertices in a graph such that each pair is close in the
sense of being adjacent.
2We discuss this further below as the complexity of our algorithm does not depend on the embedding dimension

d.
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of multipliers (SADMM ). We exploit the structure, and include redundant constraints on the
subproblems of the splitting and on the dual variables. The sADMM algorithm allows for efficient
upper and provable lower bounding techniques for the original hard WBP problem. This enables
earlier termination of the algorithm.

Our extensive tests on random problems are surprisingly efficient and successful, i.e., the re-
laxation with the upper and lower bounding techniques provide a provable optimal solution to
the original hard WBP for surprisingly many instances; essentially for all our randomly generated
instances. For example, to solve the original hard discrete optimization problem to optimality
for our algorithm for a random problem with k¥ = n = 25 in dimension d = 25 took on the
order of 10 seconds. In contrast, using the well-known solver GUROBI, on three problems, with
sizes n = k = 5,7,8, respectively, it took approximately: 2,570,46692 seconds, respectively (us-
ing the same laptop for both tests). (Detailed numerics for our algorithm are provided below in
Section 8.4.4.)

Though the proposed approach recovers exact solutions for nearly all randomly generated in-
stances considered in our experiments, the DNN relaxation can fail to find the exact solution for
problems with special structure, i.e., there can be a positive duality gap between the optimal value
of the original hard problem and the lower bound found from the DNN relaxation. In Corol-
lary 8.5.2 we include a constructive proof for a general hard {0, 1} problem that a sufficient number
of linearly independent optimal solutions results in a duality gap between the original hard problem
and its DNN relaxation. This is specialized to the WBP in Corollary 8.5.3. A specific instance is
included. Note that we consider that we have found an optimal solution to WBP if the upper and
lower bounds are equal to machine precision as any other feasible solution cannot have a smaller
objective value within machine precision.

8.1.1 Outline

The main Problem 8.2.1 and connections to Euclidean distance matrices, EDM, are given in Sec-
tion 8.2. A regularized, facially reduced, doubly nonnegative, DININ, relaxation is derived in Sec-
tion 8.3. The FR in the relaxation fits naturally with applying a splitting approach. This is
presented in Section 8.4 along with special bounding techniques and heuristics on the dual mul-
tipliers for accelerating the splitting algorithm. The algorithm provides provable lower and upper
bounds for the original problem in Problem 8.2.1 that are attained by dual and primal feasible
solutions, respectively. Thus a zero gap (called a duality gap) proves optimality. Our empirics are
given in Section 8.4.4. In Section 8.5 we prove that multiple optimal solutions can lead to duality
gaps. We include specific instances.

Background

The SDP relaxation for quadratic problems with discrete variables has been successful in many
applications including the classic application for the max-cut problem, e.g., [75]. The application
that uses SDP and exploits facial reduction, FR, and gangster constraints, as done in this thesis,
appears in e.g., [177,182]. Then adding on nonnegativity, i.e., using the DNN relaxation, and
exploiting the natural splitting that arises from facial reduction, appears in e.g., [32, 118, 130].

Our work combines the techniques in the latter references above and applies it to our specific
WBP . We exploit the special EDM structure and illustrate the strength of applying the natural
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splitting that arises with FR. The approach surprisingly solves generic problems to optimality; but
we also find special structures that give rise to positive duality gaps, i.e., for which our technique
fails to find the optimal solution.

8.2 Simplified Wasserstein barycenters, WBP

The general Wasserstein barycenter problem involves finding the mean of a collection of probability
distributions by minimizing the sum of their Wasserstein distances to a target distribution, see
e.g., [L1]. The simplified version has a finite collection and a finite discrete distribution. We now
present this as our main problem along with the connections to Euclidean distance matrices, EDM.
We follow the notation in [1 1, Sect. 1.2] and refer to our main problem as the simplified Wasserstein
barycenter problem, or Wasserstein barycenter for short.

8.2.1 Main problem and EDM connection

Our main optimization problem is to find a point in each of k sets to obtain an optimal barycenter.
We can think of this as finding a hub of hubs. That is, suppose that there are k areas with n
airports in each area.? We want to choose exactly one airport to act as a minor hub in each of the
k areas so that the barycenter for these k minor hubs would serve as a major (best) hub for the &k
minor hubs. .

Problem 8.2.1 (simplified Wasserstein barycenter, WBP). Suppose that we are given a finite
number of sets Si, ..., Sk, each consisting of n points in R®. Find the optimal barycenter point y
after choosing exactly one point from each set:

Py = min min i =yl % = min F(Djy,Pjas -+ Piji)s (8.1)
ief] * i€lk] ielk]

thus defining F'. Here
Pl =[p ... py]eR"N DG, (8.2)

denote the corresponding (configuration) matriz of points, EDM, and Gram matriz, respectively.
We allow the set sizes, nj,j € [k], to vary and let N = Zje[k] n;.

By Lemma 8.2.2 below, the optimal Wasserstein barycenter is the standard barycenter of the k
optimal points. It is known [1 1, Sect. 1.2] that the problem can be phrased using inter-point squared
distances. We include a proof to emphasize the connection between Gram and Euclidean distance
matrices. We start by recording the following minimal property of the standard barycenter with
respect to sum of squared distances.

Lemma 8.2.2. Suppose that we are given k points ¢; € R4, i = 1,... k. Let j = %ZL q; denote
the barycenter. Then

k
_ . 1 9
= argmin — ;— .
§ = argr z_Zl Sl =yl

3In this hub of hubs problem, the extension allows for different sizes for the sets.
4As noted earlier, This is called the cheapest-hub problem in [11, Sect. 1.2].
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Proof. The result follows from the stationary point equation Zle(qi —g)=0. O

We now have the following useful lemma.

Lemma 8.2.3. Let QT = [q1...q] € R and let Gg and Dg be, respectively, the Gram and
the EDM matrices corresponding to the columns in QT . Further, let y = %QTe be the barycenter.

Then
k

2k 2 lgi — y|*> = e Dge = 2k trace(Gg) — 2¢* Gge. (8.3)
i=1

Proof. Let J = I — ee” /k be the orthogonal projection onto e*. Hence, J? = JT = .J. Moreover,
the i-th row (JQ); = (Q — %eeTQ)i = (¢ —y)T. Now

k

1
Z lgi — y|? = trace(JQQTJ) = trace(JGg) = trace(Gg) — EeTGQe.
i=1

But Do = K(Gg) = ediag(Gg)T + diag(Gg)el — 2Gg. Therefore, el Dge = 2ktrace(Gg) —
2¢TGge. O

The following Corollary 8.2.4 illustrates the connection between the simple Wasserstein barycen-
ter problem® of finding the optimal barycenter and the k-clique problem of finding k pairwise
adjacent vertices.

Corollary 8.2.4. Let N = > ;e n;, and let S; = {pj; )21, 7 € [k] be given. Consider the main
problem (8.1) and let y denote the optimal Wasserstein barycenter. The problem of finding y is
equivalent to finding exactly one point in each set that minimizes the sum of squared distances in
the following:

(WIQP)  2Npiy =p*:=min >, [pi—p;|* (8.4)
te[k] i-d€lk]

Proof. Suppose that PT = [p1 pk] e R¥F ig a fixed matrix of optimal solution vectors to
(8.1), and let y be the barycenter. Without loss of generality, since distances do not change after
a translation, we translate all the points p,t € [k], by y and obtain y = 0. This implies that
the corresponding Gram matrix Ge = PPTe = 0. This combined with (8.1) and (8.3) and the
corresponding distance matrix D yield

Zi,je[k] lpi = = e'De

el (diag(Q)el + ediag(G)T — 2G)e
2N diag(G)Te

2N trace G

= 2N Zie[k] pi]?

= 2Npjy,

(8.5)

where the last equality follows from Lemma 8.2.2. O

5We refer to this as the Wasserstein barycenter problem.
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8.2.2 A reformulation using a Euclidean distance matrix
We work with the optimal value p* and now provide a reformulation of (8.4) using an EDM. Define

U1
zi=| : |eRN, v;eRY, A=I®el eRH", (8.6)

U

where we use the Kronecker product, ®. Note that we get ATe = e. Then, the constraints of
picking exactly one point from each set can be recast as:

Az = e, z € {0,1}". (8.7)

Recalling Corollary 8.2.4 and (8.5) in the proof, we see that (8.1) can be formulated as a binary-
constrained quadratic program (BCQP ) using the Euclidean distance matrix D formed from all

N points PT = [p1 ceo Dny DPrni+l .-+ DPni4ng .- pN]:
p* = min z' Dz =(D,z2T)
(BCQP) st. Ar=e (8.8)
re {0, 1}V,

For simplicity in the sequel we often assume that the cardinality of all sets are equal.

Remark 8.2.5 (difficulty of the Wasserstein barycenter problem). We first note that A in (8.6) is
totally unimodular, i.e., every square submatriz has det(Ay) € {0, +1}. Therefore, the basic feasible
solutions, vertices of the feasible set, of the LP relaxation Ax = e, x = 0, are {0,1} wvariables.
Therefore, these discrete optimization problems with a linear objective yield vertices as optimal
solutions and can be solved with simplex-type methods while yielding {0,1} solutions.

For our problem we have a quadratic objective function. And, by the properties of distance
matrices, it is concave on the span of the feasible set of the LP relaxation. Therefore, minima are
attained at extreme points, i.e., at vertices, at {0,1} points. But solving the concave minimization
problem is a hard problem.

In summary, the problem appears to be difficult due to the minimization of a quadratic function,
[140], and the binary 0,1 constraints. This is in contrast to the linear programming approaches for
the generalized transportation problems solved in e.g., [73] and the references therein. However, the
properties of total unimodularity and concavity both promote binary valued optimal points.

In addition, our problem is known to be NP-hard in the embedding dimension d, as mentioned
in Section 8.1. Note that the width of P, i.e., the embedding dimension of D, is hidden in the rank
when forming the Gram matriz G = PPT, and so it is hidden in the rank of the rank-two update
of the EDM

D = diag(GQ)e! + ediag(G)T —2G, rank(D) € [rank(G), rank(G) + 2].

8.3 Facially reduced DNN relaxation

We now introduce a regularized convex relaxation to the hard binary quadratic constrained problem
introduced in (8.8). We start with the SDP relaxation using a standard lifting approach along
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with facial reduction and a gangster constraint as done in [32, Sect. 2.2]. We regularize using facial
reduction, FR, and include the so-called gangster constraint. We then strengthen this by including
nonnegativity constraints, i.e., we get the doubly nonnegative, DNN relaxation.

As stated above, for simplicity of notation we consider all sets to have the same cardinality,
n=...= nk,N = Zjnj.

8.3.1 Semidefinite programming (SDP) relaxation

We begin with deriving an SDP relaxation of our formulation in (8.8). We start with a feasible

T
1 1 1
vector = € RF™ and set ?) = (I . We then lift the vector to a rank-1 matrix Y, := <x> <x> .

The convex hull of the lifted vertices of the feasible set of (8.8) yields an equivalent polyhedral
set in SV, Tt is difficult and expensive to find this polyhedral set. To obtain a tractable convex
relaxation, we relax the implicit nonconvex rank-1 constraint on Y, and linearize the objective

function. Let
) 0 0 kn+1
D := {O D] €S ) (8.9)

The objective function of (8.8) now becomes (D, zz") = (D,Y,). After the lifting, we impose the
constraints that we have from x onto Y, e.g., these include the {0, 1}-constraints 2? — z; = 0, and
the linear constraints Az = e.

SDP reformulation

Define the linear transformation

arrow : S"Tt - R [80 ST} — ( 50 > '
s S

For convenience, we define

T
.qntl _ pntl . U — Q
arrowo : S R™ {5 S] (diag(S) - 5> .

We now show that: (i) the binary constraint on vector x is equivalent to
(ii) the rank-1 constraint with the arrow constraint on the lifted matrix, arrow(Y;) = ep.

Proposition 8.3.1. The following holds:

{¥ e i1 rank(Y) = 1, amow(Y) = o} = {Y _ (1> (;)T Lz e {0, 1}’%} .

X

Proof. (2): This is clear from the definitions.
(S): Since Y is symmetric, positive semidefinite and has rank 1, there exist 2o € R and z € RF”

T
such that Y = (20> <20> . Since arrow(Y) = eg, 23 = 1 and x oz = zgz. If 29 = 1,z € {0, 1}
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otherwise o = —1 and z € {0, —1}" and it is easy to verify that

() e () () e

For the “only-one-element-from-each-set” linear equality constraint Az = e (see (8.7)), we use
the following positive semidefinite matrix

_eT _eT g kn+1

O

We observe that

0
= = () () [ - o

— KY, =0,

i.e., range(Y,) € null(K) = null ([—e A]) Moreover, this emphasizes that strict feasibility fails
for feasible Y even if we ignore the rank-1 constraint. If we choose V full column rank so that
range(V) = null(K), then we can facially reduce the problem using the substitution

Y « VRVT e ysikti=hyT g ghntl (8.12)

where < denotes face of. This makes the constraint K'Y = 0 redundant. More detailed discussion
for constructing the facial vector V is provided later in Section 8.3.2.

Then the rank restricted SDP reformulation of (8.8) becomes

p* = min (DY)
arrow(Y) = e
(SDP ) rank(Y) =1
KY =0
Y e skl

Relaxing the rank-1 constraint

Since the NP -hardness of the SDP formulation comes from the rank-1 constraint, we now relax
the problem by deleting this constraint. The SDP relaxation of the above model is

p* = minyegni (DY)
arrow(Y') = eg
KY =0
Y > 0.

(SDP relax) (8.13)
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However, the improved processing efficiency of this convex relaxation trades off with the accuracy of
solving the original NP-hard problem. The rank of an optimal Y can now be greater than one. The
idea now is to impose a “correct” amount of redundant constraints in the SDP model that reduces
the rank of an optimal solution as much as possible, but does not hurt the processing efficiency
of the model too much. Note that if we have ignored the rank one constraint and replaced the
KY = 0 constraint using facial reduction and substituting Y = VRV, then strict feasibility holds,
i.e., the barycenter of the the lifted vertices of the feasible set of (8.8) yields an R)Y = VRVT,
that satisfies strict feasibility, e.g., [63].

The gangster constraint

The gangster constraint is essentially a trivial projection that fixes at 0 (shoots holes at) certain
entries of the matrix. The entries are given in the gangster index, J. This constraint for SDP
relaxations first appeared in [177,182] and more recently in many other applications, see e.g., [(3]
for summaries. In combination with FR. , it has been shown to provide significant strengthenings
for SDP relaxations. In the SDP case, redundant gangster constraints are identified and discarded
to avoid ill-conditioning of the linear system. For our subproblems it is just important to impose
the constraints efficiently.

The gangster constraint in our case comes from the linear constraint Az = e combined with
the binary constraint on z. We include a (novel) proof for completeness. We let S o T' denote the
Hadamard (elementwise) product.

Proposition 8.3.2. Let x be feasible for BCQP. Then
[ATA - Ioxz® =0,
and ATA—1>0,zz" >0.
Proof. Recall that x € Rﬁ”. We now use basic properties of the Kronecker product, e.g., [155], and

see that
A=I,¢ AT =I,®e, ATA=1I ®ece’,

i.e., ATA, has a block diagonal structure, and the columns of A are unit vectors. Therefore
ATe; = e, and Diag(diag(AT A)) = Ii,. The nonnegativity results follow from the definition,
as does Yyg = 1.

Then
Ar =e = ATAx = AT¢
= ATAx —Iax=ATe—1Izx
— (ATA-Dzx=cy, —2x
— (ATA-Dza2" = (e — 2)2T = ex? — za”
—  trace[(ATA — I)zaT] = trace[ex” — zaT] = S 2, — 22 =0
= (ATA-T)oxx® =0.
The final conclusion now follows from the nonnegativities in the Hadamard product. O
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Define the gangster indices
. . . . T
Ji={(i.5): (ATA-1),; > 0}.
The gangster constraint on Y in (8.13) is Yyo = 1 and
JY)=Y;=0eRM

From Proposition 8.3.2, we see that the gangster indices, J, are the nonzeros of the matrix ATA—1,
i.e., the set of off-diagonal indices of the n-by-n diagonal blocks of, all but the zeroth row and
column, of Y,. We define the gangster constraint mapping, G 7:

G7(Y)=Y(J)eRV,

i.e., the elements of Y indexed by the index set J.

Now the SDP relaxation model becomes

p* = minyegnsr (DY)
Yoo =1
arrowo(Y) =0
G7(Y) =0
KY =0
Y >0.

(8.14)

Proposition 8.3.3. Consider the SDP relazation (8.14) but without the arrowq constraint. Then
every optimal solution satisfies the constraint

arrowo(Y) = 0,

i.e., it was a redundant constraint.
Proof. 1t follows from [32, Thm 2.1]. O

Our empirical tests on random problems without the arrowq constraint confirmed this result.
However, the extra redundant constraint is useful for the subproblems in the splitting approach
below.

8.3.2 Doubly nonnegative (DNN) relaxation
We now split the problem by using two variables {Y, R} and apply a doubly nonnegative relaxation

to (8.14). This natural splitting uses the facial reduction obtained in (8.12) but with orthonormal
columns chosen for the facial vector V.

Formulating facial vector V for sparsity

In this subsection, we suggest strategies for constructing sparse versions of the facial vector, V.
Recall that the columns of the facial vector V' form an orthonormal basis for the nullspace of K.
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For a typical matrix V see Figure 8.1 that is constructed using Lemma 8.3.4, below. Alterna-

100

200 r

300

400 r

500

600

0 100 200 300 400 500 600
nz = 8726

Figure 8.1: V matrix for k = 25,n = 25

tively, we can use the MATLAB QR algorithm (with A specified as sparse) [q,~] = gr(—e A) and
use the last part of ¢ for the nullspace. This results in a relatively sparse orthonormal basis for the
nullspace.

Lemma 8.3.4. Let k,n be given positive integers and from above let
A= [Ik®€£] N B = [—ek A]

Let O e R~ be the strictly upper triangular matriz of ones of order n — 1. Set

J

Let O = —O Diag(v) + Diag(d) and set

—Ul —U3 —U3 o —Upg
vp —v2 —v3 . —Upi
@ _,UT 0 ’l_)2 —V3 o —Up_q
= @ = 0 0 U3 —Un—1
| O 0 0 Up—1

Then we have

| 0 a k1% (n—1)k-+1 T _
V_[Ik@)(’) Be]eR . VTV =1 BV =0.

Proof. Denote the j-th column of V' by V; and define J, := {j7,75,...,75_1}, where ji = (n —
1)(s — 1) + r. Notice that J is the index set of columns of V' in s-th block. j € Ji41 means Vj is
the last column of V.
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We first prove that VIV = I, i.e., column vectors of V are orthonormal. Let 4,5 € {1,...,(n —
1)k + 1}. We consider the following cases:
If j < (n—1)k, then
T 2, -2 J j?
VoVi=gui 40 = ——5+—5 =1
J i I T 2 g2

If j=(n—1)k+1, then
VjTV} =a? + nkB? = (n® + nk)B* = 1.

Now let ¢ < j. If 7, j € Js for some s < k. Then,
VZ-TVj = Z"Uﬂ)j — Vv,
1 1 i 1

— - = 0.
Viti2/j+52 Vi+i2\/j+42

If j = (n—1)k+ 1. Then,
VIV = —ivi + 38 = (—iv; + iv;) 3 = 0.

IfieJs, je Jy with s <t < k. For each row, at least one of the vectors has 0 entry, so trivially
ViTVj = (0. This proves the orthonormality.

Secondly, we observe BV = 0, i.e., range V' < null(B). To this end, we will see that BV; = 0
foreach j=1,...,(n—1k+1. Fixse{l,...,k}. f j=(n— 1)k +1,

(BVj), = —a+nB=-nf+np =0,
Now assume that j < (n — 1)k. If j € Jg, then
(BVj)S = —jvj +0; = —jvj + ju; =0, foreach i =1,... k.

Otherwise, trivially (BVj)S = 0. This justifies BV = 0. O

We leave open the question on how to exploit the structure of V' to obtain efficient matrix-matrix
multiplications of the form VRV needed in our algorithm.

DNN reformulation via facial reduction

Recall that the lifting for Y, has the form

Y, = <i> (i)T x € {0,1}F",

Hence, we can impose the redundant elementwise LP relaxation bound constraint 0 < Y < 1.
Moreover, the constraint K'Y = 0 is equivalent to applying FR, i.e., we get

Y >0,KY =0 < Y =VRV' Re Sk

We now observe a useful redundant trace constraint on Y and transform it onto R.
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Lemma 8.3.5. Let Y € S¥"*1 Y = VRVT R e S** 1=k Then

KY = 0,arrow(Y) = ¢9 = trace(Y) = trace(R) = k + 1.

_eT [—eTF _eMT
Proof. Recall that K := [AT} [AT} . Since null(K') = null {AT] , we have

-1 &' ... oT Yoo - Yonk
0=KY < 0= | : : . : . :

—1 0T ... T Yoko  Yoknk
By expanding the first column of the product, we get > | Yintio = 1,Vj € {0,....,k — 1}. Since

arrow(Y') = ep, this implies that trace(Y) = Yoo + Z;‘:& > Yintio = 1+ k. Since we choose the
facial vector V' to have orthonormal columns, the facial constraint yields

1+ k = trace(Y) = trace(VRV?T) = trace(RVTV) = trace(R),

O

Next, we incorporate all these constraints into the SDP relaxation model to form the DNIN
relaxation model. Define the two convex set constraints

V:i={Y eS™1 Yy =1,G7(Y)=0,arrowg(Y) = 0,0 <Y < 1}, R:= {Re S™F: trace(R) =
(8.15)
Our DNN relaxation model is:
PHNN = Mingy <].5,Y> .
s.t. Y =VRV
(DNN) Ve (8.16)
ReR.

Observe that every feasible Y is both element-wise nonnegative and PSD, i.e., this is a DNN
relaxation. Moreover, by construction, DNN is trivially a feasible problem and the constraint
Y — VRVT = 0 is trivially surjective. Therefore, we have a regularized problem.

The splitting allows for the two cones to be handled separately. Combining them into one and
applying e.g., an interior point approach is known to be very costly. And, one cannot get high dual
feasibility accuracy and therefore the approximate optimal value we get is not a provable lower
bound for Problem 8.2.1. In summary, the expense does not scale well with N, and we cannot
apply weak duality and use the dual solution as both primal and dual feasibility are not highly
accurate. We overcome this problem for the splitting method in Section 8.4.1 below.

The first-order optimality conditions are also given in [32]. We provide the proof of the opti-
mality conditions in the following Proposition 8.3.6.

Proposition 8.3.6 (characterization of optimality for DNN in (8.16)). The primal-dual pair
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(Y, R, Z) is optimal for (8.16) if, and only if,

R=Pr(R+VTZV) (8.17a)
Y =Py(Y —D - 2) (8.17b)
Y =VRVT, (8.17¢)

Proof. Let the Lagrangian function be:
L(Y,R,Z)=(D,YY+{(Z,Y —VRVT).

For any given Z, the domain of £ is the entire space S™¥*1 x S™+1=%  This provides a valid
constraint qualification, CQ, for the simple constrained minimization of the Lagrangian function.
Therefore, see [151], the optimality conditions for (8.16) with the normal cone, Ny«z (Y, R), are:

h<
|
<
jny]
=
N
~=im
m
=
ny]]
m
=)
=.
=
=
o
%
Z
5

In addition, the normal cone at (Y, R) satisfies:

Nyxr(Y,R) = {(Y,R):{(Y,R),(Y —=Y,R-R))<0,Y(Y,R) e Y x R}
(Y (Y, Y -Y)<0,VY e Y} x {R:(R,R— R)<0,VRe R}
= Ny(Y) x Nr(R).

Therefore the first-order optimality conditions to the problem in (8.16) are: a primal-dual pair
(Y, R, Z) is optimal if, and only if,

0e —VTZV + Nr(R) (dual R feasibility) (8.18a)
0eD+Z+Ny®Y) (dual Y feasibility) (8.18b)
Y =VRVT, ReR,Ye) (primal feasibility) (8.18¢)

By the definition of the normal cone, we conclude that (8.18) holds if, and only if, (8.17) holds. [

8.4 sADMM algorithm; bounding; empirics

The augmented Lagrangian corresponding to the DNN relaxation (8.16) with parameter g > 0 is
Ls(Y,R,Z):=(D,Y)Y+(Z,Y —VRVT) + gny —~VRVT|% + 1p(Y) + 1r(R). (8.19)

To solve our DNN relaxation in (8.16), we use the symmetric alternating directions method of

multipliers sSADMM that has intermediate updates of dual multipliers Z;: one dual update after

the R-update and then another after the Y-update. This approach has been used successfully

in [32,118]. Hence, both the R-update and the Y-update take into account newly updated dual
variable information. (We include the details here for completeness.)
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Let Yy € S™*1 7, e S***1. The updates for all nonnegative integers k € Z are:

Ryt = argmingegniii-r L5(Ye, R, Z)
Zyor = Zp+BYe —VRp VT

1 _ (8.20)
Yk:+1 = argmilygnk+1 Eﬁ (Y> Rk+17 Zk+%)

Ziny = Zypr + BVen = VR V).

In our DNN model (8.16), the objective function is continuous and the feasible set is compact.
By the Weierstrass Theorem, an optimal primal pair (Y*, R*) always exists. As seen above, the
constraint is linear and surjective and strong duality holds for the generalized KKT conditions.
(See the optimality conditions in Proposition 8.3.6). In fact, in our application we modify the dual
multiplier update using a projection, see Lemma 8.4.1 and Algorithm 8.1.

Explicit Primal updates for R,Y

The success of our splitting method is dependent on efficiently solving the subproblems. We start
with using a spectral decomposition, implicitly defined below, to get the:

R —update = argmingegniii-x Lg(Ye, R, Z,)
= argming.g |[Yx — VRVT + %ZkH%, by completing the square
= argmingeg V'Y,V — R+ VI Zy V|3, since VIV =1
= argmingeg [R— V(Y + 3Z0)V 3
= PrIVT (Vi + 52k)V]
= U Diag[Pa,,,(N)]UT, spectral decomposition

where the U Diag(\)U” provides the spectral decomposition of V7T (Y} + %Zk)V and then Pa,
denotes the projection onto the simplex Apiy := {x e RY} : {e,x) = 1 + k}, see e.g., [10].

Next for the Y-update, we define the gangster set G7 := {Y € S"+1: Yoo = 1,G4(Y) = 0}.
Then,

)

(D + Z,.1)]|% by completing the square
2

Y —update = argminycgurr1 L5(Y, Ry, 2,
= argminyey [V — [VRp VT —
- Py (VRkHVT ~L(D+2z,

= Parrowbox (P_C‘;J [VRkJrl VT -

| ol

)
(

b>\_/

@l e

+ Zk+%)]> )

where Parrowbox Projects onto the polyhedral set {Y e SPA+1 . Yi; € [0, 1], arrow(Y") = ep}.

Dual updates

The correct choice of the Lagrange dual multiplier Z is important in the progress of the algorithm
and in obtaining strong lower bounds. In addition, if the set of dual multipliers for all iterations
is compact, then it indicates the stability of the primal problem. Lagrange multipliers are used to
replace constraints by adding the appropriate expression into the Lagrangian function. If an optimal
Z* for (8.16) is known in advance, then it makes sense that we do not need the corresponding primal
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feasibility constraint Y = VRV”. Hence, following the idea of exploiting redundant constraints,
we now aim to identify certain properties of an optimal dual multiplier and impose that property
at each iteration of our algorithm.

Lemma 8.4.1. Let
Zp = {Z e Skntl . (Z + D)’M =0, (Z + f))o, =0, (Z + D)@O =0,7=1, ,nk’} .
Let (Y*,R*, Z*) be an optimal primal-dual pair for the DNN in (8.16). Then, Z* € Z4.

Proof. The proof of this fact uses the dual Y feasibility condition (8.18b) and a reformulation of
the Y-feasible set. The details are in [¢1, Thm 2.1] and [32]. O

In view of Lemma 8.4.1 we propose the following modification of the symmetric ADMM
algorithm, e.g., [89]. Our modification is in the way we update the multiplier. At every initial or
intermediate update of the multiplier we project the dual variable onto Z4, i.e:

® Zj 1= 2+ 8Pz, (Y — VR VT);

o Zjy1:=Zj 1 + 8Pz, (Vi1 — VR VT).
Note that a convergence proof using the modified updates is given in [¢1, Thm 3.2]. Therefore,
in view of the ADMM updates (8.20) we propose the following Algorithm 8.1 with modified Z
updates. The v € (0, 1) is the dual steplength.

Algorithm 8.1 sADMM , modified symmetric ADMM

Initialization: j = 0,Y; = 0 € S"*+1 7, = Pz, (0),8 = max([%], 1),7=0.9
while termination criteria are not met do
Rj11 = U Diag[Pa,, (d)]U" where U Diag(d)U" = cig(V*(Y; + 52;)V)

Zj1 =2+ 0Pz, (Y - VR;1VT)

Yj+1 = Parrowbox[PéJ(VRj+1VT - %(ﬁ + Z]-i-%))]
Zjw1=Zj 1+ vBPz, (Yit1 — VR VT)
j=j+1

end while

Remark 8.4.2. For convergence in Algorithm 8.1 we can choose any v € (0,1) and 8 > 0 as
discussed in [55,118]. In our numerical experiments for Algorithm 8.1 we used an adaptive 5 based
on the discussion in Section 8.4.3. The convergence rate is linear for B fized and remains linear
for adaptive B in the worst case analysis.

8.4.1 Bounding and duality gaps

Strong upper and lower bounds allow for early stopping conditions as well as proving optimality.
We now provide provable upper and lower bounds to machine precision.
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Provable lower bound to NP-hard problem

A provable lower bound using a special Lagrangian duality for an sADMM type algorithm was
successfully used in [136]. Another example where accurate lower bounds are critical is given in [97].

Here the Lagrangian dual function g : S"**! — R to the DNN model that we use is

9(Z) = mingeryey(D,Y)+{Z,Y —VRVT)
= minyey’R€R<Z> + Z, Y> — <Z, VRVT>
= miny6y<ﬁ + Z, Y> + minReR(*<VTZV, R>)
= miny6y<ﬁ + Z, Y> — maXR€R<VTZV, R>
= miny5y<ﬁ + Z, Y> — MaX|y|2=(k+1) VIVTZVu
= minyey(D + Z,Y) — (k + D) Amax (VT ZV).

Hence, at iteration j, and applying weak duality, a lower bound to the optimal value of the DININ
model (8.16) is

maxy g(Z)

minyey(D + Z;, ) — (k + D) Amax (VT Z;V).

Note that from the definition of ) in (8.15), this bound is found from solving: an LP with a
simplex-type feasible set; and an eigenvalue problem. Thus both values can be found accurately
and efficiently. Moreover, since DNN is a relaxation, weak duality implies that this lower bound
is a provable lower bound for the original NP-hard Problem 8.2.1.

: >
PDNN (8.21)
>

Upper bounds

As for the upper bound, we consider two strategies for finding feasible solutions to the BCQP in
(8.8). The 0-column approach is to take all but the first element of this zeroth column Y (1:end, 0)
and compute its nearest feasible solution to BCQP. It is equivalent to the greedy approach of using
only the maximum weight index for each consecutive block of length n, see [32, Section 3.2.2].

Alternatively, we use the eigenvector of Y corresponding to the largest eigenvalue. The Perron-
Frobenius Theorem implies this eigenvector is nonnegative, as Y is nonnegative. We then compute
the nearest feasible solution to BCQP. It is again equivalent to the greedy approach but with using
the eigenvector.

Then, we compare the objective values for both approaches and select the upper bound with

smaller magnitude. The relative duality gap at the current iterate j is defined to be W

where UBj, LB; denote the current best upper, and lower bound, respectively.

8.4.2 Stopping criterion

By Proposition 8.3.6, we can define the primal and dual residuals of the sSADMM algorithm at
iterate j as follows:

e Primal residual r; := |Y; — VR;VT|;
e Dual-R residual sf = |R; — Pr (Rj + VTZjV) I
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e Dual-Y residual s}/ = HYJ - Py (Y3 - D- Zj+%> H
We terminate the algorithm once one of the following conditions is satisfied:

e The maximum number of iterations (maxiter) := 10* + k(nk + 1) is reached;
e The relative duality gap is less or equal to ¢, a given tolerance;
o KKTres := max{r;, sf, 53/} <1, a given tolerance.

e Both the least upper bound and the greatest lower bound have not changed for boundCounterMax :=
200 times (stalling).

8.4.3 Heuristics for algorithm acceleration
Adaptive step size

We apply the heuristic idea presented in [30], namely we bound the gap between the primal and
dual residual norms within a factor of y := 2 as they converge to 0. This guarantees that they
converge to 0 at about the same rate and one residual does not overshoot the other residual by too
much. Since a large penalty S prioritizes primal feasibility over dual feasibility and a small penalty
3 prioritizes dual feasibility over primal feasibility, we scale 8 by a factor of 77" := 2 if the primal
residual overshoots the dual residual by a factor of ;1 and scale 8 down by a factor of 79 := 2 if
the dual residual overshoots the primal residual by a factor of u. Otherwise, we keep [ unchanged.
Namely,

B lrglly > sy ;

Bit1 = %7 HSJ'HQ > HTJ'HQS
By, otherwise.

Transformation and scaling

In this subsection, we consider translating and scaling the objective function, i.e., D. Define the
orthogonal projection map Py := VV7T. Then,

(D,Y) = (D+al,Y)—(n+1)a
= (D+al,PyYPy)—(n+1)a (8.22)
— ((PyDPy +al),Y)— (n+1)a.

Hence, when finding the optimal Y,

(D,Y) is minimized <= &(D,Y) = (5(PyDPy + al),Y) — (n + 1)dc is minimized
«— (§(PyDPy + al),Y) is minimized.

This lets us transform D into & (PVﬁPV + al) without changing the optimal solutions. Numerical
experiments show that once we scale D by some § > 0, the convergence becomes faster for the
aforementioned input data distributions, e.g., providing a normalization for the objective function
matrix.
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8.4.4 Numerical tests

We now illustrate the efficiency of our algorithm on medium and large scale randomly generated
problems. We observe that our sADMM approach finds the ezact solution with relative duality
gap < le-13, i.e., in machine precision, in almost all of the instances we tried. Sometimes, our
algorithm gets stuck at the relative duality gap ~ le-13 and runs until it reaches the max iteration.
These indeterminate cases appear as outliers in the numerical tests. Further discussion about the
nonzero duality gap follows in Section 8.5.

We use MATLAB version 2025a on (fastlinux in caption): Dell PowerEdge, Two Intel Xeon
Gold 6244 8-core 3.6 GHz (Cascade Lake), 192 GB for the tests in Section 8.4.4 and Section 8.4.4.
In Section 8.4.4, we use MATLAB version 2022a on two linux servers: (i) fastlinux: greyling22 Dell
R840 4 Intel Xeon Gold 6254, with 3.10 GHz, 72 core and 384 GB for Table 8.1; and (ii) (biglinux in
caption): Dell PowerEdge R6625, two AMD EPYC 9754 128-core 2.25 GHz, 1.5 TB for Table 8.2.

NP-hardness of WBP

To illustrate the difficulty in solving the original NP -hard problem, we solve BCQP in (8.8) using
the commercial GUROBI solver, though total enumeration could be more competitive at times. We
set n = (2:1:8), k = (2:1:8) for the tests, i.e., each of the k sets has the same n number of
points. And we take the average of three tests for each problem size. For each test, a random EDM
D e Sﬁk is generated with embedding dimension d = 2. We can clearly see exponential growth
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Figure 8.2: GUROBL: size N = kn versus cpu time; illustrating exponential time

in time from Figure 8.2. Note that the CVX time is related to the number of feasible points, n*.
Hence, even if we have the same problem size, e.g., (n,k) = (7,8),(8,7), the number of vertices,
e.g., n¥ = 78,87, can be significantly different. Thus it appears in the figures that we have two
values for the same problem size.

In contrast, we see the slow (linear) growth for sSADMM , other than outliers, for the compu-
tation time versus the size N = ). n;, where n; are the varying set sizes chosen randomly in the
interval of width 5 about the given expected value n. See Figure 8.3, page 173. The figure on the
right is log-log scale which reduces the effect of outliers, so we can clearly see the linear relation.
(Note that an outlier is generally a result of one of five instances having a positive duality gap.)
This was with d = (3:3:6),k = (10:1:20),n = (20:1:30), and each set has the same size. We run
five problems for each data instance and take the average time.
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Figure 8.3: sADMM : size N = kn versus cpu time; illustrating linear time

Success of sADMM approach

The results below detail the efficiency and surprising success of our algorithm in finding the exact
solution of the original NP-hard problem.

In Table 8.1, page 174, we see a comparison between using the sSADMM approach and CVX
with the Mosek optimization solver.® We can see the times for the CVXsolver increase dramatically.
The relative duality gap from CVX is not a provable gap as the lower bound is obtained using the
dual optimal value minus the posted accuracy of the solve from CVX; we do not have accurate
primal feasibility or dual feasibility from CVX. Thus the relative gap is essentially the posted
accuracy from CVX.” We do find a nearest feasible point to find the upper bound. In summary,
we see that the dramatic difference in time and the improved accuracy with the guaranteed lower
bound that verifies optimality.

We include large problems in Table 8.2, page 175. Each set has a constant number of elements
n. Other than outliers, the times are very reasonable.

Hidden embedding dimension

The embedding dimension d is hidden in our model as we only use the distances between the N
points. This is why we do not see d in Figure 8.3. The size of the DNN model is N + 1 irrespective
of d. The hardness of the problem is often hiding in the rank of the optimal solution Y of the DNIN
relaxation, i.e., if the rank is one, then we have solved the original NP-hard problem. However, if
the rank of the optimal Y is large, then the heuristics for the upper and lower bounds may not be
enough to find an optimal solution for the original NP-hard Problem 8.2.1. However, the rank of
the objective matrix D that comes from d did not influence this at all. In the various tests that
we have done we did not see any changes in the solution times or the ability to obtain a near zero
duality gap for wide varying values of d.

Figure 8.4 in 174 shows cpu time for our sADMM method when we fix the problem size
N = nk and vary the embedding dimension d. Random problems are generated with (n,k) €

5We used a Dell R840, 4 Intel Xeon Gold 6240, 2.6GHz, 72 core 384 GB PC, with MATLAB version 2025b.
"The negative relative gaps are due to round-off errors during the solver’s internal iterations. We emphasize that
these numbers are within machine precision, meaning the solutions are mathematically valid and optimal.
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dim/sets/size Time (s) rel. duality gap
d k N ADMM CVXsolver | ADMM CVXsolver
2 10 120 0.33 11.55 2.6e-15 6.1e-14
2 10 140 2.14 23.84 1.7e-14 5.be-14
2 10 160 0.70 21.85 8.9e-15 9.9e-14
2 10 180 0.94 42.89 9.8e-16 6.2e-14
2 11 132 0.78 17.80 2.3e-15 5.3e-14
2 11 154 0.73 36.39 1.3e-15 4.2e-14
2 11 176 0.93 40.11 1.0e-14 7.7e-14
2 11 198 1.15 87.65 1.1e-14 4.4e-14
2 12 144 0.64 29.10 2.2e-14 4.0e-14
2 12 168 0.76 58.98 -3.1e-15 4.4e-14
2 12 192 1.05 101.87 2.8e-14 6.5e-14
2 12 216 1.97 108.40 1.5e-14 3.9e-14
3 10 120 0.35 11.41 1.3e-15 5.9e-14
3 10 140 0.56 21.94 -1.2e-14 6.7e-14
3 10 160 0.58 25.57 -7.3e-15 4.1e-14
3 10 180 0.98 49.75 4.2e-15 6.4e-14
3 11 132 0.46 18.02 4.0e-15 4.7e-14
3 11 154 0.55 27.24 1.2e-14 4.9e-14
3 11 176 1.01 40.16 3.4e-14 5.0e-14
3 11 198 0.93 80.77 1.4e-14 4.8e-14
3 12 144 1.12 26.59 7.4e-15 4.8e-14
3 12 168 0.71 59.18 -5.1e-15 4.6e-14
3 12 192 1.05 84.04 1.7e-14 4.1e-14
3 12 216 1.27 99.45 3.1e-14 4.2e-14

Table 8.1: Comparing ADMM versus CVX with Mosek Optimization Solver
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Figure 8.4: sADMM : Embedding dimension d versus cpu time in various sizes

{10,40} x {30,50}, and d € {2,...,30}. The cpu time is dependent only on problem size and not
on the embedding dimension.
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dim/sets/size || Time (s) | rel.duality gap
d k N ADMM ADMM
8 30 1200 104.81 -1.9e-15
8 30 1230 67.08 -3.2e-14
8 31 1240 94.90 -1.3e-14
8§ 31 1271 81.93 2.5e-14
8 32 1280 75.29 3.1e-14
8 32 1312 2025.42 1.8e-13
9 30 1200 || 4586.51 1.2e-13
9 30 1230 63.91 2.6e-14
9 31 1240 93.96 3.3e-14
9 31 1271 71.31 3.2e-14
9 32 1280 92.89 3.6e-14
9 32 1312 86.67 -2.2e-13

Table 8.2: Large problems with sADMM on biglinux server

8.5 Multiple optimal solutions and duality gaps

We now show that multiple optimal solutions for the original hard problem can lead to a duality

gap between the optimal value of the original NP-hard problem and the lower bound found from
the DNIN relaxation.

8.5.1 Criteria for duality gaps

To find duality gaps for SDP relaxations, we want to find optimal points for the relaxation that
are not vertices, i.e., they are outside of the polyhedral set formed from the convex hull of the
lifted vertices. The key for this is having multiple optimal solutions for the original problem. The
following Lemma 8.5.1 and Corollary 8.5.2 provides a construction for obtaining a positive gap
between the optimal values of a general hard problem with multiple optimal solutions and its
DNN relaxation.

Lemma 8.5.1. Let {z;};—, < R’ be a linearly independent set. Define the lifted vertices and
barycenter, respectively,

n
(ommel ), e, =1,
i=1

Then & := Y, x; > 0, and
XeSh,.

Proof. That & > 0 follows by contradiction. Now note that X; > 0, Vi, and so X > 0 as well. Now
suppose that 0 = Xwv, for some 0 # v € R®. Then

OZ’UTXUZUTZXZ'U — 0=vTXjv,¥i — (Tx)?=0,¥i — v =0,
i

by the linear independence assumption; thus contradicting v # 0 and yielding X > 0. O
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Corollary 8.5.2. Suppose that the hypotheses of Lemma 8.5.1 hold. Let the points x;,i =1,...,n
be given (multiple) optima for a given hard minimization problem, i.e.,

(P) p* = min {.CCTQiL‘ cxe{0,1}"} = w1 Quii=1,...,n.
Moreover, suppose that there exists a feasible y that is not optimal for (P),
ye {0, 13", y"Qy > p*.
Then the SDP relaxation has feasible points Y = yy, Z such that
traceYQ > p* > trace ZQ,

i.e., Z yields a duality gap.

Proof. From Lemma 8.5.1 we have that the barycenter X of the {z;} satisfies X € S . Note that
traceYQ = 4T Qy > p* = trace XQ. Therefore, trace(X' —Y)Q < 0, and for € > 0,

trace(X + €(X —Y))Q = p* + etrace(X —Y)Q < p*.

Moreover, the line segment [Y, X + ¢(X — V)] is feasible for the SDP relaxation for small enough
e >0by X €S . Therefore, we set Zc = X + €(X —Y),0 < e << 1 and obtain a duality gap for
any such Z = Z. O

We can extend this theory to problems with general linear constraints Az = b by using FR. We
now specifically extend it to our BCQP in (8.8). After FR, we need nk+1—k linearly independent
optimal points. This can be obtained when we choose k£ >> n. Recall the matrix K in (8.10) used
for facial reduction and the facially reduced DNN relaxation in (8.16).

Corollary 8.5.3. We consider the BCQP in (8.8) with optimal value p*, and the DNN relazation

in (8.16). Let
1 nk+1—k -
_ nk+
{yz <xl> }7;:1 - R+

be a linearly independent set that are optimal for BCQP and with ), y; > 0. Define the lifted
vertices and barycenter, respectively,

» ) 1 nk+1—k
{Yi = yiyl-T}i,Vz, Y = nktl—Fk 1_21 Y;.

Moreover, suppose that there exists a feasible T for BCQP that is not optimal. Then
Y =VRVT >0,V >0, R>0.

And there exists Z = VRZzVT, Ry > 0 with optimal value trace DZ < p*, yielding a duality gap.

Proof. First note that incident vectors are feasible for the linear constraints and this guarantees
that we have enough feasible points to guarantee that the diagonal entries and the off-diagonal
blocks of Y are strictly positive. All lifted feasible points of the relaxation are in the minimal face
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and have a corresponding matrix R € S™*1=F for the facial reduction Y = VRVT. Since R > 0
after the FR, we can apply the same proof as in Corollary 8.5.2. In addition, note that the linear
constraints, the arrow constraint and gangster constraints, remain satisfied in the line formed from
any two feasible points. ]

8.5.2 Wheel of wheels examples with a duality gap

We illustrate the above theory with some specific problems with special structure that have multiple
optimal solutions for the original NP -hard problem. We see that a duality gap can exist between
the optimal value of the original NP -hard problem and the optimal value of the DINN relaxation.

Example 8.5.4 (Wheel of wheels). We next present another input data distribution for which the
duality gap between the optimal value of the BCQP formulation and the Lagrangian dual value
is non-trivial. The issue is again the non-uniqueness of the optimal solutions and the sADMM
algorithm fails to break ties among them.

The data distributions compose of a wheel of wheels, i.e., a wheel with an odd number of sets

each of which is a wheel. Hence we call it an odd wheel. Given problem size parameters (k,n,d),
define

(] 0]@ = 2%

e a set of k centroids encoded by a matriz C € R¥*? such that

C(i,:) = [cos(if — O)) sin(ify — 0y)],i =1,..., k.

+/cos(0—1)2+sin 62

e the radius of each cluster ry := v

e the set of input points encoded by a matriz P := (C ®ey) + rp(ex ® C) € RF* 2

When k is odd, there exists more than one optimal solution. A simple example with k =3 =n
follows in Figure 8.5, page 178. We use the corresponding nine points in the configuration matrix
ordered 1 — 9 counter-clockwise in the triangles ordered counter-clockwise.

1.7536  0.0137
0.6195  0.6362
0.6239 —0.6643
0.2590  0.8609
P=| —0.8839 1.5449
~0.8692  0.2201
0.2629  —0.8740
~0.8937 —0.2100
| —0.8721 —1.5275 |

The distances are ordered by choosing the points in lexicographic order:

(1,1),(1,2),...(3,3).
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The unique minimum distance is 11.1607 obtained from the points 2, 3,2 and with the primal optimal
¥ = (O 100 0101 O)T. The optimal value from CVX to 9 decimals precision is
10.8246, thus verifying an empirical duality gap of .3 to 9 decimals precision. The motivation for
this counter-example is to have near optimal solutions. One could shrink triangle two to make point
4 equidistant to points 7,8 and move point 2 closer to point 3 and thus have a tie optimal solution.®
Note that the maximum distance is 56.0227 obtained from points (1,2,3).

Figure 8.5: Duality gap for wheel of wheels: k=3=n

However, when k is even, only one optimal solution clearly exists and the duality gap becomes
trivial. An example with k = 6 = n follows in Figure 8.6, page 179.

8The wheel graph was used successfully to obtain duality gaps for the second lifting of the max-cut problem,

see [13].
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Chapter 9

Conclusions

In this thesis we studied various preprocessing strategies for challenging optimization problems
where the difficulty arose from structural pathologies, e.g., matrix ill-conditioning, Hadamard ill-
posedness, and failures of constraint qualifications.

Condition numbers

In Chapter 3, we studied w, a nonclassical matrix condition number defined as the ratio of the
arithmetic and geometric means of the eigenvalues of a positive definite matrix M = AT A. We
showed that w offers several advantages over x, the classical condition number defined as the ratio
of the largest to smallest eigenvalues, as the latter primarily reflects a worst-case scenario.

Moreover, the inverse invariance x(M) = x(M~!) (which does not hold for w) can be misleading.
In particular, the conditioning of a linear system satisfies cond(A) # cond(AT), and it is typically
the latter that should be reduced. Indeed, for linear systems Az = b, we illustrated that it is
Winy = A/w((ATA)~1) that should be minimized. At present, this observation remains primarily
of theoretical interest, as effectively exploiting win, without explicitly computing (A7 A)~! remains
an open problem.

We exploited the differentiability and analytical simplicity of trace and determinant in w(A)
to derive optimal parameters for improving condition numbers via low-rank updates arising in
nonsmooth Newton methods. Numerical experiments showed that the resulting w-optimal precon-
ditioners improve the performance of iterative methods.

Compared to the classical xk-condition number, w is more closely correlated with practical per-
formance measures such as iteration counts and computational time for iterative solvers applied
to positive definite systems. This is consistent with established results showing that eigenvalue
clustering is crucial for iterative methods, indicating that incorporating information from the full
spectrum—rather than only the extremal eigenvalues—is beneficial. Our numerical results further
demonstrated that w(A) provides a significantly more accurate estimate of the true conditioning of
a linear system, namely the sensitivity of the solution x to perturbations in the data A and b.

In future work, an interesting direction is to further exploit the measure \/w((ATA)~1) by
developing practical approximation techniques; see, e.g., [I79]. While the denominator remains
of comparable complexity, estimating the trace of an inverse presents a significant computational
challenge. More broadly, condition numbers play a fundamental role in complexity analysis of
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optimization methods, for instance in the convergence of conjugate gradient type algorithms. An
important direction is to go beyond worst-case analysis and develop more representative average-
case measures based on w.

Diagonal preconditioners

In Chapter 4, we studied optimal diagonal preconditioning through the lens of these two condition
numbers, k¥ and w. On the theoretical side, we introduced an affine-based pseudoconvex reformula-
tion of the x-optimal preconditioning problem, yielding simple optimality conditions and enabling
efficient optimization over an n-dimensional vector. Moreover, since the k-condition number is pos-
itively homogeneous of degree zero, the associated minimization problem is Hadamard ill-posed.
To address this, we introduced a reformulation that removes this homogeneity, leading to improved
computational stability in practice. Building on this formulation, we developed a highly efficient
subgradient method with convergence guarantees that significantly outperforms existing SDP-based
approaches in both scalability and accuracy. For example, Table 4.2 shows that Algorithm 4.2 (resp.
Algorithm 4.3) is, on average, 77.48 (resp. 356.22) times faster than [119] when minimizing x on
relatively small SuiteSparse matrices. Our methods also substantially outperform [71] in terms of
runtime. In addition to these speedups, our subgradient methods consistently achieve significantly
greater reductions in x than both [149] and [71], often reducing it by more than half. Finally,
our algorithms scale to large problem instances with hundreds of thousands of variables, solving
them within minutes, whereas existing methods [71, 119] struggle to handle such instances within
a reasonable time.

In parallel, we provided explicit and unified characterizations of w-optimal diagonal and block-
diagonal preconditioners, showing that many classical schemes such as Jacobi scaling, row/column
normalization, and matrix balancing arise naturally as w-optimal solutions or stationary points
of the w-optimal preconditioning problem. These results offer a new perspective on widely used
preconditioning techniques and, to the best of our knowledge, constitute the first comprehensive
comparison of k- and w-based optimality conditions.

Our numerical results further reveal a clear and practically important message: while k-optimal
preconditioners reduce the worst-case condition number more aggressively, w-optimal precondition-
ers are substantially cheaper to compute and more strongly correlated with the performance of
iterative methods such as PCG and LSQR. Moreover, applying the w-optimal diagonal scaling to
linear systems that are already x-optimally preconditioned leads to further significant improvements
in PCG’s performance.

Overall, our findings suggest that w-based preconditioning provides a computationally efficient
and practically superior alternative to k-based approaches for large-scale problems, and highlight
the importance of moving beyond worst-case conditioning when designing preconditioners.

Local and Global Minimizers of the Smooth Stress Function

In Chapter 5, we addressed the nonconvex optimization problem arising from the exact recovery
of points from a given EDM. Our investigation advanced the understanding of when the smooth
stress function, as it is known in the MDS literature, admits local nonglobal minimizers in EDM
problems. We established that, for this quartic objective function in P € R™*¢, all second-order
stationary points are global minimizers when n < d+ 1. For n > d+1, we identified Ingms through
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numerical methods and used Kantorovich’s theorem to provide rigorous analytical proofs of their
existence. Moreover, based on the special patterns observed in these Ingms, we constructed the
analytical Example 5.5.1. Our methodology relied on two reduction techniques based on translation
and rotation invariance. These reductions were necessary for applying Kantorovich’s theorem.

The findings of this research resolved a long-standing open question regarding the existence
of Ingms in the context of MDS. These findings also highlight the importance of second-order
methods for minimizing the smooth stress function.

For future work, one direction is to further characterize the properties of Ingms, for example
with respect to embedding dimensions and ranks. Another direction is to study conditions for the
existence of Ingm when D has inexact or missing entries, as this setting is closer to the so-called
EDM completion problem; see, e.g., [114, 119]. The present work serves as a first step in this
direction, as we assumed that D is complete and is a true EDM.

Single Element Error Correction in an EDM

In Chapter 6, we studied a structured error-correction problem for EDMs, where the EDM D
has known embedding dimension d and exactly one distance entry is corrupted. We presented
three divide-and-conquer strategies and three different types of facial reduction. Our approaches
accurately identified and corrected a single corrupted distance in an EDM.

The numerical tests confirmed that our methods solve very large instances quickly and to high
precision. In particular, for random instances with n = 100,000, the best of the three methods
took approximately 100 seconds to reach near machine precision. This performance confirmed
our O(n) complexity analysis for the best-performing algorithm among the three tested methods.
For example, when n = 100,000 and d = 3, the point matrix P has 3 x 10° variables, while the
associated dense Gram matrix has approximately 5 x 10° independent entries. Attempting to
solve such problems using SDP formulations with interior-point or first-order methods would be
impractical and, even if possible, would be unlikely to achieve comparable accuracy. In contrast,
our methods achieved near machine precision.

We also provided a characterization of when a perturbation of a single distance entry results in
an EDM whose embedding dimension remains unchanged. This is equivalent to maintaining the
difficult constant-rank constraint. Moreover, we characterized when the NEDM problem solves
our problem. This occurs if and only if the original data element satisfies (Dy);; = 0 and the
perturbation satisfies € < 0, which is a highly degenerate trivial case since the corrupted location
(i,7) is then identified. This observation emphasizes the difficulty of extending our exact recovery
results to the case of multiple corrupted entries.

Although our main analysis focused on the case of a single corrupted distance, the algorithm can
be successfully extended to multiple corrupted entries provided that they lie outside the selected
blocks. The framework can also be adapted to chordal graphs by choosing overlapping cliques to
form the principal submatrices.

Projection onto Spectrahedra

We presented and analyzed a semismooth Newton method for the best approximation problem,
namely the projection problem onto spectrahedra. We showed that nondegeneracy is essential for
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the semismooth Newton method to perform well. In the absence of a regularity condition, the dual
optimal set becomes unbounded, which explains the poor numerical performance. Moreover, we
showed that the failure of strict feasibility leads to degeneracy and ill-conditioning of the Jacobian
at optimality. Our numerical results illustrated the importance of strict feasibility. In particular,
we studied degeneracy phenomena for the elliptope and vontope.

Although we focused on SDP, many modern relaxations of hard problems involve the doubly
nonnegative cone, DNN, defined by DNN = S n R7*". In particular, splitting methods can
efficiently exploit this intersection of two cones, and facial reduction often provides a natural and
efficient splitting; see, e.g., [30,108,136]. The results obtained for the semismooth Newton method
applied to the BAP suggest that similar ideas may extend to splitting methods for feasible sets of
the form £ n DNN.

Simplified Wasserstein Barycenter Problem

In Chapter 8, we presented a strategy for solving a class of NP-hard binary quadratic problems.
Our approach formulated a DININ relaxation and applied FR to obtain a natural splitting for a
symmetric alternating direction method of multipliers (SADMM), combined with an intermediate
multiplier update and strong upper and lower bounding techniques. In particular, the structure of
both the primal and dual solutions was exploited in the update steps of sSADMM. We applied this
framework to the NP-hard simplified Wasserstein barycenter problem.

Surprisingly, for the random instances we generated, the gap between the upper and lower
bounds was zero to machine precision. Thus, we were able to provably solve the original NP-hard
optimization problem, in the sense that any alternative optimal solution would attain the same
optimal value to machine precision. This coincided with the rank-one property rank(Y*) = 1
for the optimal solution obtained from the DNN relaxation. We observed that the embedding
dimension d is hidden in the DNN relaxation. However, for specially constructed input data
with nearly multiple optimal solutions, the algorithm had difficulty breaking ties. This resulted in
nontrivial gaps between the lower and upper bounds and coincided with rank(Y*) > 1, indicating
that the original Wasserstein problem was not solved to optimality.

For future research, an important direction is to better understand the theoretical reasons for
the positive duality gaps and to identify broader classes of instances where such gaps occur. One
natural question is whether the absence of gaps corresponds to large normal cones at boundary
points of the feasible set. Another direction is to study the effect of small perturbations on instances
with duality gaps, and in particular whether such perturbations can close the gaps.

Finally, we are collecting data on airports in North America by state and province from ourair-
ports.com/continents/NA /. We plan to apply our approach to the problem of finding the best hub
in each state (or province) in order to identify a best hub location for the entire country.
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maximum rank exposing vector, 112
method of alternating projections, 132
minimal face containing X, face(X), 115
minimal face of S}, f = face(X), 15
minimal face of F, f = face(F,S?%), 135
mixed integer program, MIP, 107
Moore-Penrose generalized inverse, T, 135
Moore-Penrose generalized inverse, K, 10
Moore-Penrose pseudoinverse, Af, 2
Moreau regularization of tgn, A(X), 8
multiple-blocks with FV, MBFV, 115
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nearest EDM, NEDM, 107 singular matrix pencil, 123

nondegenerate, 13 singularity degree of F, sd(F), 13, 131
nonnegative integers, Z, 168 Slater constraint qualification, 13
nonnegative symmetric matrices, N, 2 small block with Gale transform, SBGT, 115
normal cone, Ngg_ (X), 108 smooth stress, 78
normal cone, Nyxr(Y, R), 167 smooth stress, o2(P), 78

spectrahedron, 131, 132
open ball centered at z of radius ¢, B(z,¢), 3 spectral function, 8
open interval, (z,y), 143 stationary point, 85
optimal mass transportation, 155 strict complementarity condition, 50
optimal value, p*, 131 strict sublevel set, 4
optimum, X*, 131 submatrix of A with columns indexed by Z and
orthogonal complement, e;-, 3 rows indexed by J, A7 1), 3
orthogonal group order d, O = {Q e R¥? . submatrix of A with columns indexed by Z, and

QTQ = 14}, 81 all of the rows of A are used, A, 1), 3

orthogonal matrices, O", 7 submatrix of A with rows indexed by 7, and all
orthogonal projection, Py, pge(it), 11 of the columns of A are used, A7), 3

Sylvester law of inertia, 124
symmetric matrices order n, S”, 2
symmetric matrices, S, 105

positive semidefinite, 87, 105

positively uniformly bounded, 98

projection inverse image, P;!, 16

projection of the vector x onto the nonnegative
orthant, x; = (max{0,z;})!" ;, 3

projection of the vector x onto the nonpositive

totally unimodular, 159
triangular number, 80
triangular number, t(d), 112

orthant, z_ = (min{0, 2;});_;, 3 triangular number, (k) = k(k +1)/2, 3
projection onto closed convex set S, Pg, 7
proper face, 12 uncorrupted good block, 122, 123
pseudoconvex, 3 uniformly positive definite, 98

pseudoconvex function, 21
vector of all ones, e, 3

quadratic assignment problem, QAP, 142 vector of all zeroes except the ith entry, e;, 3
quasiconvex, 3 - vector of ones, e, 10, 78
quasisubdifferential, 0° f(x), 4 vector of zeroes with length n, 0,,, 3

vertices of the feasible set, 159

raw stress, o1(P), 79 vontope, 132, 148, 152

real Euclidean space R", 2

recession direction, 144 WIQP, 158

reduced auxiliary system, 150

relative interior, relint, 12 yielding, 104, 106, 123
relative residual vector, e*, 149 yielding intervals, 123

restricted yielding, 106, 124
zero duality gap, p* = d*, 143

SDP, semidefinite programming, 44 zero-th unit vector, eg, 160
second-order stationary point, 85
semidefinite programming, SDP, 44
Sherman-Morrison formula, 35
simplex, 168
simplified Wasserstein barycenter, WBP, 155,
157
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