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Preface

Optimization is concerned with choosing several variables to optimize (maximize
or minimize) an objective function, usually subject to several constraints. In the last
twenty-five years, there has been considerable interest in the case where the decision
variables are the entries of a matrix, frequently required to be symmetric and positive
semidefinite. If all remaining constraints and the objective function are linear, this leads to
semidefinite programming. Such problems arise not only in standard matrix optimization
problems, like minimizing the maximum singular value of a parametrized matrix (or the
maximum eigenvalue in the symmetric case), but also in optimal control, in obtaining
good approximate solutions to hard combinatorial problems, and in approximating
optimal solutions of nonconvex optimization problems involving polynomials.

Traditional algorithms often use second-order approximations of the objective and
constraint functions at each iteration to obtain an improved iterate. Such methods have
attractive local convergence properties, usually at a quadratic or superlinear rate. How-
ever, as problems have grown in size—and particularly when the decision variables form
a matrix—the construction, storage, and updating of a second-order approximation, as
well as the linear algebra cost at each iteration of solving the corresponding optimization
subproblem, become prohibitive. Hence there has been renewed interest in first-order
methods, which scale well to such large problems.

This book studies particular matrix optimization problems, and first-order methods
for solving them, in a very simple and geometrically appealing situation: finding a
minimum-volume ellipsoid containing a set of points in Euclidean space. The matrix
decision variables arise since an ellipsoid is defined by a symmetric positive definite
matrix, and its volume is related to the determinant of that matrix. While this is a rather
spec1al problem, it provides a fundamental approach to data analysis of a large set of points
in a high-dimensional space. It also arises in various problems in computational geometry
and, rather surprisingly, in optimal design in statistics.

We will discuss formulations of this problem, duality results and optimality condi-
tions, geometric properties of their optimal solutions, and in particular efficient first-
order algorithms for their solution. We will see that the low iteration cost of these meth-
ods, and their analysis, rely on the beautiful properties of the “log determinant” function
of a symmetric matrix, the formulae for updating the inverse and the determinant of
such a matrix after a rank-one modification, and sensitivity analysis results on nonlinear
optimization problems.

A closely associated problem asks for an ellipsoidal cylmder containing a set of points
whose cross section in a certain coordinate subspace has minimum area. This problem
also arises in computational geometry, and in a more general optimal design setting in
statistics. We provide a theoretical and algorithmic analysis of this problem as well.

A final chapter addresses in a more abbreviated way a number of related problems:
dealing with outliers, approximating by parallelotopes instead of ellipsoids, and ellipsoidal

Xiii
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Preface

approximation of a polyhedron given by linear inequalities rather than as a convex hull
of points.

An intriguing aspect of this area is that algorithms were developed independently and
simultaneously in two different disciplines and on either side of the Iron Curtain. Thus
our basic algorithms were developed by Frank and Wolfe in the optimization community,
and by Wynn and Atwood (in the West) and Fedorov (in the East) in the statistics
community. Very similar methods were proposed in electrical engineering for system
parameter identification. There is also a close relation to the ellipsoid algorithm in convex
optimization. We try to add perspective to our discussion by including a “Notes and
references” section at the end of each chapter. There are also mathematical connections
to geometric functional analysis and to spectral sparsification in graph theory.

This book is aimed at graduate students in applied mathematics or operations research
who are interested in matrix optimization problems or in first-order methods. I hope it
will also be of interest to a variety of researchers in these and related fields. Whether the
reader 1s concerned with these particular problems or not, we feel the techniques used
and the connections made will prove instructive. For those who want to experiment
with solving instances of these problems, we provide some computational results as well
as MATLAB codes for the algorithms. They are listed in Appendix B and posted at
www.siam.org/books/mo23.

The mathematical background required is quite modest: familiarity with linear
algebra and real analysis suffices. We also include in Appendix A some basic material on
positive (semi)definiteness, low-rank updates, matrix analysis, convexity, and optimality
conditions and duality.

I would like to thank my collaborators on ellipsoid-related optimization over the
years: Selin Damla Ahipasaoglu, Bruce Burrell, Leonid Khachiyan, Martin Larsson, Peng
Sun, and Emre Alper Yildirim. Special thanks go to Selin Damla Ahipasaoglu for her
careful reading of the manuscript and for providing some of the figures, including the
cover art.

This work was supported in part by NSF through grant DMS-0513337 and by ONR
through grants N00014-02-1-0057 and N00014-08-1-0036.
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Chapter 1
Introduction

This monograph is concerned with the problem of representing a (large) set of points
in a (high-dimensional) Euclidean space by an ellipsoid, in some sense optimally. This
might seem a very special problem, but we shall see that it provides a beautiful example
of the interplay of ideas from optimization, convex analysis, geometry, and linear
algebra. We will be concerned with the theory of this problem and its extensions, its
applications, and in particular the development of efficient algorithms for its solution.
The subject also provides a simple introduction to the study of matrix optimization
problems where a matrix variable must be symmetric and positive semidefinite, which
under the names of semidefinite programming (in the optimization community) and
linear matrix inequalities (in control theory circles) has been a fast-growing and vibrant
area over the last twenty years. On the other hand, it turns out that optimal ellipsoid
containment problems have a long, if intermittent, history in convex geometry and
optimization. Finally, the problems have numerous and wide-ranging applications in data
analysis, computational geometry, and (through their duals) optimal experimental design
in statistics.

In the next section, we discuss why we choose ellipsoids to make our approximations,
while the following section shows how the resulting optimization problems can be formu-
lated using the “logdet” function. Section 1.3 considers the closely related optimal design
problem in statistics. We then give some applications of the ellipsoid approximation
problem, after which Section 1.5 gives an outline of the rest of the book.

1.1 = Why ellipsoids?

An ellipsoid is the affine image of a ball. We can picture it as the analog of an ellipse in
two dimensions, or a (rugby or American) football or flying saucer in three. Here we
shall argue that ellipsoids provide a good way to represent a more complicated convex set
in a Euclidean space.

Suppose we are given a bounded polyhedral set X C R”, described either as the convex
hull of 7 points,

X:=conv{x;,Xy,...,X,,} (1.1.1)
where each x; lies in R”, or as the set of solutions to 7 linear inequalities,
X:={x eR": Ax < b}, (1.1.2)

where A € R”*" and b € R™.
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Chapter 1. Introduction

Each of these descriptions is reasonably compact, although it depends on the po-
tentially huge parameter m as well as the merely large dimension 7. In the first case,
it is easy to optimize any linear function ¢’ x cheaply over X just by computing the
m inner products ¢” x;, but testing membership in X requires the solution of a linear
programming problem. In the second case, membership only requires a matrix-vector
product Ax and some comparisons, but optimizing a linear function over X again requires
linear programming. We would like to find a set that represents X well in some sense,
which allows easy tests for membership and linear optimization, and whose description
is of a size depending only on 7. We may be willing to invest a reasonable amount of
computing time in order to obtain this representative set, but then we would like queries
on the resulting set to be cheap.

A simple choice is just to take a random sample of O(f (7)) points from the x;’s in the
first case, where f is a modestly growing function. This may work well statistically, but
we have no guarantee that the sample will represent the whole set accurately. In the same
vein, we could take the solution set for O(f (7)) linear inequalities, chosen at random
from those representing X in the second set, with similar drawbacks. Instead, we will
choose the set from a suitable family that has the minimum volume among all those that
contain the set X.

One family we could consider is that of (axis-aligned) boxes, sets of the form {x € R” :
[ <x < u}, where [ and u (u > [) are vectors in R”. The minimum-volume enclosing
box is relatively easy to compute (at the cost of 2 linear programming calculations in
the second case), has a trivial description, and allows simple linear optimization and
membership tests. In addition, boxes have the attractive property that they are robust
with respect to the minimality criterion: the minimum-volume box is also the unique
inclusion-minimal box. However, they do not fit certain data sets very well, and are very
dependent on the coordinate representation of the vectors. To make this latter point more
precise, we would like our representative sets to have the affine invariance property that,
for any nonsingular affine transformation A : x — Mx + b for (nonsingular) M € R"*”
and b € R”, if Y represents X, then A(Y) represents A(X). Boxes unfortunately fail this
requirement, as can easily be seen by considering a rotation of 45 degrees in the plane.

One way to circumvent this difficulty is to consider the set of all parallelotopes, which
are affine images of boxes. Indeed, this family has some nice properties, and we will come
back to it in the final chapter. However, parallelotopes do not fit convex sets quite as well
as the bodies we will choose, and they certainly do not have smooth boundaries.

The choice we will make in this monograph is to consider the family of ellipsoids, that
is, sets of the form

E(H,%):={xeR": (x—x)TH(x —x) < n}, (1.1.3)

where x €R” is the center of the ellipsoid, and H is a symmetric positive definite matrix
of order 7, i.e., H' = H and " Hv > 0 for all nonzero v € R”. We say that H defines
the shape (which we take to include the size) of the ellipsoid. We choose the right-hand
side to be 7 to simplify some later analysis. Abusing notation slightly, we write £(H) to
denote an ellipsoid centered at the origin with shape matrix H, so £(H) is an abbreviation
of £(H,0). As asimple example, if H is » times the identity matrix, this set is just the
unit Euclidean ball centered at x. Indeed, ellipsoids are just affine transformations of balls.
To see this, let L be the Cholesky factor of H; that is, L is a lower triangular matrix with
positive diagonal entries satisfying H = LLT . (A review of linear algebra and some matrix
analysis appears in Appendix A; in particular, we show in Section A.2 that every positive
definite matrix H has a Cholesky factorization and a positive definite square root H'/?
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1.1. Why ellipsoids? 3

with H'/2H'? = H.) Then x lies in E(H, %) iff [|LT (x — )|| < /7, so that
EH,x)={x=%+(/nL T)z:zeR",||z|| < 1}. (1.1.4)

It is helpful to have some notation for symmetric matrices. We let S* denote the space
of real symmetric & x & matrices; S¢ denotes the cone of positive semidefinite matrices in
Sk (H with o7 Hv > 0 for all v), while Sﬁ . denotes the cone of positive definite matrices
inS*. HfYand Zliein Sk, wewrite Y = Zor Z<Y if Y —Z is positive semidefinite,
andY > Z or Z <Y if Y — Z is positive definite. In particular, Y > 0 (Y > 0) denotes
that Y is positive (semi)definite.

Let us check that ellipsoids satisty our desired criteria. First, under the nonsingular
affine transformation A : x — % := Mx + b for some M € R**" and b € R*, £(H, x)

transforms to £ (I-AI ,%), where
H:=MTHM™, x:=A®RX)=Mx+b.

Moreover, the volume of any (measurable) set is multiplied by |det M| under this trans-
formation, which yields the affine invariance property. Ellipsoids can be compactly
described by the n components of the center and the n(n + 1)/2 entries in the lower
triangle of H (or, perhaps more usefully, by the 7(7+1)/2 nonzero entries of its Cholesky
factor L). Membership can be trivially checked by computing (x —x)” H(x — X) or the
norm of L7 (x — x). Finally, we exhibit a closed-form solution to

min clx

(x—F)TH(x—%) < n, (1-15)
assuming ¢ € R” is nonzero. For this, we use the Karush-Kuhn-Tucker optimality
conditions, which are necessary (since the Slater condition holds) and sufficient for
this convex problem. (A review of optimality conditions for nonlinear programming
problems is given in Section A.6.) An optimal solution x must satisfy ¢ +2AH (x—x) =0,
where A > 0 with equality unless the constraint holds with equality. Hence we see that

¢ x is minimized over £(H, %) at

_ [ n .
T CTHfch ¢

s —vVncTH1c. (1.1.6)

These are easy to compute if we have the Cholesky factorization of H, since H™!c =
L~T(L"¢), and solving linear systems of the form Lv = w or LTy = z is simple when L
is triangular.

It is also worth mentioning that, whenever a random variable has a multivariate
Gaussian distribution, the level sets of its probability distribution function will be
ellipsoids, whose shape matrices are proportional to the inverse of the covariance matrix
of the random variable. Further, as can easily be seen from (1.1.6), the set of ellipsoids
containing the origin in their interiors is invariant under polarity: the polar X° of a set X
is defined as {z € R” : z7 x < 1 for all x € X}.

We let

and that the optimal value is

£.(X) denote the minimum-volume ellipsoid containing X. (1.1.7)

(We shall see later that this ellipsoid exists and is unique, at least in the case where X is the
convex hull of a finite set of points.)
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Figure 1.1. Minimum-volume ellipsoid.

We now present a remarkable result due to F. John [45] in 1948 that demonstrates
the suitability of ellipsoids for fitting convex bodies. (A convex body in R” is a convex
compact set with nonempty interior.) To state the result, we need to define (with a slight
abuse of notation) the homothetic scaling o€ of an ellipsoid £ as the set scaled by a around
its center x:

af:={x+az:x+ze€&}.

Theorem 1.1. Let X be a convex body in R”.

(a) The homotbhetic scaling %Q(X) is contained in X.

(b) Further, if X is symmetric (—X = X), then %5* (X) is contained in X.

In the next chapter, we will give a proof of this result when X is the convex hull of a
finite set of points.

John also implicitly showed that there is a finite subset of X, of cardinality at most
n(n +3)/2, such that the minimum-volume ellipsoid containing this subset of points is
also the minimum-volume ellipsoid containing X. This small subset, called a core set, in
some sense represents X much better than a random subset of its points of comparable
size.

An example showing a cloud of points in R* and the minimum-volume ellipsoid
containing them is shown in Figure 1.1.

1.2 = The minimum-volume enclosing ellipsoid problem

Our next task is to formulate the problem of finding the minimum-volume ellipsoid
containing a set X that is given as in (1.1.1) as the convex hull of a finite set of points
X{sXy,-..,%,, in R”. Sets of the form (1.1.2), given by linear inequalities, will not be
considered again until the final chapter.

We saw in (1.1.4) that the ellipsoid £(H, %) could be written as an affine transformation
of the unit ball, using the matrix 4/7L~T, where L is the Cholesky factor of H. Thus its
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1.2. The minimum-volume enclosing ellipsoid problem 5

volume is that of the unit ball times |det(y/zL~7)|; since H = LL”, and so det H =
(det L)?, we have
n"/ 2Q,

VdetH

where 2, is the volume of a ball of radius 1 in R”. Hence to minimize the volume of an
ellipsoid, we can equivalently minimize the negative of the logarithm of the determinant
of its shape matrix. Recalling that we want H to be positive definite, we define the logdet
function by the following.

vol(E(H,x)) = (1.2.1)

Definition 1.2.
Indet H if H is positive definite,

—o00 otherwise.

Indet(H ) := {

Why do we introduce this seemingly superfluous logarithm? It turns out (see Section
A.5) that —Indet is a strictly convex function on the space of symmetric matrices. Indeed,
it suffices to show that the second directional derivative at any positive definite H in the
direction of any symmetric nonzero E is positive, but Section A.5 shows that this is

(H'EH "o E =Trace(H 'EH'E)
= Trace[(H ?EHPH'PEHY/?)]
= ||HPEH > o.

Here we have used the inner product UeV := Trace(U” V) of two similarly dimensioned
matrices and the corresponding Frobenius norm ||U||; := (U e U)"/?, and the identity
Trace(UV) = Trace(VU) for any m x n U and n x m V (see Section A.1). The first
directional derivative is also easy to evaluate: it is—H ' o E, and it is key to the efficiency
of our algorithms that both the inverse (and the Cholesky factorization) and the value of
the logdet function are simple to update if we make a rank-one update to H.

We therefore see that the problem of finding the minimum-volume ellipsoid contain-

ing x;,%,,...,x,, (and thus X) can be formulated as
ming; ; —Indet(H)
(Py) (6, —$) H(x,— ) <n, i=1,2,...,m, (1.2.2)

Note that here the variables are the symmetric 7 X 7 shape matrix H and the center 7-
vector x, rather than the vector x as in problem (1.1.5) with very similar constraints.
Indeed, here we are designing the ellipsoid, rather than optimizing over a fixed one. Also,
we do not need to add the explicit constraint that H be positive definite, since this is
implicit from the form of the objective function (and from our stipulation that the logdet
tunction take the value negative infinity when its argument is not positive definite).

If n =1, (P,) is trivially solvable. We let x and x denote the largest and smallest x;,
and then set x := (£ +x)/2 and H :=4/(£—x ). Hence we assume 7 > 1 in the following.

Finally, it is important to observe that, although the objective function of (P,) is
convex and its constraints are convex separately in H and in x, they are not convex in
H and x jointly because of the cross terms —2x/ Hx and x” Hx. If we restrict ourselves
to centered ellipsoids, with x fixed at the origin, we obtain the optimization problem

min, —Indet(H)

(P) xTHx; <n, i=12,...,m. (1.2.3)
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This problem is now convex, since its objective function is convex and its constraints
are linear in the variable H. Moreover, even though it seems very special, we will see in
the next chapter that the general minimum-volume enclosing ellipsoid problem can be
reduced to the centered case by considering points in the next higher dimension, which
is a very modest price to pay for convexity. We call (P) the minimum-volume enclosing
ellipsoid (MVEE) problem.

Note that any such centered ellipsoid, along with x;, also naturally contains —x;,
so we may consider the set X to be the convex hull of the centrally symmetric set
{£x,...,£x,,}. Of course, we do not need to double the number of constraints, but
it is often helpful to think of x; as representing the pair of points +x;.

1.3 = Optimal design in statistics

And now for something (apparently) completely different! Suppose we would like to
study the relationship between some independent variable € R” and a dependent
variable v € R. We assume that v is related to ¢ by a model involving some unknown
parameters 6. In fact, we will assume that the model is linear in the parameters 6, but we
allow nonlinearity in ¢. So our model is

v=x(t)70,

where x : R? — R” captures the nonlinear dependence on ¢: for example, if we wanted
to build a cubic model of a scalar ¢, then x(¢) := (1;¢;¢%¢%) € R* and 6 € R* would
correspond to the unknown coefficients. (We use (p;¢;...;7) to denote the column vector
obtained by concatenating the scalars or vectors p,q,...,r.) Of course, there is usually
some error in the model and/or the measurement of v, and so we will assume that V is a

random variable,
V=x(t)T0+e,

and we will further suppose that ¢ is distributed as a normal random variable with mean
0 and variance 0.

To estimate ¢, we might observe V' at m different values of ¢, ¢;,t,,...,t,,, corre-
sponding to m different values of x, x; := x(t,),x, := x(1,),...,x,, := x(t,,), obtaining
the vector (abusing notation slightly) v € R”. In fact, we will henceforth mostly ignore
the original variables ¢ and concentrate on the linear relationship between x and V. We
assume that the m different observations of V' are independent.

Let us denote by X the 7 x m matrix whose columns are the x;’s. Then one estimator
of 6 with attractive statistical properties is the solution to the least-squares problem
ming || X 76 — v||, which is (assuming X has rank 7, which is necessary and sufficient
for the least-squares problem to have a unique solution)

6.=(xXXT)"Xo.

Since v is a sample of the random variable X768 + ¢, where ¢ is an m-dimensional

N(0,0%I)-distributed random variable, bisa sample from the random variable
O =XX"y"'X(XT0+6)=0+(XXT)"'Xe,

A
whose mean is exactly §. Hence our estimator is unbiased. Further, its variance is E(© —

6)(©—6)7, which is
XX XE(ee NXT(XXTY ' =o?(XXTY L.
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In an experiment, we might choose to make multiple (or no) observations at the point
x;. This choice amounts to designing the experiment. In a more general setting, we might
also be able to choose the points x; from a given design space X', some compact subset of
R” (which itself corresponds to all x(z)’s for ¢ lying in a design space T C R?), but here
we confine ourselves to a finite design space X' = {x;,x,,...,x,,} for simplicity. Note that
X{sXys...,X,, correspond to all possible choices for x(z), and so it is helpful to think of 7
as potentially very large. Our choice is then just the number of observations to make at
each point. If we make 7; (independent) observations at x; for i = 1,2,...,m, we get an
experimental design of size N := >, n;. (Throughout, the range of a summation over 7 is
always 1 through m.) Let W denote the diagonal matrix Diag(n,/N,...,n,,/N). Then
the corresponding estimator is (X WX 7)™ X W3, where © contains the sample averages

of the n; observations when x = x;, i = 1,2,...,m, with variance
2
o
—(xwxT)y™.
N

We would like to choose the 7,’s, or equivalently W, to make this variance small in some
sense. This is a hard nonlinear integer programming problem, so instead we allow the
weighting matrix to correspond to any distribution on X, not just a distribution using
rational probabilities with denominator N, as above.

If we assign weight (probability) #; to x;, and choose to minimize the determinant of
the variance (D-optimality), we arrive at the problem

max, g, Indet(XUXT)
(D) eln =1, (1.3.1)
u >0,

where, here and below, U denotes Diag(#) and e denotes a vector of 1’s of dimension
m. So once again, optimization of the logdet function appears, here in the very different
context of optimal design. We will see that the problems of finding a minimum-volume
centered ellipsoid containing X’ and obtaining a D-optimal design are very closely related:
in fact, they are dual problems.

Of course, D-optimality is just one way we can choose a design to somehow make the
variance matrix small. Another natural possibility is to consider the resulting variance
of an estimator for an observation taken at any design point: at x;, it is proportional to
x](XUXT)™'x;. Hence we arrive at another criterion, called G-optimality, where we
seek to minimize the largest such variance:

min {max(x] (XUXT)"x;):e"u=1,u4>0}.

ueR” "~
Remarkably, it turns out that a vector # is D-optimal iff it is G-optimal, so that this
optimality criterion has some robustness. Also, as in our discussion of ellipsoids, D- and
G-optimality have some invariance properties. A vector # is optimal for X iff it is optimal
for MX, where M is any nonsingular 7 X 7 matrix representing a nonsingular linear
transformation of the design space. So we could, for instance, use any desired basis of the
polynomials of degree 7, and the resulting design would be the same. Other optimality
criteria are discussed in the references on optimal design given in Section 2.5.

1.4 = Applications

Here we briefly list some applications of minimum-volume containing ellipsoids from
various fields. One large area is optimal design in statistics, which we have briefly



Downloaded 07/15/16 to 132.239.1.231. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

Chapter 1. Introduction

described in the previous section and which we will continue to discuss throughout the
book. There are other applications in statistics. Silverman and Titterington [71] mention
using minimum-volume ellipsoids as “peeling” devices in data analysis: in particular, the
first few points peeled off can be regarded as outliers in the distribution generating the
points. (While this is a useful technique, there is clearly a danger in this approach, since
the minimum-volume ellipsoid itself is mostly determined by these outliers and hence
may be corrupted by noise and error.) They also note that the minimum-volume ellipsoid
can be used to estimate the mean and correlation structure of a population, especially in
the case where data points in the interior might be obliterated. Finally, they mention the
use of minimum-volume ellipsoids in pattern recognition in order to separate clouds of
points, citing Rosen [66], although he used a different criterion. In asimilar way, we could
evaluate a proposed clustering of a set of points by, for example, summing the volumes
of the minimum ellipsoids containing each cluster. The advantage of using ellipsoids
rather than balls is that their affine invariance can better model the anisotropy of a given
subpopulation. Glineur [35] also uses ellipsoids in pattern recognition and clustering,
but with a different criterion of maximal separation. Silverman and Titterington [71]
also mention that minimum-volume ellipsoids can be viewed as anisotropic versions of
minimal covering spheres, which arise in facility location problems in operations research;
see, e.g., Elzinga and Hearn [26].

Containing ellipsoids have been used in parameter identification and control theory
to describe uncertainty sets for parameters or state vectors: see Schweppe [68] and
Chernousko [20] and the references therein. Vicino and Zappa [82] use a minimum-
volume containing parallelotope in a similar context. Hero, Zhang, and Rogers [42, 43]
use either ellipsoids or parallelotopes for tomographic feature detection and classification
in medical contexts.

Minimum-volume ellipsoids also arise in computational geometry and computer
graphics [24]. For example, computational challenges arise relating to obstacle avoidance
in robotics, and in avoiding intersection between moving objects, as in game design.
Calculating bounding ellipsoids for all the objects of interest can give a simple sufficient
condition for avoidance: if all bounding ellipsoids are disjoint, then so are the objects
of interest, while if two bounding ellipsoids intersect, further analysis can consider the
corresponding objects themselves.

Mathematical analysts are interested in approximating the norm in a Banach space by
a Euclidean norm: finding the minimum-volume centered ellipsoid containing its unit
ball and using Theorem 1.1 give a solution. (Some readers may think that this stretches
the notion of “application.”)

Finally, although our interest is in the optimization of ellipsoids, we should men-
tion that minimum-volume ellipsoids arise within other optimization methods. In his
integer-programming method, Lenstra [58] uses an initial rounding procedure that can
be performed by computing a minimum-volume ellipsoid for a bounded polyhedron
And every step of the famous elhpsmd method for convex programming requires the
minimum-volume ellipsoid containing the intersection of an ellipsoid and a half-space or
slab.

Because we want to discuss this application in the future, let us define the situation
more precisely Suppose we want to find a point in the polyhedron Z := {z € R" :

a/Tz > ¢;,j = 1,...,m}, and we know somehow that Z is contained in the ellipsoid

&= n_l/ZE(H,z) ={z€R":(z—2Z)TH(z—7%) < 1} (for this application it is simpler
and more traditional to use a right-hand side of 1 rather than 7). We check whether the
center Z lies in Z, and if not we find a constraint, say a’ z > v, which is violated by Z.
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Without loss of generality, we can assume that 4 is scaled so that a” H~'4 = 1, and then
al(z—7%), for z € &, lies between —1 and +1. Let @ := y —a’Z. Then all points in Z
lie in the set {z € £ : a”(z —Z) > a}, the intersection of an ellipsoid and a half-space. If
some of the constraints defining Z are two-sided, we may be able to find some [ so that
all points in Z lie in the set

Ep={ze&:a<a (z—7)< B}, (1.4.1)

the intersection of an ellipsoid and a slab, i.e., the set between two parallel hyperplanes.
Indeed, the previous case is a special case where 8 = 1. In order to continue our method
of finding a point in Z, we need to find an ellipsoid containing &, 5, and to make good

progress, we choose the minimum-volume such ellipsoid.

1.5 = Outline of the book

The preceding sections have given some idea of the simplicity and flexibility of ellipsoids
and the elegant properties of the logdet function. In the rest of this book you will learn
more than you ever (thought you) wanted to learn about these geometric objects and this
convex function, organized as follows.

In the next chapter we study the basic minimum-volume enclosing ellipsoid problem
for the convex hull of a finite set of points. We first consider the centered version of this
problem and derive its dual, showing the relationship to the D-optimal design problem
of statistics. We then obtain optimality conditions for these two problems, and hence
show how the noncentered ellipsoid problem can be reduced to the centered case. John’s
theorem on the goodness of fit of minimum-volume ellipsoids follows.

Chapter 3 considers algorithms for the centered minimum-volume enclosing ellipsoid
problem. Although the functions involved are smooth, and we have closed-form expres-
sions for their derivatives, it turns out that, for large-scale problems, first-order methods
are often more efficient, and these are the focus of our development. We show how rank-
one update formulae make each iteration of Frank-Wolfe-type algorithms very cheap to
perform, and analyze, both from a complexity viewpoint and for its local convergence, a
particular algorithm of this type that incorporates away steps.

In Chapter 4 we consider an extension of the ellipsoid problem in which we seek
an ellipsoidal cylinder of minimum cross-sectional area containing a point set. This
problem is motivated by optimal design in statistics, but also has an appealing geometric
nature. We again consider the dual problem and optimality conditions, but these are more
complicated than in the ellipsoid case.

Chapter 5 addresses a first-order method for the ellipsoidal cylinder problem. Again,
rank-one update formulae are key to the efficient implementation of this method. As
we shall see, here the situation is quite complicated, and we are only able to establish
convergence results under rather strong conditions.

Finally, in Chapter 6 we consider related problems and methods. In particular, we
discuss a method for dealing with problems of noisy points or outliers; we consider
approximating a body via parallelotopes; and we address the problem of ellipsoid opti-
mization when the body is given as the solution set to a system of linear inequalities.

1.6 = Notes and references

The idea of considering the minimum-volume enclosing ellipsoid and proofs of its
existence and uniqueness appeared first in unpublished work of C. Lowner. Proofs in
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the literature can be found in Danzer, Laugwitz, and Lenz [22] and Zaguskin [90]. These
authors also consider the related question of the maximum-volume ellipsoid inscribed in
a convex body.

Theorem 1.1 appears in [45] as an application of John’s necessary conditions for
inequality-constrained nonlinear optimization. Amazingly, this early work also allows
a set of constraints indexed by a compact set rather than just a finite set of constraints,
and hence John’s theorem applies when X is any compact body in R”. John’s necessary
conditions required no assumptions other than differentiability, but when an additional
constraint qualification holds (and there are only a finite number of constraints), Kuhn
and Tucker [55] obtained stronger conditions in 1951. Surprisingly, both John’s (for
a finite number of constraints) and Kuhn and Tucker’s results were anticipated in the
Master’s thesis of Karush [47] in 1939, and the conditions are now known as the Karush-
John and Karush-Kuhn-Tucker conditions.

Our interest throughout in approximating point sets or, more generally, compact
sets by ellipsoids is perhaps a lictle 31mphst1c, but it scales well with the dimension
and the number of pomts More precise information for when the points approximate
a manifold embedded in R” can be obtained by more sophisticated algorithms with
higher complexity. Amenta et al. [5] give an algorithm for reconstructing surfaces in
R?, and algorithms for higher dimensions are given in, for example, Niyogi, Smale, and
Weinberger [59] and Chazal, Cohen-Steiner, and Lieutier [ 19].

We may have been a little too hasty in dismissing the general minimum-volume
ellipsoid problem (1.2.2) as intractable because of its lack of convexity. Note that the
constraints can be written as |[|[H'?x, — H'/?x|| < /n for all i. If we choose as new
variables the positive definite matrix B := H'/? and the vector j := H'/?%, we can state
the problem in the form

ming ;  —2Indet(B)
(P)) [[Bx; —y|| <+/n, i=12,....,m,

which is convex. However, this is still clearly more complex than the centered problem
with linear constraints and, as mentioned, we will reduce the general case to the centered
one in the next chapter.

The topic of optimal design in statistics goes back to Wald [83] and Elfving [25].
Notable results, including the equivalence of D- and G-optimality, were obtained by
Kiefer and Wolfowitz [52, 53], and later contributions were made by Fedorov, Wynn,
Atwood, Sibson, Silvey, Titterington, and Pukelsheim, among others. See the books of
Fedorov [27], Silvey [73], and Pukelsheim [63].

For an account of the use of John’s theorem in the analysis of Banach spaces, see the
book of Pisier [62].

The ellipsoid method was developed by Yudin and Nemirovskii [89] and Shor [69] as
an implementable approximation to an optimal (in the oracle sense) method for convex
programming. Khachiyan [48] later used it to prove the polynomial solvability of linear
programming. Bland, Goldfarb, and Todd [14] give a survey of the ellipsoid method,
and its consequences in combinatorial optimization are explored in depth in Grétschel,
Lovasz, and Schrijver [37].

(1.6.1)
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Chapter 2

Minimum-Volume
Ellipsoids

Now we begin our consideration of the minimum-volume ellipsoid optimization prob-
lem. In this chapter we discuss the problems from a theoretical point of view, while the
next chapter considers algorithms.

In the first section we obtain the dual of the centered minimum-volume enclosing
ellipsoid (MVEE) problem, which coincides with the D-optimal design problem addressed
in Section 1.3. We prove existence and uniqueness theorems, and derive weak and strong
duality. In Section 2.2 we obtain optimality conditions for the problem and its dual, and
also define notions of approximate optimality.

In Section 2.3 we return to the general minimum-volume enclosing ellipsoid problem,
where the center is not required to be the origin, and we show that this problem can
be reduced to a centered problem in the next higher dimension. This justifies our
concentration on the centered version of the problem throughout this monograph. We
prove John’s theorem on the quality of approximation by the minimum-volume ellipsoid
in Section 2.4.

2.1 = Duality, existence, and uniqueness

Recall that the MVEE problem of finding the minimum-volume centered ellipsoid
enclosing a set X that is the convex hull of points x;,7 = 1,...,m, in R” can be formulated

® mingcg, f(H):=—Indet(H)

(P) xl.THxl.Sn, i=1,2,...,m. (2.1.1)

We assume throughout that the points x; span all of R”, since otherwise ellipsoids of
arbitrarily small z-dimensional volume circumscribe X. Equivalently, we assume that

X has full row rank, (2.1.2)
where we denote by X the matrix whose columns are the x;’s,
X :=[x),%,...,x,, ] ER"".

We say H is feasible for (P) if it satisfies the constraints and yields a finite objective value,
so that H is positive definite.
If we apply a Lagrange multiplier #; to each constraint, we arrive at the Lagrangian

L(H,u):= —lndet(H)—i—Zui(xiTHxi —n), (2.1.3)

11
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which is finite for any positive definite H € §” and # € R”. If we again denote by e the
vector of 1’s in R” and employ the very useful notation

U :=Diag(n) e S™,
we can rewrite the Lagrangian as
L(H,u)=—Indet(H)+H e XUX" —ne’ u

(for details, see (2.1.6) below). It is immediate that, for any nonnegative » € R” and H
feasible in (P),
—Indet(H) > L(H,u),

from which we deduce that, for any nonnegative #,
o(P)> rr}{inL(H, u),
where v(P) denotes the optimal value of (P). Moreover, since L(H, #) is a strictly convex
function of H with gradient
VyL(H,u)=—H '+ XUXT,
L(H, ) is minimized by H iff XUXT is positive definite and
H=(XUxT)".

What if X UX7 is positive semidefinite but not positive definite? Then let v € R” satisfy
XUXTv =0 and have unit norm, and consider H(A) := I + Avo’. We have

L(H(A, u)=—Indet(I + AvoT )+ (I + dovT ) e XUXT —ne’u
=—In(1+ A)+ Trace X UXT)—nel u,
which tends to —oo as A — 0o. We conclude that
min L(H, ) = —Indet{ (X UXTY N4+ XUXT) e XUXT —nelu
=IndetX UXT)+n—nelu.

To obtain the best bound on v(P), we should choose # € R} to maximize the right-
hand side above. This leads to a first dual problem (we will refine it just below):

(D) max{Indet(XUXT)4+n—nelu:u>0}. 2.1.4)

a
ueRm

In fact, we can restrict # to satisfy e’ # = 1, for the following reason. Any nonnegative 7
can be written as Ax, where A is nonnegative and # satisfies e’u=1,4>0. Then

Indet(XUXT)+n—ne’ 4 =Indet{ AXUXT)]—nA+n
=nlnA+Indet(X UXT)—nl+n,

and this is maximized by choosing A = 1. To obtain the best bound on v(P), we are thus
led to consider the dual to the MVEE problem as

max, g, g(#):=Indet(XUXT)
(D) elu =1, (2.1.5)
u >0,



Downloaded 07/15/16 to 132.239.1.231. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

. Duality, existence, and uniqueness 13

which is exactly the D-optimal design problem from Section 1.3! We say that # is feasible
for (D) if it satisfies the constraints and yields a finite objective value, so X UX T must be
positive definite.

Even though it is implicit in the argument above, let us prove weak duality: the short
proof also highlights conditions to ensure equality in primal and dual objective values.

Proposition 2.1. For any H and u feasible in (P) and (D), respectively,
f(H) = g(n).

Proof. First note that

HeXUXT =Tt{HX (3, n;e;e] XT)]=Te(3,; u;x] Hx;)

(2.1.6)
:Zl—uixl.THxl- <ne'u = n,

using the fact that Tr(AB) = Tr(BA) from (A.1.1) in Appendix A.

Observe that the matrix HXUXT is similar to the positive definite matrix
HY2XUXTH'Y2, and hence has n positive eigenvalues /1/-, 7 =1,...,n. The inequality
above shows that the sum of these is at most 7.

Now the difference of the objective values is

f(H)— g(n) =—Indet(H)—Indet( X UXT)
=—Indet( HXUXT)

—In(H]- /1]'>

=—nIn([T; Aj)l/”
>—nln(X; Aj/n)
>—nln(n/n)=0,

2.1.7)

where the first inequality follows from the arithmetic-geometric mean inequality and the
second follows from (2.1.6). a

The main result of this section shows that (P) always has a unique optimal solution,
(D) always has an optimal solution, and there is no duality gap. For this we use optimality
conditions for (P), but in honor of John’s fundamental work on this problem, we use
those of Karush and John rather than the more usual Karush-Kuhn-Tucker conditions.

Theorem 2.2. Under assumption (2.1.2), (P) has a unique optimal solution H*, (D) has an
optimal solution u* with X U*X T unique, and f, .= f(H") = g(u*) =: g*.

Proof. We start with (P). We would like to use the celebrated Weierstrass theorem,
that a continuous function on a compact set attains its minimum, but unfortunately the
set of feasible H is not compact since it is not closed (H must be positive definite, not
just positive semidefinite). We therefore employ a standard trick: since €/ is feasible for
sufficiently small positive €, we can without loss of generality add the constraint that
—Indet(H) < —Indet(eI), which defines a closed set containing only positive definite
matrices. Further, the objective function f is continuous on this set.

Next, we see that for each j, u i€ is a convex combination of the points +x;, i =
1,...,m, for some positive u;, by (2.1.2). Since all the points +x; lie in £(H), so does

u;e;, and hence the diagonal entry b;; < n /uf. Thus there is a uniform bound on the
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trace, and hence on the spectral norm, of every feasible H, and this implies that, with
the added constraint, the feasible region is compact and thus an optimal solution exists.
Uniqueness follows since f is a strictly convex function: indeed, if H; and H, were two
distinct optimal solutions, then (H, + H,)/2 would be feasible with a lower objective
value, which is a contradiction.

We could use a similar argument to show the existence of an optimal solution to
(D). Here the feasible region is bounded, but not closed, since some points like e,
where the objective function is negative infinity, are not feasible. We could again add
an additional constraint, but this doesn’t help us to establish strong duality, so we use a
different approach.

Problem (P) is a nonlinear programming problem, even if it lies in the rather
unfamiliar space of symmetric matrices. If we add an extra constraint using ¢/ as above,
and choose € > 0 suitably, all the functions will be differentiable in a neighborhood of the
feasible region, and the optimal solution will not satisfy the new constraint with equality.
We now use the Karush-John optimality conditions at the optimal solution H*. These
imply that there are nonnegative multipliers, not all zero: 7 for the objective function
and #, for the ith constraint in (P), i = 1,...,m, such that

—r(HY '+ 30, u,x,x] =0,
¢ ) 2.1.8
ul-(xl.TH*xi n) =0, i1=1,...,m. (@18)

Here we have used the fact that the gradient of —Indet(H ) is —H " and that the constraint
function x] Hx; —n can be written as x;x e H — 1, so that its gradient is x;x/ .

Let us first take the scalar product of the first line of (2.1.8) with H*. We get

—nr—i—Zulxlxl e H* =0,

and using the fact that x;x] @ H* = x] H*x; = n whenever #; > 0 (from the second line
of (2.1.8)), this gives >, u, = 7. We deduce that T cannot be zero, because then all the
u;’s would also be zero, so without loss of generality we can assume 7 = 1 by scaling all
the multipliers. Then (writing # for the m-vector of the scaled #,’s)

and # is feasible for (D).
The first line of (2.1.8) now states that

(H)'=XUXT,
with U as always denoting Diag(#), and hence
—Indet(H*) = Indet[(H*) '] =Indet(X UXT).

Hence the primal feasible solution H* and the dual feasible solution # have the same
objective values, and thus weak duality implies that both (in particular #) are optimal and
that there is no duality gap.

It remains to show that X U*X T is unique for optimal solutions #*. Indeed, if # and
# were both optimal, and X UX 7 and X UXT were distinct, then # := (i + #)/2 would

be feasible, and its objective value Indet[(X UX 7 + X UXT)/2] would be strictly greater
than those for # and #, which is a contradiction. O
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Figure 2.1. Minimum-area ellipse.

In fact, since the space of symmetric matrices of order 7 has dimension n(n + 1)/2,
it is sufficient to use just this many positive #;’s, 1 < i < m, in (2.1.8). This implies that
there is an optimal solution to (D) with only (7 + 1)/2 positive components, and also
that the minimum-volume centered ellipsoid containing the points x; corresponding to
these positive #;’s is also the minimum-volume centered ellipsoid containing them all;
that is, we have a small core set. (The difference between the estimate here, n(n + 1)/2,
and that in Chapter 1, n(n + 3)/2, is due to the fact that earlier we were concerned with
not-necessarily-centered ellipsoids.)

Example 2.3. Suppose we want the minimum-volume centered ellipse containing the
four points that are the columns x;, 1 =1,2,3,4, of

—1 -1 1 2
X‘[1 —1 —12}

in R?. If we set # :=(0;0;1/2;1/2), we find

xo 2[R ] e[ 2 2]

It is then easy to check that xl.THxi < 2 for all i, with equality for i = 1,3,4, and so H
is feasible for the primal problem and # is for the dual. Moreover, their objective values
are both In4, and hence both are optimal. We also note that # := (1/2;0;0;1/2) is also
optimal for the dual, but yields the same matrix X UX .

The points and the corresponding minimum-volume centered ellipse (in red) are
shown in Figure 2.1. |

Example 2.4. Now let us consider the case where m = n, so that the number of points
is equal to the dimension. Suppose we set # = e/n. Since the matrix X has full rank and
is square, it is nonsingular, and so H := (X UXT) ™' = nX~TX~!. We find

xl-THxl- = nxl-TX_TX_lxl- = nel-Tel- =n,

so that H is feasible for the primal problem and # is for the dual. Their objective values
are both 2In(|det X|)— 7 In 7, so both are optimal. |
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2.2 = Optimality conditions

Now that we know that strong duality holds, we can state some necessary and sufficient
optimality conditions. Indeed, one reason we gave an explicit proof of weak duality in
Proposition 2.1 (weak duality holds automatically for the Lagrangian dual) is so that we
could easily identify conditions for strong duality.

Proposition 2.5. Necessary and sufficient conditions for H and u to be optimal in (P) and
(D), respectively, are

@elu=1,u>0, andxl.THxl- <nfori=1,...,m;

b)H=XUXT)"; and

©xIHx;=nifu;>0,i=1,....m

Proof. Condition (a) (and the nonsingularity implied by (b)) says merely that H and
u are feasible in their respective problems. Then Theorem 2.2 implies that necessary
and sufficient conditions for optimality are f(H) = g(#). From (2.1.7) this holds iff
the positive eigenvalues of HX UXT are all equal (so their geometric mean equals their
arithmetic mean) and that its trace is equal to 7. In turn, this follows iff all eigenvalues
are 1, so that H = (XUXT)™'. Moreover, from (2.1.6), the trace can only equal 7 if (c)
above holds. a

Using (b) above, we can write these conditions solely with respect to the dual solution
u.

Proposition 2.6. A feasible solution u to (D) is optimal (and H(u) is optimal in (P)) iff
() H(n):=(XUXT)™ is feasible in ( P) and
(i) x"H(u)x; =n zful >0,i=1,.
Indeed, condition (i) above implies condition (ii): from (i),
n=Hu)eXUXT = Z ux] H(u)x; < Z nu; =n,

since H(u) is feasible in (P), so (ii) follows.
Henceforth, we will use H(#) to denote the matrix above.

Definition 2.7. If u is nonnegative and X UXT is positive definite, then H(u) denotes
(xuxTty—.

From these conditions, we see again the optimality of # and H(#) in Example 2.3,
without the necessity of checking their objective values.

Let us use these results to show the equivalence of D-optimality and G-optimality in
optimal design—see Section 1.3. Indeed, if #* is D-optimal, it solves (D), and then we
know from Proposition 2.5 that H = (X U*X T )~ is optimal in (P), so that

maxx] (XU*XTYx; <n.

On the other hand, for any nonnegative # with e’ # =1,

D upx ] (XUXT) ', =(XUXT) o (XUXT)™ = Trace(I) = n,
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so that max; x/(XUXT)™'x; > n. This shows that #* minimizes this maximum, i.e.,
that it is G-optimal.

Conversely, if # is G-optimal, then it minimizes max, x/ (X UX7)'x;. Since this
quantity is at most 7 for #*, it is also at most 7 for #, which implies that # satisfies the
optimality condition (i) in Proposition 2.6, and hence is also D-optimal.

We will use these optimality conditions in our algorithms. Indeed, to terminate the
methods with a guaranteed quality of solution, we state some approximate optimality
conditions.

Definition 2.8. A feasible u is said to be e-primal feasible if H(u):= (X UXT )" satisfies

X H(u)x; <(14+€)n, i=1,...,m.

1

If moreover, it satisfies

xIH(u)x,>(1—e)n if u; >0, i=1,...,m,

1
we say that u is e-approximately optimal, or that it satisfies the ¢-approximate optimality

conditions.

We say a solution is within ¢ of being optimal in a problem if it is feasible and its
objective value is within ¢ of the optimal value of the problem.
We can now prove

Proposition 2.9. If u is e-primal feasible (and a fortiori if it is e-approximately optimal), then
u and (1+ €)' H(u) are both within nln(1+ €), which is at most ne, of being optimal in
their respective problems. Moreover, E((1+ €)™\ H(u)) contains all x, and is within a factor
of (14 €)"? of the minimum-volume such ellipsoid.

Proof. From the definition above, both these solutions are feasible. Moreover, the
corresponding duality gap is

F((1+ )™ H(w)— g(n) = nIn(1+ )+ f (H(1)— g(w) = nIn(1 +€) < ne,

and this proves the first result using weak duality. The second follows by the primal
feasibility of (1+ €)' H(x) using (1.2.1). n]

2.3 = Relaxing the centered restriction

In Chapter 1 we claimed that the not-necessarily-centered minimum-volume ellipsoid
problem could be reduced to the centered case. Here we show how this can be done.
Suppose we seek the minimum-volume ellipsoid containing a set

Y :=conv({y,-. s ¥, 1),
where each y; € R?. We let Y denote the matrix whose columns are these points:
Y =[50 57, ] €ERIX

We now assume without loss of generality that the affine hull of the points y; is R%; that
is, any point y € R? can be expressed as a linear combination 37; A,y;, where the weights



Downloaded 07/15/16 to 132.239.1.231. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

18

Chapter 2. Minimum-Volume Ellipsoids

A; sum to 1. Note that this is the same as saying that any point (y;1) can be written as a
linear combination of the 7 points x; := (y;;1) in R¥*!, or equivalently, that the points
x; span R”, where 7 := d + 1. (We use notation similar to that of MATLAB, so x; is a
column vector with a 1 for its last component and the components of vy, for its first d
components.) Note that, if matrix X is defined as before, we have

X:[ 3; ] @.3.1)

Observe that the points x; can be viewed as copies of the points y; embedded in R x
{1} CR”. The extra dimension allows the center of the ellipsoid in this hyperplane to be
wherever it likes to minimize the volume. The most natural #-dimensional problem to
solve now is to find a centered ellipsoidal cylinder in R” containing all the points x; and
having the minimum-d-volume intersection with R? x {1} € R”. This minimum-area
ellipsoidal cylinder MAEC) problem will be considered in Chapters 4 and 5, and we shall
see that it is considerably harder than the MVEE problem. In our case, where all points x;
lie in the hyperplane at height 1, solving an MVEE problem suffices: we shall now show
that the minimum-volume ellipsoid containing the y,’s can easily be obtained from the
minimum-volume centered ellipsoid containing the x;’s, which is our desired reduction.

Theorem 2.10. With the assumption and notation above, suppose u* and H* = (X U*X 7)™
are optimal solutions to (D) and (P), respectively (defined using the points x,, 1 = 1,...,m).

Then the unique minimum-volume ellipsoid containing the points y,, 1 = 1,...,m, is

E(Hyy,y), where Hy, is the d x d leading submatrix of H and y := Yu*.

Proof. First consider an arbitrary ellipsoid £(Hyy,7) containing the points y;, so that

0 =) Hyy(;=9)<d, i=1,....m.

Then we have also

A T A
Vi~ Hyy O Yi—V -
< 1 > |: 0 1:|< 1 >§n, 1=1,...,m,

or

T A
“ I Hyy 0 I —y Vi -
< 1 > [—J,/\T 1:|[ 0 1 0 1 1 <n, 1=1,...,m.
This shows that all points x; lie in £(H), where
[ I O0[ Hyy 07[1 —
H'_[—ﬁT IM 0 1][0 {

— HYY _HYYyA

2.3.2)
_[ —(Hyy9)" 1497Hyyy ]

Note that det H = det Hyy, so that —Indet(Hy ) = —Indet(H) > —Indet(H*).
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Now suppose that H* and #* are optimal for (P) and (D), respectively. Then we know
from Proposition 2.5 that

H* :(XU*XT)fl
[ Y y 177\
(2 12T)
([ yuyT 5\
= 5 1 2.3.3)
_<‘ I 5[ YU yT—357 o[ I o\
“\Lo 1 0 1L 97 1
[ I o YU YT—yyyt 0 [ I —y
—57 0 t]jLo 1 p
where y := Yu*. Let us set Hy, := (YUY T —557)7!; we note that this is the leading
d x d principal submatrix of H* and that det H* = det H;y so that —Indet(H;) =

—Indet(H™).
Now E(H*) contains all the points x;, so for all 7,

GOyl 2% 2008 700 )=

(i =) Hyy(y;—5) < d, 2.3.4)

so that £(H;y,,7) contains Y and its volume is related to —Indet(/7},,) < —Indet(Hy ).
This proves the minimality of this ellipsoid, and uniqueness follows from the same
arguments, using the fact that the minimum-volume ellipsoid containing the x;’s (and
hence H above) is unique. a

or

Using Proposition 2.5 and the proof above, we obtain the following.
Corollary 2.11. A necessary and sufficient condition for
yeR":(y—3)TH(y—y)<d}

to be the minimum-volume ellipsoid containing Y as above is the existence of u € R”
satisfying

D) H=(YUYT —Yuu™YTY, 5=Yu;

@) ( Y

(b) eTu=1,u>0,and(y.—9) T H(y,—9)<d, i=1,...,m;and
Yi—) Vi—V)>

© ;=) Hy;=3)=d ifu;>0, i=1,...,m.

Example 2.12. We return to Example 2.3, but now we seck the minimum-volume not-
necessarily-centered ellipse containing the four points y; that are the columns of

-1 -1 1 2
Y‘[1 —1 —12}
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in R?. (Note that we have changed notation to be consistent with that above.) We add a
final component 1 to each point to get the columns x; of the matrix

-1 -1 1 2
X = 1 -1 -1 2
1 1 1 1

in R?. Let us set # :=(9/32;4/32;9/32;10/32), so that y = Yu =(1/2;1/2) and

b

YUYT—[ 31/16 13/16 ]

13/16 31/16

these can be seen as submatrices of

31/16 13/16 1)2
xuxT =1 13/16 31/16 1/2
12 12 1

Then we find that

Hyy ::(YUYT—YMMTYT)_lz[ 297//1166 297//1166 :|_ :[ _22//39 _22/39 :|

H,+ can also be found as a submatrix of
2/3  —2/9 —2/9

H=XUX")'=| =2/9 2/3 —2/9
—2/9 —=2/9 11/9

Then (y,—5)" Hys(y;—5) = 2 for each 7, so that all points y; lie in the ellipse E(H ., 5),
which is the minimum-area ellipse containing them. Figure 2.1 also shows this ellipse (in
green). |

2.4 = Quality of fit of minimum-volume enclosing ellipsoids

We now have the machinery to prove John’s fundamental theorem on the degree of fit of
ellipsoids to convex bodies formed as convex hulls of finite sets of points.

Theorem 2.13. Let &, be the minimum-volume ellipsoid containing the convex body X =
conv{x,%,,...,x,,} in R

(a) The homotbhetic scaling %5* is contained in X.

(b) Further, if X is symmetric (—X = X), then %5* is contained in X.

Proof. We begin with (b). Since X is symmetric, if £, contains X, then so does —€,. Now
the minimum-volume enclosing ellipsoid is unique, which implies that £, is centered,
and hence is the minimum-volume centered ellipsoid £(H), where H and # are optimal
solutions to (P) and (D), respectively. Moreover, by Proposition 2.5, H = (XUXT)™".
In this notation,

c 1 1 n T n T

E=—C =—{xeR":x" Hx<n}={xeR":x' Hx < 1}.

Jn n
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How can we show that this set is contained in X? We use the support function of each. If
D is a convex set in R”, its support function is defined by &} (c) := max{c’d : d € D};
it is easy to show that D; C D, iff 6, < &}, pointwise. So let ¢ be a nonzero vector

in R”. Using (1.1.6), we find that the maximum value of ¢”x over £ is vVcTH-1¢c =
VcI(XUXT)c. Now

TXUXT) e = E u;(cTx;)? < max(cTx,)? = (maxc ! x,)?,
B 1 1
1

where the last step uses the fact that X = —X, so that min; ch/ = —max; ¢ x;. Hence

the maximum of ¢” x over € is at most the maximum of the ¢ x,’s, which is the maximum
of ¢Tx over X. This shows that € is contained in X as desired.

Now we turn to the general case (a). It is helpful here to change the notation to fit
better with that of the previous section concerning the not-necessarily-centered case. So
suppose Y is the convex hull of the points y,, i = 1,...,m, in R?, andlet Y := [Viseees V-
Then, according to (2.3.4), we can find # € R” with e’ # =1, # > 0, such that

£ =y R (y—5) (Y UYT —YuuTY)p —5) < d)
with y =Yu. Then

1

E:Zd

&= {yeR =) (YUY —YuuT Yy - < o}

We want to show that this is contained in Y. Let us choose a nonzero ¢ € R, so that the
maximum of ¢”y over £ is, using again (1.1.6),

Ty + %\/CT(YUYT—YM%TY)C =cTy+ %\/Z u(cTy,—cTy).  (24.1)

We want to show that this is at most max; ¢7y,. Of course, we can choose any scale we
want for c: let us assume without loss of generality that

YUY —YuuTY)e=1.

Then we want to show that max; c7y; — ¢ is at least 1/v/d. Let us consider a random
variable Z which takes the value z; := ¢7y, —c 7§ with probability #;. Since y = Yu, it has
mean 0. In view of (2.4.1), our assumption above shows that Z has variance 1. Also, our
scaling of ¢ and the fact that all y,’s lie in &, implies by the generalized Cauchy-Schwarz

inequality (see Section A.2) that all z,’s are at least —v/d.
Now suppose that max; z; = a. Let us “center” Z to get the random variable

a—d
7 .

2::2—

Then the values that Z takes are at most (a+ v/d)/2 in absolute value, and we therefore

obtain
2 2 2
<a+ﬁ> ZEizzvar(ZAH—(a_zﬂ) :1+<a—2ﬁ> ,

2

since Z and Z have the same variance and £Z = 0. This yields @ > 1/+/d, which is what
we wanted to show. a
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Note that the ratios are tight: for the nonsymmetric case, consider a regular n-simplex,
and for a symmetric example, consider the 7-cube (or the n-crosspolytope, the convex hull
of all the plus and minus unit coordinate vectors).

We further remark that the proof shows that, for any # feasible for (D),

{x eR" :xT H(u)x <1} Cconv{#x,,...,£x, }.

The minimum-area ellipse for Example 2.3, as well as a copy shrunk by +/2 and the
convex hull of {£x,,...,%x,}, are shown in Figure 2.2.

Figure 2.2. lllustration of John’s theorem.

2.5 = Notes and references

The possible duality relationship between (P) and (D) was raised by Silvey [74] in a
discussion of two papers on optimal design, and answered affirmatively by Sibson [70]
in the same discussion. (The comments by Kiefer in the same discussion are worth
reading if only from a sociological point of view.) Necessary optimality conditions for the
general minimum-volume ellipsoid problem were obtained by John [45], and necessary
and sufficient conditions for the centered problem are implicitly present in Kiefer and
Wolfowitz’s proof 53] of the equivalence of D- and G-optimality. The notion of e-primal
feasibility was introduced by Khachiyan [49], while e-approximate optimality was defined
by Ahipasaoglu, Sun, and Todd [3]. The relation between minimum-volume ellipsoids
not necessarily centered in R? and those centered in R**! appears in Titterington [79] and
later in Khachiyan and Todd [50]. Our proof is from Kumar and Yildirim [56].

We confine ourselves to discrete point sets {x,...,x,,} (and their convex hulls X)
throughout, both for simplicity and because we are interested in algorithms, but problems
(P) and (D) can be stated in a more general setting. If X is a compact subset of R”, the
problem of finding a minimum-volume centered ellipsoid containing X can be formulated
as the semi-infinite programming problem

(P)  min{—Indet(H): x” Hx < n for all x € X}.
Hesr

Its dual has as its variable a (probability) measure u on X, and can be written as

(D) max {lndet <J xde,u> : J du=1,pu nonnegative} .
# X X
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This duality relationship is due to Sibson [70]; see also Giirtuna [39], where the duals for
this problem and for the maximum-volume inscribed ellipsoid problem are derived using
semi-infinite programming. In fact, John’s optimality conditions imply that it suffices to
consider discrete measures u, which put positive measure on a finite subset of points of
X, but it is sometimes simpler to consider arbitrary (Borel) measures . Analogues of
the results we have proved hold in this setting also. For example, a feasible u is optimal
in (D) iff H := ([ xxTdu)™" satisfies x Hx < n for all x € X, and y is supported on
(xeX:xTHx =n).

The duality we have exhibited in this chapter has been used to explicitly find optimal
designs in several statistical settings. It can also be used to obtain explicit formulae for the
new ellipsoids after an iteration of the ellipsoid method. The minimum-volume ellipsoid
E(H,y) containing &, 5 in (1.4.1) has

1
ﬁZJ ydu, H:U nyd#—ﬁV)
gaﬁ gaﬁ

for a suitable probability measure u on €,5. This measure puts a certain measure
uniformly on the “latitude”

yede:a’(y—y)=a)

and the rest uniformly on
rede:a’(y—y)=p}

(if 8 = 1, this is a point mass on the point that maximizes a y over £). The particular
weights are easily obtained by calculus from (D), and then the optimality of the resulting
ellipsoid can be checked using duality. The algebraic details are omitted.

The technique above is more systematic and flexible than the ad hoc methods of
obtaining the successive ellipsoids in Kénig and Pallaschke [54] and Todd [80]. See also the
related independent work of Fogel and Huang [29] in the system identification context.
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Chapter 3

Algorithms for the MVEE
Problem

Here we will consider methods for solving the MVEE problem

mingcg, f(H):=—Indet(H)
(P) xl.THxl-Sn, 1=1,2,...,m,

and its dual
max, g, g(#):=Indet(XUXT)
(D) elu =1,
u >0.

Since these problems cannot usually be solved exactly, we will be interested in finding
e-primal feasible or e-approximately optimal solutions; see Definition 2.8.

Problem (P) has linear constraints and a convex objective function; moreover, its
objective function is smooth with simple formulae for its first two derivatives:

V(—Indet)(H)=—H"", D*(—Indet)(H)[E,E,]=(H 'E,H")oE,

(see Section A.4).

Similarly, (D) has as its feasible region the unit simplex in R”, and the chain rule
gives its first two derivatives using those of the Indet function. Indeed, the gradient of the
logdet function is the inverse of its argument, and the derivative of X UX T with respect to
u; is just x;x] . Hence the chain rule shows that J,Indet(X UXT) = (XUXT) o x;x],
where J; denotes the partial derivative with respect to #;. Next, (A.4.4) in Appendix
A gives the directional derivative of the inverse, from which Q/Qilndet(X UXT) =

[—(X UXT)*lx]vij(X UXT)Jex;x!. Thus,

w(n):=Vg(u)=(x] H(u)x;)"

1/i=1°
(Vzg(u))ij = —(xl-TH(u)xj)z, i,j=1,...,m,
where, as in the previous chapter,
H(u):=(XUXT)™

These simple formulae suggest that it would be worthwhile to use second-order
algorithms related to Newton’s method to optimize (P) and (D). However, the necessity
of computing inverses of (or at least factorizing) 7 X n matrices at each iteration makes

25
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these quite costly in a large-scale setting. We will therefore concentrate on first-order
methods for solving (D).

Note that even these seem to require us to invert 7 X 7 matrices: see the formula
for w(u) above. However, if we employ a coordinate-ascent-type algorithm, where only
one component of # is altered at each iteration, then XUX7 changes by a rank-one
modification and its inverse is easily updated.

Two comments need to be made. First, coordinate ascent is usually not viewed as a
first-order method: the latter term is normally confined to algorithms of “steepest-ascent”
or conjugate-gradient type. However, note that steepest ascent with respect to the { -norm
gives a direction that is plus or minus a unit coordinate vector, and hence is a variant of
coordinate ascent. Second, coordinate ascent cannot stay on the unit simplex: we will
deal with this by renormalizing to maintain the sum of the components equal to 1.

The first section below describes two coordinate-ascent algorithms for (D) and how
they can be implemented efficiently. In Section 3.2 we describe how to initialize the
methods. Then Section 3.3 discusses the global convergence and complexity of the
algorithms, and Section 3.4 their local convergence. In Section 3.5 we describe an
intriguing relationship between the algorithms we have described and the deepest two-
sided cut ellipsoid algorithm applied to the polar polytope. Section 3.6 shows how the
points x; can be eliminated during the course of the algorithms to improve efficiency. A
potential application to spectral sparsification of graphs is discussed in Section 3.7, and
then Section 3.8 illustrates the algorithms with computational results.

3.1 = Coordinate-ascent algorithms

Let us suppose that we have a current feasible point # for (D); recall that this means that #
satisfies the constraints, so # is nonnegative and e’ # = 1, and that the objective function
g(u) = Indet(X UXT) is finite, so X UX T is positive definite. Suppose we also have at
our disposal

w:i= w(u):Vg(u):(xiTHxi)m (3.1.1)

=1

where H := H(u) :=(XUX7)™', and a scaled Cholesky factorization of X UX”:
XUXT =41’ (3.1.2)

with ¢ positive. We will continue to talk about scaled Cholesky factorizations of X UX T
in what follows, but it is important to note that it is more numerically stable to compute
these via a QR factorization of U'/2X T, where U'/? is a diagonal matrix with the square
roots of the components of # on its diagonal. If U'/2X7 = QR, with Q an m x 7 matrix
with orthonormal columns and R an upper triangular 7z X 7 matrix, it is easy to see that
XUXT =RTR. We use this factorization initially and when it is deemed worthwhile to
refactorize; at other iterations, the Cholesky factor R is updated to maintain the scaled
Cholesky factorization.
Consider the following update of #:

u,=1—=1)u+re (3.1.3)

with 7 not equal to 1 and ¢; the ith unit coordinate vector, which is also a vertex of the
feasible region of (D). Note that #_ can also be viewed as the result of taking a coordinate-
ascent step to

ii=u+ A,
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with A := 7/(1— 1), followed by a scaling to keep the coordinate sum equal to 1: #, =
(14 A)7'4 = (1—1)4. We see that #, remains nonnegative and not equal to ¢; as long as

—u; <A< o0, (3.1.4)

which we henceforth assume.
While this seems a very limited choice of an updated #, it leads to the following crucial
fact. In this case, X U, X T is a scaled rank-one update of X UXT:

XUXT =14+ (XUXT + dx;x]). (3.1.5)

As seen in Section A.3, this provides simple update formulae for the determinant and the
inverse of X U, XT. From Corollary A.10 and Theorem A.11, we have

Proposition 3.1.
detXU,XT)=(1+ A" (1+ Aw;)det( X UXT)

and, if 1+ Aw, is positive, X U X7 is positive definite with

T\—1 _ _ T
(XU, XT) _(1+/1)<H o H>.
From this we obtain
g(un,)—g(n)=—nln(14+ A)+In(1+ Aw,) (3.1.6)
and, if £ := Hx;,
cuh(u+):(1+/1)<a)h— o, (JeTxh)2> (3.1.7)

for each h. In particular,

2
Ao, > _ (+ A, (3.1.8)

, =(1+4 — = .
a)l(MJr) ( + )<a)z 1+/10)l 1+/10)l
Note that £ can easily be obtained from the scaled Cholesky factorization of X UXT.

Moreover, since
A+ VXU XT =LLT + ¢ Ax;x]

is a rank-one modification of a Cholesky factorization, we can obtain a scaled Cholesky
factorization of X U, X T in O(n?) operations.

An iteration of each of our algorithms consists in replacing # by #_ as above, with
specific choices for 7 and A. In both cases, A is chosen to maximize g(u, ), viewed as a

function y(A) of the chosen stepsize. From (3.1.6) we find

r'(H)=

n + w;
1+4 14+ e,

From this, a little analysis and algebra yield that the optimal A is the unique root of /,

X= % (3.1.9)
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yielding an increase in g of

(n—1w

(n—l)ln<m>+ln(%) (3.1.10)

as long as the formula gives A* > —#; . If this condition fails, /(1) is negative for all feasible
A and so the optimal A is —#;. The reader should check that, if A= A%, then w;(x, ) =17,
and consider why this is to be expected.

How should we choose the index i? We will give several motivations. First, recall our
initial statement of a dual problem for (P): in (2.1.4) we gave an optimization problem
(D’) over just the nonnegative orthant, where we wanted to maximize g(#)+7—ne’ u.
Since there is no equality constraint, coordinate ascent is quite natural for this problem.
The gradient of the objective function of (D’) at # is w — ne, and steepest ascent with
respect to the £,-norm would lead to a choice of 7 with «w; —7 maximal or j with w,; —»
minimal. Of course, we cannot decrease components that are already zero, so we should
confine our choice for j to those indices with #; > 0.

Next, let us consider the optimality conditions for (D). If we just consider condition
(i) of Proposition 2.6, we see that the worst violation of the condition occurs for i with
w; —n maximal. If we consider also condition (ii), we should also examine j with #; >0

and w;—n minimal. Here we should note that
ulew= Zul—xl-THxl- = <Zuixl-xlr> eH=XUXT)e(XUXTY'=n, (.1.11)

so that, unless # is optimal, there is always an index 7 with w; > 7 and an index j with
u; >0and w; < n. Note that, if # is e-primal feasible but not ¢’-primal feasible for any
¢ < ¢, index i above is the critical index with x] Hx; = (1 + €)n. Similarly, if # is e-
approximately optimal but not ¢’-approximately optimal for any €’ < ¢, the critical index
is either i with x] Hx, = (1+€)n or j with u;>0and x/.THx/- =(1—e)n.

For our third motivation, let us make a first-order linear (Taylor) approximation to
the objective function g:

g +Au)x §(u+Au):=g(u)+w’ Au.

We might then consider maximizing this linear function over the feasible region, the unit
simplex. A linear function is maximized at a vertex, and clearly that vertex is the unit
vector ¢; where w; is maximal. Of course, the true function g is nonlinear, and so our
linear approximation is only appropriate close to the current solution #. Hence we might
wish to move along the line from # towards e;, i.e., consider points of the form (3.1.3)
for positive 7. This is the motivation for the classical Frank-Wolfe algorithm. It was
independently proposed for the particular problem (P) by Fedorov and Wynn (the latter
with a fixed rather than optimal stepsize). We therefore refer to it unambiguously as the
FW Algorithm.

The current solution # can be viewed as a convex combination of all the ¢;’s with
uj > 0. Some of these vertices are better than others, and it therefore makes sense to
reduce the weight on the worst vertex. According to g, this is the vector e; with #; >0
and w; minimal. Hence we might wish to move along the line from ¢; to # extended, or
in other words, move away from e;. This is again a point of the form (3.1.3), now with ;

replacing 7 and with negative 7. The resulting method (choosing either e; with maximal
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w; or e; with minimal w;) is Wolfe’s algorithm with away steps. It was independently
proposed for the problem (D) by Atwood, and so we will refer to it as the WA Algorithm.

Let us state these algorithms more formally.

ALGORITHM 3.1.
(FW Algorithm)

Step 0. Choose # feasible for (D) and € > 0.

Compute w = w(#) and a (scaled) Cholesky factorization of X UX 7.

Step 1. Given the current iterate # and its associated w := (), compute €, :=
max (w;, —n)/n, and let h = i attain the maximum.

If ¢, <€, STOP: u is e-primal feasible. Otherwise, go to Step 2.

Step 2. Compute A* from (3.1.9) and update # « (1+ A*)~"!(u + A%e,).

Step 3. Update w and a scaled Cholesky factorization of X UX 7 and go to Step 1.

ALGORITHM 3.2.
(WA Algorithm)

Step 0. Choose # feasible for (D) and € > 0.

Compute e = (%) and a (scaled) Cholesky factorization of X UX 7.

Step 1. Given the current iterate # and its associated w := (), compute €, :=
max (w;, —n)/n, with b = i attaining the maximum, and ¢_ := max,{(n — w;)/n :
u, > 0}, with b = j attaining the maximum.

If max{e,,e_} <€, STOP: u is e-approximately optimal.

Otherwise, if €, > €_, go to Step 2; else go to Step 3.

Step 2. Compute A* from (3.1.9) and update # « (1+ A*)~'(u + A*e;). Go to Step 4.
Step 3. Set A= max{—u;, A"}, where j replaces i in the definition of A" in (3.1.9). Update
u (14 1)~ (u+ Ae;). Go to Step 4.

Step 4. Update w and a scaled Cholesky factorization of X UX 7 and go to Step 1.

As stated, both algorithms only update « and a scaled Cholesky factorization.
However, it might be advisable to recompute these from time to time. Here is a suggested
implementation. At each iteration, 7 (or possibly j in the WA Algorithm) is first chosen.
Then it is necessary to compute £ = Hx; (or possibly £ = Hx;; below we assume that
Hx; is needed, but obvious changes can be made in the latter case) in order to update w:
see (3.1.7). This is done by first calculating z = L~!x,. At this stage we can find a new
estimate for w;: ¢z7z. If the relative error of the old value compared to this exceeds,
say, 1078, we can recompute X UX 7 and its Cholesky factorization (actually the QR
factorization of U'2X T, as discussed above), and hence recompute w. Otherwise, we
proceed to compute £ = L7 z and continue with the updated quantities. In addition,
every, say, max{n, 50000} iterations, we can recompute X UX 7 and compare $X UX T to
LLT; again, if the relative error exceeds some threshold, we can recompute the Cholesky
factorization and hence w.

Each iteration requires O(n?) arithmetic operations to compute X and update the
scaled Cholesky factorization of XUXT. Selecting i or j and obtaining the optimal
stepsize require O(m) and O(1) work. The dominant work at each iteration is updating
w, which requires O(mn) arithmetic operations to calculate each £7 x,. Moreover, if we
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only refactorize every )(n) iterations, the average work from refactorizing is also only
O(n?). The cheapness of the iterations in our algorithms, together with their (relatively)
attractive convergence properties, leads to their efficiency.

3.2 = Initialization

We now discuss two ways to choose the initial vector #. The first choice is due to
Khachiyan and is very straightforward: we choose # = uy := e /m, putting equal weight
on each point. Nevertheless, this choice provides a guaranteed quality of approximation.
To state the next result, it is convenient to introduce notation to indicate how close to
primal feasibility or optimality a given # is.

For feasible #, denote

Ou):=06,(n):= mhax(coh(u)—n)/n, (3.2.1)
0_(u):= mhin{(a)h(u)—n)/n:uh > 0}, (3.2.2)

and i
O(u) :=max{0, (n),—0_(u)}, (3.2.3)

so that 6(#) is the smallest ¢ for which # is e-primal feasible, and 6(# ) is the smallest ¢ such
that # is e-approximately optimal. As in Theorem 2.2, we use g* to denote the optimal
value of (D).

Proposition 3.2. For u, = e/m, we have §(uz) < m—1, 8(ug) < m—1, and g* — g(uz) <
nlnm.

Proof. We first note that # is feasible since it is positive and, by assumption, the columns
of X span R”. Next, from (3.1.11), (1/m)e” w = u” () = n, so that each component
of w(u) is at most mn (and at least 0). This proves the bounds on §(#) and 6(#), and the
bound on g(#) follows from Proposition 2.9. 0

The second initialization scheme is due to Kumar and Yildirim. We will describe it for
an arbitrary set of points x;, z = 1,...,m, and then outline the simplification that occurs
when (as in our centered case), each x; represents both x; and —x;.

The method first finds at most 27 points using an algorithm of Betke and Henk.

ALGORITHM 3.3.

(BH Algorithm)

Step 0. Choose an arbitrary nonzero ¢; € R” and set j = 1.

Step 1. Let Z; and z; maximize and minimize c].Tx over the x;’s. Set y; :==Z; —z;.

Step 2. If j < n, choose an arbitrary nonzero it orthogonal to y,,...,y j» Increase j by

1, and go to Step 1. Otherwise stop.

It is easy to see that this algorithm requires O(n?m) arithmetic operations. Kumar
and Yildirim then choose # = g to put equal weight on each of the distinct points of
Z:={z;,z;: ] = 1,...,n} (note that there may be repetitions, so there are at most 27
such points).

Now suppose that each x; represents the pair of points +x;. Then if Z; is £x);), z;

can be chosen to be Fx;; and y; = £2x);, so that £x,;, will not be chosen in any
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subsequent step. Thus exactly 7 pairs of points %x;,;) will be chosen, and without loss

of generality we can put weight 1/7 on each x,,;), since in X UX T any weight placed on

T T
(—x;)(—x;)" can be transferred to x;x; .

Let us return to the general case. To analyze the quality of this initialization, we need
to consider two other polytopes:

C:={xeR":cfz, <cIx<c E],]_l 1},

C :=conv(Z). o ] (3.24)

It is clear that C € X C C. Indeed, these two polytopes provide a guaranteed quality-of-fit
approximation to X in terms of volume, by the following result.

Proposition 3.3. We have

1
VOI |det Vis+- ’yn)|’ VOI(Q)Z;|det<y1""’yn)|’
and hence )
vol(C) > —'V01<X). (3.2.5)
n!

Proof. The proof is by induction on 7, the result being trivial for » = 1. So suppose it
is true for dimensions less than 7, and consider a case of dimension 7. Since volumes are
invariant under rotations, we may assume without loss of generality that y, is ||y,||e,,. We
now let H be the hyperplane {x €R” : ¢! x = 0}, which is naturally identified with R,
and consider the Steiner symmetrizations of X, C, and C with respect to H.

For any convex body K C R”, the Steiner symmetrization of K with respect to a
hyperplane H with normal v is obtained as follows. For every x € H such that {x +
Av : A€R} intersects K, let u (respectively, v) be the maximum (respectively, minimum)
value of A that yields a point in K. Then replace the segment joining x + uv and x +vo
with the equal-length segment joining x + [(¢ —v)/2]v and x —[(u —v)/2]v, which is
symmetric with respect to H. It can be shown that, if K is a polytope, then so is its Steiner
symmetrization. Moreover, Steiner symmetrization preserves volume.

Let us now consider the result of Steiner symmetrization in our context. It is
convenient to denote by x? the projection of any point x € R” onto H, and similarly by
K? the projection of a set K CR” onto H. Projections onto H are also clearly preserved
under Steiner symmetrization. Since the ¢;, j > 1, are all orthogonal to y,, the Steiner

symmetrization of C is
{x eR”:|el x| <|ly,ll/2, c]rgj < c/-Tx < c/-TEj, 71=2,...,n}
with volume

vol(C) = ||y, |[vol,_,({x € H : ¢ g <c §c].TEj,]':2,,,_,n}), (3.2.6)

(Here, vol, _, denotes (7 — 1)-dimensional Volurne.)
Next, the Steiner symmetrization of C clearly contains all the points Ef , gj} =

2,...,m, as well as the poipts z! £+ (9,/2)e,, and so it contains the two pyramids xjvith
apices at the latter two points and bases equal to the convex hull of the former points.
Hence it has volume

VOI(Q)ZMVOLZ ((conv(z g, ‘Z, Zh,z)). (3.2.7)
n
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Finally, consider the result of applying the BH Algorithm to the (7 — 1)-dimensional
data {xzp ,-.o>xh} in H. (Here and for the rest of the proof, final zero components of
vectors should be suppressed.) It is clear that c,,...,c, could be chosen exactly as before,
and that the points Ef and gf , ] =2,...,n, would then be chosen, with corresponding

differences yf , 7 =2,...,n. The induction hypothesis then gives

vol,  ({x EH:C/TZ/ < c]-Tx < C/TE]-,]' =2,...,n})=|det(y],...,})|

and
1

(n—1)

volnfl(conv(fg,gg, e Zh2P)) > |det(y2p, oy

Since expansion down its first column shows

|det(y,, ...,y = I/l det(ys ..., p8)l;

using (3.2.6) and (3.2.7) completes the inductive step. O

Corollary 3.4. For uyy obtained as above, we have
g —g(ugy)<5nlnn.
If each x; represents £x;, the bound improves to 4nlnn.

Proof. Let g denote the optimal solution to (D) when we consider only the points z; and
z;, j =1,...,n, instead of all the points x;. Since there are at most 27 such points, we have
g — g(ugy) <nln(2n)=nlnn+ nln2 by Proposition 3.2. By strong duality (Theorem
2.2), g is also the optimal value of the corresponding primal problem, and using (1.2.1),
we find that

g =2lnvol(E(C))—nlnn—2lnhw,.

Similarly,
g" =2lnvol(E,(X))—nlnn—2lnw,.

It now suffices to relate these two volumes. But

Vol(E,(C)) > vol(C)

> %VOI(X)

2 svol(E.(X)),
where the second inequality follows from (3.2.5) and the last from Theorem 1.1, since
(1/n)E (X)is contained in X. Thus g*—g < 2In(n"n!). A crude bound on thisis 47 lnn,
but using Stirling’s formula gives a slightly lower estimate to cancel the 71n2 term in the
bound on g — g(#xy ), and hence yields the first inequality of the lemma. For the second,
if each x; represents £x;, so that #, puts weight 1/7 on just » points x;, then Example

2.4 shows that #yy is in fact optimal for the restricted problem, and so we save one 7lnn
in the bound. a

Although the bound in Corollary 3.4 is only better than that in Proposition 3.2 for
m > n’, in practice the Kumar-Yildirim initialization turns out to be far more preferable.
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3.3 = Global convergence and complexity

We now turn to the iteration complexity of our two algorithms. Consider first the FW
Algorithm. Suppose we are at an iterate #, with 6 := d(#) = (c;(#)—n)/n > 0, and that
the next iterate is denoted #_. Note that, for this algorithm, the stepsize is always the
optimal stepsize A*. We then have

Lemma 3.5. 5
g(u+)—g(z4)2){(5)::In(1+5)—1—+6. (3.3.1)

Proof. According to (3.1.10), we have

g<u+>—g<u>=<n—1>1n<ff(;—1fj;>+1n(%),

so that substituting w; = n(1+ 0) yields

g(1,)— g(w) =In(1+8)—(n— 1) In (52
=In(146)— (2 — Dln(1+ )
> In(1468)— 125,
where the inequality follows from In(1+ 8) < S forall 8> —1. 0

We also require some estimates of the right-hand side x(9) of (3.3.1); for later purposes,
we also need to consider negative values of 4.
Lemma 3.6. We have that

(i) x(8) is increasing for § > 0 and decreasing for § < 0;
(i) for 6> 1, x(0) > % In(1+ 6); and
(iii) for |6] < 3, x(0) > 36

Proof. We find x'(5) = §/(1+0)?, which is positive for positive § and negative for negative
d. This proves (1).
Now let (8) := x(8)/In(1+ ) for positive . Then a short computation yields
d—In(1+9)
[(146)In(146)]>

which is positive for positive d. Thus for § > 1,

x(1)
In(1+1)

#(0)=

x(0) > In(1+46)> %ln(l%—é),

establishing (i1).
Finally, let v(0) := x(6)/d* for nonzero § with absolute value at most a half, v(0) := 1/2.
It is easily seen that v is continuous at zero, and for nonzero §, we find
) —25(1+46)? In(1 + 6) +26* +36°
V(6)= .
S (1+06)
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From the power series for In(1+ ), we obtain

P U
Sln(14+8)>8—— + ———,
n(1+0)28 -2 +5—7

and substituting this into the denominator above, we get

—26* )34 6% 2405+ /2

<0
S (146)

V(6) <

for nonzero § with absolute value at most a half. We conclude that for such 4,

x(1/2) 2
x(8) > (127 2> ;52, a

We divide the analysis of the iteration complexity of the FW Algorithm into two steps.

Lemma 3.7. The number of iterations for the FW Algorithm to reach an iterate u with
0(u) <1 1isat most
() 4n(Inlnm +3/2) if the initial iterate is uy, and

(1) 4n(Inlnn +7/2) if the initial iterate is .

Proof. Consider any iteration proceeding from the iterate # with § := d(#) > 1 to the
next iterate #,, and let y := ¢g* — g(#) and y, := g* — g(u, ) denote the corresponding
optimality gaps. From Lemmas 3.5 and 3.6 we have

1) 1 1

where the last inequality follows from Proposition 2.9. We conclude that

1 1
<(1——)y< — y.
V+—<1 4n>V_en< 4n>r

Since the initial value of y is at most 7 In m if we use #y from Proposition 3.2, we deduce

that within
nlnm 1
4nln §4n<lnlnm+—>
2n/3 2

iterations, y is at most 272/3. Moreover, while ¢ is at least 1, y decreases by at least
In(14+1)—1/(1+1) > 1/6, so since y remains nonnegative, at most (212/3)/(1/6) = 4n
further iterations are possible. This establishes the first part of the lemma. The proof
is similar for the Kumar-Yildirim initialization, using Corollary 3.4 to bound the
initial y. O

Lemma 3.8. The number of iterations for the FW Algorithm to reduce &(u) from a value at
most 0 € (0,1] to 0/2 is at most 14n /é.

Proof. Suppose we have an iterate # with §(#) < é. Then by Proposition 2.9, we have

)

<
< né. (3.3.3)

>

g —gl
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By Lemma 3.5 and parts (i) and (iii) of Lemma 3.6, at every subsequent iterate # with
&(u)>6/2 < 1/2 and following iterate #, , we have

g(”+)—g(u)2x<g> > ; <g>2 - 1_1452.

Hence there can be at most (70)/(6?/14) = 147 /6 such iterations. 0
Putting these two lemmas together, we obtain

Theorem 3.9. The total number of iterations for the FW Algorithm to reach an e-primal
Jeasible u is at most

4n(Inlnm +3/2)+28n /e (3.3.4)
with the initial iterate uy, and at most

4n(lnlnn+7/2)+28n /¢ (3.3.5)
with the initial iterate uy .

Proof. The first term in each bound above gives the number of iterations to obtain an
iterate # with 8(#) < 1 in the two cases. Now let & := [log,(1/€)], so that 27* < 'e. The
number of iterations to reduce &(#) from at most 1 to at most 2~ can be divided into the
number to reduce it from at most 1 to at most 271,..., plus the number to reduce it from

at most 27! to at most 27*. From Lemma 3.8, the total for this second phase is at most
U7 (R P 2k <28n/ 0 (3.3.6)
n{—+—+-- n nje. 3.
1712 2+

Let us now turn to the WA Algorithm. It is helpful to divide the iterations into four
types. An add iteration is one where a component of # increases from zero to a positive
level, while an increase iteration is one where an already positive component #; is chosen
to be increased. Analogously, a drop iteration is one where a component of # decreases
to zero, while a decrease iteration is one where a positive component #; is chosen to be

decreased, but it decreases to a positive level. Note that, in all but drop iterations, an
optimal stepsize is chosen so as to obtain a guaranteed increase in the objective function.
To analyze this increase, we use both

0, (n) = max(ay(u)—n)/n (= 0(n))

and

d_(un):= rriin{(a)h(u)—n)/n tuy >0}
with 6(#) = max(3, (#),—5_(1)).

Lemma 3.10. I any add, increase, or decrease iteration at an itevate u with 5(%) =:0<1/2,

2
gl) = g(w) 2 0%
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Proof. For an add or increase iteration, 6 =, (#) and the result follows from Lemmas 3.5
and 3.6. Consider now a decrease iteration. Then § = —d_(#), and the proof of Lemma
3.5 can be repeated to show that

g(1,)— g(n) = (). (3.3.7)

Then part (iii) of Lemma 3.6 shows that the right-hand side is at least 26%/7, as
desired. a

Consider the proof of Theorem 3.9. As long as 6(#) > 1, we have 0(#) = 5, (),
and an add or increase iteration is taken. Hence the number of iterations for the WA
Algorithm to attain §(#) < 1 is exactly the same as for the FW Algorithm. Next consider
the argument for the number of steps to reduce ¢ from 6 < 1 to 6/2. Using Lemma 3.10,
(3.3.7), and parts (i) and (iii) of Lemma 3.6, we find that the number of add, increase,
and decrease iterations in this phase is at most 147/4. Since drop iterations offer no
guaranteed increase in g, we cannot nicely bound the number of drop iterations in such
a phase. However, each drop iteration reduces to zero a component of # that was either
positive initially (numbering at most 7 for the Khachiyan, or 27 for the Kumar-Yildirim
initialization), or was increased from zero in an add iteration. Hence we can bound the
number of drop iterations by the sum of 7 or 27 and the number of add iterations.
Putting these pieces together yields the following.

Theorem 3.11.  The total number of iterations for the WA Algorithm to reach an e-
approximately optimal u is at most

4n(Inlnm +3/2)+m +56n/¢ (3.3.8)
with the initial n = ug, and at most
4n(lnlnn+4)+56n/¢ (3.3.9)

with the initial u = .

Example 3.12. We consider Example 2.3 yet again. Recall that

—1 -1 1 2
X‘[1 —1 —12}

and each column x; represents +x;. If we use the Kumar-Yildirim initialization, then any
choice of ¢; and ¢, will lead to Z = {#x,£x,} (note that x; = —x,). Then the initial # is
(1/2;0;0;1/2) (or (0;0;1/2;1/2)) and these are both optimal, so either the FW or the WA
Algorithm terminates immediately. (See Example 2.3.)

Suppose instead that we use the Khachiyan initialization, so that the initial iterate is

u=(1/4;1/4;1/4;1/4). Then

xoxT=[ 0 30 |

with inverse

7/10  —3/10
H(”>:[—3//1o 7//10 ]

We then calculate co(#) =(2;8/10;2;32/10), so that §(u) =, (#) =(32/10—2)/2=3/5
and 0_(#)=(8/10—2)/2=-3/5.
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The FW Algorithm chooses #, to increase. Then the stepsize is

« o, (n) _3
(=14 0,(w) &

leading to #, = (2/11;2/11;2/11;5/11). Subsequent iterations are somewhat tedious to
compute by hand. Suffice to say that the algorithm takes eight iterations to reduce d(#)
to below 0.1, and the successive iterates are

5/14 5/17 2/5 8/23
1/7 2/17 1/10 2/23
17 > | 217 | | 1/10 | 2/23 |
5/14 8/17 2/5 11/23

11/26 11/29 7/16

1/13 2/29 1/16

1/13 |’ 2/29 | | 1/16

11/26 14/29 7/16

The corresponding expanding ellipses are shown in Figure 3.1, alternating between red
ellipses going through the points (1;—1) and blue ellipses going through (2;2). The
slow convergence is clear.

Let us contrast this with the results of applying the WA Algorithm. In this case we
choose to reduce u,; since A* = —3/2 < —1/4 = —uy, we set A= —u, = —1/4 and
move to #, = (1/3;0;1/3;1/3). Again we omit the details of the subsequent calculations,
but at this new point we choose to increase #, and move immediately to the optimal
solution # = (1/4;0;1/4;1/2). The corresponding three ellipses are shown in Figure 3.2,
going from red to blue to green. Notice that the blue ellipse does not go through any
of the points: since it is the result of a drop iteration, an optimal stepsize could not be

taken. [ |

The reader is encouraged to experiment with other examples using the MATLAB
code minvol.m, which is included in Appendix B and is also available at
www.siam.org/books/mo23.

Figure 3.1. Ellipses generated by the FW Algorithm.
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Figure 3.2. Ellipses generated by the WA Algorithm.

3.4 = Local convergence

Although the global complexity bound for the FW Algorithm is better than that for the
WA Algorithm, the dramatic difference in their practical performance in favor of the
latter, as illustrated in the toy Example 3.12, is apparent in a wide variety of settings.
Indeed, experimentation suggests that the number of iterations, rather than growing with
¢!, seems to depend linearly on In(e™), i.e., linear convergence is exhibited. We prove
that local linear convergence holds generally in this section.

The key is to consider the following perturbed version of the MVEE problem (P),

where the right-hand side is perturbed by the vector v € R”:
ming.g, —Indet(H) (.4.1)
(P(v)) xl.THxl- <n+v, 1=12,...,m. o

Note that (P(0)) is our original problem (P). Suppose we are given a d-approximately
optimal #, and we set

. 1= v, () = on if u; =0,

2 xIH(u)x; —n otherwise
for i = 1,...,m. Observe that each component of v is at most d7 in absolute value, and
that

uly= Z u;v; = Z n(cw,(n)—n)=u" w(n)—nelu=n—n=0, (3.4.2)
1:1;>0 1:1;>0
using (3.1.11). In contrast, if # is 6-primal feasible but not §-approximately optimal, then
v as defined above has some components greater than ¢z in absolute value; if we redefine
v as dne, then its components are small but #7v = dn.
What is the significance of choosing v in this way and the key equation (3.4.2)? First,

observe that by its definition, and since # is assumed to be d-approximately optimal, H (%)
is feasible in (P(v)). Indeed, we have

Proposition 3.13. H(u) is an optimal solution to (P(v(n))).

Proof. We have already observed that H(#) is feasible. Now
—H(u)™ +Z ul-xl-xl-T =0
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by the definition of H(#), and if #; is positive,
x] H(u)x; = n+v,(n)

by the definition of v;(#). Hence the Karush-Kuhn-Tucker conditions hold at H (%)
with multipliers #, and since (P(v(#))) is a convex problem, we conclude that H(#) is
optimal. a

Second, the sensitivity of the optimal value of a nonlinear programming problem to
its right-hand sides is given by the negative of its multipliers. Hence we should expect
the optimal value of (P) to differ from that of (P(v)) to first order by (—#)7(—v) = 0.

Thus we might hope that g(#) = f(H(#)) would differ from g* = f, by much less than
O(|IVll) = O(6), and this would dramatically improve the analysis of the previous section.

In fact, the optimal value function is convex, and so if we base our analysis on (P(v))
the inequality turns out to be going the wrong way. We therefore base it on (P(0)), which
isjust (P). So let H* be an optimal solution to (P), and let #* be any corresponding vector
of multipliers. Then (H*)~! = X U*X7”, and since f is convex,

g(u)=f(H(u)) = f(H")+(—(H")™") o (H(n) — H")
:f(H*)_Zi:u;>O u; (] H(n)x; —x] H'x;)
28 = 2iuso{(ntv;—n)
=g —(u")v
=g+ (u—u*)Ty
2 g —=[ln—=u([[Ml;

(3.4.3)

where we have used (3.4.2) and the fact that xl.TH *x; = n whenever #} is positive. (Ob-
serve that these inequalities provide another proof of the weaker bound in Proposition
2.9. Indeed, g(#) > g* —>;.,.w0 #; (x] H(u)x; — n) holds for any feasible #, and if # is
e-primal feasible, then this is at least g* —>7.. . #ne = g* —ne.) We want to show

that g(u) is within O(6%) of g*, and the inequality above offers strong evidence that this
is true. Indeed, as we have seen, the perturbation v is of order d; so we only need to show
that the corresponding change in the multipliers is also of order é.

For this task we use a result of Robinson (Corollary 4.3 of [64]), which we state for
our context as follows. We view the set of positive definite symmetric matrices S, as an
open subset of the set S” of symmetric 7 X 7 matrices, and consider

A

) ming g, f(H,v):=—Indet(H) (3.4.4)

(P(v)) §(Hyv)=x'Hx,—n—v, < 0, i=1,..,m,
with f and ¢ mapping S7, x R” into R and R”, respectively. Note that H* is an
optimal solution for (IS(O)) Then f and g are smooth, the constraints are regular (since
they are convex and there is a Slater point, 1.e., a feasible H satisfying the constraints
strictly) at v = 0, and the constraint right-hand side, the nonpositive orthant in R”, is
polyhedral. Moreover, since the constraints are linear and the second derivative of the
objective function at any feasible point is a positive definite operator, Robinson’s second-
order sufficient condition holds. Then Robinson’s result yields the following.

Theorem 3.14. There is a neighborhood N of the origin in R™ and a positive constant L such
that, for any v € N and optimal solution H to (ﬁ(v)) with corresponding multipliers u, there



Downloaded 07/15/16 to 132.239.1.231. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

40

Chapter 3. Algorithms for the MVEE Problem

is a multiplier vector u* for (IS(O)) with

[l — [ < LM

Now, if ¢ is sufficiently small, v(#) will lie in this neighborhood N, and so combining
this result with (3.4.3), we obtain the following.

Proposition 3.15. There is a constant M such that, for every sufficiently small positive 8, any
d-approximately optimal u satisfies

g —g(n)<M&. (3.4.5)

We now repeat our analysis of the complexity of the WA Algorithm, but using (3.4.5)
in place of (3.3.3). It will take a certain (data-dependent) constant P number of iterations
to reduce d(#) to a level below 1 and below the level for which the proposition above
applies. From then on, to reduce §(#) from ¢ to §/2 will require at most

Ms*
#/14

iterations (see the proof of Lemma 3.8). There are a logarithmic number of such phases
to reduce d(#) from at most 1 to ¢, but now we have a sum of constant terms instead of
the sum of an increasing geometric series (see (3.3.6) in the proof of Theorem 3.9). Thus
adding all these iterations gives a total of 28M log,(¢™!), and we obtain

Theorem 3.16. There are data-dependent constants P and Q such that the number of
iterations of the WA Algorithm required to obtain an e-approximately optimal u is at most

P+ Qlogy(e 7).

Besides showing local linear convergence, our analysis has shown that an e-approxim-
ately optimal solution may be much closer to optimality in (D) than an e-primal feasible
solution: compare (3.4.5) to (3.3.3). Unfortunately, we don’t know when we are very
close to optimality, because the only way to certify this is by using duality, and the
corresponding primal solution has an objective value 7 In(1+ ¢) higher.

3.5 = Polarity and a striking relationship to the ellipsoid

algorithm

In the previous two chapters we noted that every iteration of the ellipsoid algorithm
requires us to obtain the minimum-volume ellipsoid containing part of a given ellipsoid,
and hence involves a subproblem similar to (P). Now we investigate the relationship
between the algorithms we have developed for (P) and the ellipsoid method and show the
remarkable fact that the FW and WA Algorithms can be viewed as applying the deepest
(or more accurately, least shallow) symmetric two-sided cut ellipsoid algorithm to the
polar of X := conv{=*x,,...,%x,,}.
Given a closed convex set C in R” containing the origin, its polar is defined to be

C°:={zeR":xTz<1forall x e C}. (3.5.1)
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It is easy to see that C° is also a closed convex set containing the origin; moreover, an easy
application of the separating hyperplane theorem shows that polarity is an involution:
(C°)° = C. For the set X above, clearly

Z:=X={zeR":|x]z|<1,i=1,...,m}.
Moreover, an application of (1.1.6) shows that, if F is the ellipsoid
Fi={xeR":xTHx <1}
for a positive definite matrix H, then its polar is the ellipsoid
Fo={zeR":zTH'2<1}.

(When we deal with polarity, it is easier to use right-hand sides of 1 rather than 7.) Finally,
the definition immediately implies that

CcD=D°CcC".

Now suppose that we are applying the FW Algorithm to (D). Ata particular iteration,
we have a feasible #, and as noted at the end of Section 2.4, we have

Fi={xeR":xTHx<1}CX
for H := H(u) = (X UXT)~". By the inclusion-reversing property of polarity,
ZCF =E={zeR":z2TH'2<1}.

If the FW Algorithm does not terminate, it chooses a point x; with w; := x/ Hx; >
(14 €)n, and of course —x; also satisfies this relation. The corresponding inequalities
defining Z can be written as

—BxI Hx,)'? <x]'z < B(x] Hx;)'? (3.5.2)

with
B=w; P <[(1+em]

The set of points in & satisfying these inequalities is exactly £, 5 of (1.4.1) with a =
—1/2 —
w; "x; and a:=—f.

We described the ellipsoid method in Section 1.4 as seeking a point satisfying a system
of inequalities, but it can also be used to find a point “deep” inside a polyhedron. In
this case, we might continue the algorithm even when a feasible point is obtained, by
using inequalities that are “too close” to the current center. Of course, for a centrally
symmetric polyhedron like Z, clearly the origin is the deepest point, but we may still
want an ellipsoid that fits the polyhedron well in the sense that no inequality is too close
to the center, relative to its distance to the boundary of the ellipsoid. In our case, the
inequalities (3.5.2) are too close to the center, because of the bound on /3, and a smaller
volume ellipsoid,

£, ={zeR": ZTHfz <1},
can be found; indeed, according to the formulae in [80], the minimum-volume ellipsoid
containing &, 5 has
Hx;)(Hx;)"
H, = 5< He 0M>

xI Hx.
; 1
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with , ,
5::M’ o= l—np )
n—1 1—2

Then the rank-one update formula in Corollary A.10 gives

H;l =51 <H_1 +—2 xT)

(1—0)x] Hx, i
=6 (H+ %%ﬁ) (3.5.3)
s (1) T

where
_op

=0

R
Now, substituting in the value for o, we find u = (1—n/%)/(n—1), and since w, = 572,

w;,—n
e /1*’

2 (n—1ow;
which is the optimal stepsize in the FW Algorithm. Moreover, substituting in the value
for 6 we find 5 !(1+ u) = 1, so that (3.5.3) gives

H' = (142 (H + X xx] ) =X U XT

with #, = (14 A)7'(x + A%¢;). It follows that the updated ellipsoid in the deepest
symmetric cut ellipsoid method is exactly the polar of the updated inscribed ellipsoid
in the FW Algorithm! This establishes the desired correspondence. If the FW Algorithm
terminates when # is e-primal feasible, the corresponding ellipsoid algorithm terminates
when all the inequalities defining Y have corresponding /3 values greater than [(14-¢)r]"/2.

The correspondence with the WA Algorithm is not so clear cut. A negative A*
corresponds to a w; that is less than 7. In the polar space, this yields a pair of hyperplanes
that are far from the center. If the weight on these is positive, an improvement in the
volume can be made by decreasing this weight. This is not a feature of the usual ellipsoid
algorithm, although variants do consider such steps.

Given that “everyone knows” that the ellipsoid algorithm is very inefficient, this
relationship would seem to imply that our coordinate-ascent methods would be equally
inefficient. However, while the usual one-sided cut ellipsoid method is indeed slow,
typically leading to a reduction in volume by a factor of the order of 1 —1/7, the same 1s
not true of its two-sided variant. Indeed, the factor of volume reduction is equal to that
of (det H)'/?, and Lemma 3.5 implies that this is a constant less than 1 while ¢ is bounded
away from zero. This also follows from the formulae in [80].

3.6 = Small core sets and eliminating points

Recall that a core set of X is a subset of {x,,...,x,,} such that the minimum-volume
ellipsoid containing this subset is also the minimum-volume ellipsoid containing X. We
showed just before Example 2.3 that (for centered ellipsoids) a core set of cardinality at
most 7(n +1)/2 exists.

Suppose that # is e-primal feasible. Then g(#) provides a lower bound on —Indet(H*)
and E([1+4€]7'H(u)) contains X. Then if § := {x; : #; > 0}, g(u) is also similarly related
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to the minimum-volume ellipsoid containing S. The volume of the latter is thus within a
factor (14 €)” of the minimum-volume ellipsoid containing X. We call S an e-core set.
Now consider the FW or the WA Algorithm, starting with # = #g,. The initial
# has at most 2n positive components, and every iteration (respectively, every add,
increase, or decrease iteration) increases the number of positive components by at most
1. Hence, when the algorithm terminates with an e-primal feasible # (respectively, an ¢-
approximately optimal #), this has at most 4n(Inlnn +4) 4 28% /¢ positive components.

Proposition 3.17. When initialized with u = uyy,, both the FW and the WA Algorithms
generate an e-core set of cardinality at most 4n(Inlnn +4)+28n/e.

Although the bound is the same for both algorithms, note that the WA Algorithm has
the potential for producing much smaller core sets, since each drop iteration decreases the
number of positive components of #.

Next we turn to trying to decrease the complexity of each iteration. Recall that this
is dominated by the work to update cw, which requires O(mn) floating-point operations.
This is large because 7 can be much larger than . However, we know from the discussion
above that a much smaller set of x;’s is important for the algorithm. We would therefore
like to eliminate certain x;’s from consideration during the algorithms, when we are sure
that they are not relevant. Of course, if a drop iteration makes #; zero, or #; is very small,
we may suspect that x; can be eliminated; however, we would like a guaranteed test, since
if we eliminate a point x; and later want to check that x] Hx; < n, we need to do O(n?)
work, whereas just updating «w; requires only O(7) work at each iteration. We will call a
point x; inessential if it lies in the interior of the minimum-volume ellipsoid, and essential
otherwise. Clearly inessential points can be eliminated.

Suppose we have a feasible # with H := H(u). Also, let H* and #* denote optimal
solutions to (P) and (D), respectively. Then any x; with x/ H*x; < 7 can be eliminated;
unfortunately, we don’t know H*. However, if § := 6(#) is small, we may suspect that H*
is close to H, and thus perhaps we can eliminate points with w,(#) = x] Hx; sufficiently
less than 7.

To measure the distance between these two matrices, we define

M= Hl/Z(H*)—lHl/Z’

which we hope is close to the identity. Indeed, let its eigenvalues be A, < A, <--- < A
Then we have

ne

lej =Trace(M)=H e <Z ulkaixl-T) = Z uix] Hx; <(1+0)n. (3.6.1)
Ji i i
Similarly,

Z /1;1 =Trace(M ™" )=H"o <Z ul-xl-xl-T> = Z ul-xiTH*xl- <n. (3.6.2)
i i i
These two inequalities imply that the eigenvalues must all be close to 1 if § is small, and
hence H and H* must be close.

To see how we will use this, suppose x; is essential, so that x/ H*x; = n. Now let
z:= M_l/zHl/le-, which implies z7 z = xl.TH*xl- =n. Also,

w;(n)=xTHx;=2"Mz>Az" 2= An. (3.6.3)
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Thus we will be able to eliminate any x;, with w,(#) < A;n. Hence we would like a lower
bound on A,. Consider the optimization problem

min{A, : A> 0, A satisfies (3.6.1) and (3.6.2)}.

It is clear that the feasible region of this problem is compact, since each A; must lie
between 1/7 and (14 ), so that the problem has an optimal solution. Moreover, any
optimal solution must satisfy both constraints at equality. If the second constraint is
satisfied strictly, we may decrease A, slightly and obtain a better feasible solution. If the
first constraint is satisfied strictly, we may increase A, slightly while keeping the solution
feasible, and then the second constraint is satisfied strictly and we may proceed as above.
Moreover, we must have A, = --- = A; otherwise replacing these components by their
arithmetic mean keeps the first constraint satisfied and makes the second constraint strict.
So the optimal solution is of the form (A; y;--+; ), where
A+(n—1u=(1+0)n, %4— n!u ! =n.

Solving the first equation for u in terms of A and substituting the result in the second
equation yields a quadratic equation with roots

2.2
A=1+22 elon—o4 27,
2 4

and since we want A < y, the negative sign is the appropriate one. Combining this result
with our earlier discussion, we obtain the following.

Proposition 3.18. Given a feasible solution u with § := §(u), any point x; with

) §n?
w;(n)<n 1+7n— 5n—5+Tn

is inessential.

3.7 = A connection to spectral sparsification of graphs

In this section we show how the FW and WA Algorithms “almost” provide a constructive
approach to the problem of spectral sparsification of graphs. This highlights the need to
improve our knowledge of the convergence properties of these algorithms.

Suppose we are given a weighted graph G = (V,E,w) with w : E — R . Without
loss of generality we assume V = {1,2,...,n}. The graph Laplacian is the symmetric
matrix L(G) of order # with ij entry —w, if ij € E, O for i # j otherwise, and ii entry

>ijer W;j- We seek a (weighted) subgraph G= (V,E, ) with# : £ — R, ., with |EA|
“small,” such that

(1=9)L(G) X L(G) X (14+)L(G)
for some 0 < § < 1. We call this a spectral sparsification of the graph G. This notion was
introduced by Spielman and Teng [76], who described its applications. Since

2T L(G)z = Z w;;(z,—2,),

ijeE
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such a subgraph guarantees that all cuts @(S,S) in G are close to the corresponding cuts
w(S$,8) in G, by choosing z to be the indicator vector of § C V. (A cut @(S,S), where
§=V\S, is defined to be the sum of all &;; for i € S, j € §.) A subgraph approximately
preserving the size of cuts in this way was earlier considered by Benczur and Karger [12].

Without loss of generality, G is connected (else just consider separately its connected
components), in which case L(G) is positive semidefinite with rank 7 — 1, its nullspace
being the space spanned by the vector e of 1’s. To reduce to the positive definite case,
we can either project the Laplacians to the space orthogonal to e, or replace L(G) by
L(G) + Aee” for A> 0; we can choose A :=Tr(L(G))/(n(n — 1)) to make its eigenvalues
of comparable size. Note that the matrix inequalities above hold if

(1= 0)(L(G)+ Aee”) < L(G) + Aee” < (14 8)(L(G) + dee”)

for some positive A and A
Following Batson, Spielman, and Srivastava [11], we now reduce this to a linear
algebra problem. Note that

L(G)= Z wij<ei _e/')(ei —e,')T
ijek
with e; the zth unit vector. Hence
L(G)+ deeT =YWYT,

where Y is a matrix with columns e and e; —e;, 17 € E, and W is a diagonal matrix with
diagonal entries A and the w;;’s. Since L(G) + AeeT is positive definite, it can be written

as JJT with J a nonsingular 7 x » matrix, so that
I="'"YwW(y'y)T.

We now scale the columns of /=Y to get X, with all the columns of X having norm 4/7.
If we correspondingly scale the diagonal entries of W, we get

I=XUXT,

where we let # := diag(U). It can now be seen that our goal will be achieved if we find a
nonnegative # with a “small” number of positive components so that

(1= < XUXT <(146)I

with U = Diag(#). The nonzero entries of # pick out the edges of E,and rescaling these
entries gives the weights @. We next relate this problem to the MVEE problem and its
dual.

In order to find a suitable #, we restrict the arithmetic mean of the eigenvalues of
XUXT to 1and then maximize their geometric mean. Note that for # = #, the geometric
mean is also 1 and hence maximum. Observe that the arithmetic mean is 1 iff the trace is

n, which holds iff
D u,=T(UX"X)/n=Te(XUX")/n=1,

since the diagonal entries of X7 X are all # by our scaling. Also, maximizing the geometric
mean amounts to maximizing the determinant, the product of the eigenvalues, or its
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logarithm. Hence the optimization problem becomes exactly the dual (D) of the MVEE
problem!

Just as we know an optimal solution # of (D), we know one of (P): indeed, H =1
is feasible by our scaling, and since it leads to no duality gap with # = #, it is optimal.
However, we are not after an optimal solution of (D): we want a near-optimal # with
a small number of positive components. But this is exactly what our coordinate-ascent
algorithms achieve, as we saw in the previous section.

By Theorems 3.9 and 3.11, we then take at most

O(n(Inlnn+€71)

iterations to obtain an e-approximately optimal solution, and then # has the same order
of positive components.

What value of € is necessary to achieve our goal? This is where the argument
unfortunately falls apart. The worst case for a matrix “near the identity” is to have one
eigenvalue of 1—§ and 7—1 of 1+§/(n—1), which has an objective value of about —§? /2
(or a similar objective from the opposite sign configuration). So we need to set € to about
8?/(2n), and this extra » factor means we need O(»?) iterations, and hence we obtain a
dense graph!

Batson, Spielman, and Srivastava [11] give an algorithm that yields a subgraph with
at most O(n/4%) edges. This method is also based on rank-one updates, but each iteration
requires an order of magnitude more work than our method. One should always learn
from one’s failures: how could we obtain a comparable result from our approach? If
we could obtain a global linear convergence rate, with a complexity of the order of
O(nlnlnn + nln(1/¢)) iterations, we would be able to improve this result in terms of
the dependence on § while worsening it in its dependence on 7. There may also be room
for improvement in our analysis of the accuracy required. We want all eigenvalues of
XUXT to be within § of 1. Our algorithm ensures that all quantities x/ (X UXT) x,
are at most (1+ €)n. However, to relate these two, we seem to need to go through the
intermediate step of bounding the lack of optimality in the log determinant objective
tunction, and for this our tolerance needs to be very tight. While our approach fails, it
still seems constructive to show the power of an optimization algorithm to potentially
establish a theoretical result, even when it is applied to a problem with a known optimal
solution.

3.8 = Computational results

Our previous examples have been toy problems in two or three dimensions. Here we
provide an indication of the power of the algorithms discussed in this chapter to solve
large-scale instances.

Extensive computational testing has been carried out by Sun and Freund [77] on
minimum-volume ellipsoid problems using various interior-point-type methods applied
to (P) as well as the FW Algorithm. However, the latter was implemented without
exploiting rank-one updates. They found that the fastest method was the dual reduced
Newton (DRN) method, applied together with an active-set strategy for large m.

Sun and Freund generate test sets by combining clusters of points, where each cluster
consists of independent points from a Gaussian distribution (each cluster has a different
mean and covariance matrix). The problem sizes they consider range up to 30,000 points
in dimension 30.
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Ahipasaoglu, Sun, and Todd [3] implemented the FW and WA Algorithms and
compared them to the DRN method on the same data sets. While the FW Algorithm was
exceedingly slow, it was able to obtain moderately accurate solutions (¢-primal feasible
solutions with € of the order 1072 or 107). The WA Algorithm achieved much more
accurate solutions, e-approximately optimal with ¢ = 107 or even 107'%. It was much
faster than the DRN method without an active set strategy, but somewhat slower than the
latter with an active set strategy. These comparisons were on moderately sized problems,
up to 1,800 points in dimension 30. For larger problems, the DRN active method was
considerably superior, by a factor of almost 7 for 30,000 points in dimension 30. The
Kumar-Yildirim initialization was important for these results. However, no elimination
of points was used in these tests. Moreover, it was demonstrated that the DRN active
method could not be applied to truly large-scale problems (of the order of 500,000 points
in dimension 500) because of memory problems, while the WA Algorithm had no such
difficulty.

In her doctoral thesis, Ahipasaoglu [2] used the strategy of Section 3.6 to eliminate
points. A considerable speedup ensued. For ten random problems involving 30,000 points
in dimension 50, a speedup of over 4 was observed, while with 500,000 points, the speedup
was over 7.

Here we will just give results for one randomly generated problem using the variants
of coordinate-ascent algorithms discussed in this chapter. It is not easy to generate
appropriate test sets. One way of doing so is to take the union of various clusters, as
above, which seems reasonable from an applications point of view. If the points are
taken from a single distribution, difficulties arise. For example, if all coordinates are
generated independently from a standard Gaussian distribution, then the law of large
numbers implies that all points will lie very close to a spherical surface—clearly not a
typical situation. The same holds if all coordinates are generated independently from
any distribution with finite variance. If the points are generated from a general Gaussian
distribution, they will similarly all lie close to the surface of an ellipsoid, also a very special
situation. Instead, we generate them as follows. First, we use the Cauchy distribution
which has heavy tails. (A centered Cauchy random variable can be generated as a/b,
where a and b are independent standard Gaussian random variables.) If we just generated
an 7 X m matrix of independent Cauchy random variables, each point would likely have a
dominant component due to the heavy tails, and so there would be only 27 “interesting”
points, each near a coordinate axis. Instead we generate 7 independent Cauchy random
variables and an 7 X m matrix A of independent standard Gaussian random variables,
and then set each point x; to be the normalized ith column of A times the ith Cauchy
sample. These points satisfy rotational symmetry, and their distances from the origin are
Cauchy. (An implementation of this method in MATLAB is included in Appendix B as
rot_cauchy.m.)

We generated 5,000 points in dimension 200 as the columns of a matrix X generated as
above. Our basic method is the WA Algorithm with Kumar-Yildirim initialization and
with elimination of points (every max{7, 100} iterations) as in Section 3.6. To obtain an e-
approximately optimal solution with ¢ = 10~ required 1,514 iterations and 1.2 seconds.
(All runs were made on a MacBook Air with a 1.7 GHz Intel Core 17 with MATLAB
2014a.) Of these iterations, none were drop, 746 were decrease, 106 were add, and 662
were increase iterations. At the initial iteration, 859 of the 5,000 points were eliminated,
and after 200 iterations, a further 2,752 were eliminated. The final solution had just 306
positive components of #.

Figures 3.3 and 3.4 show the progress of maxw; and min{w; : #; > 0} after the first
25 iterations, and the linear convergence of the error € := max(max(w; —n)/n, max{(n—
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Figure 3.3. Convergence of max w, (blue)and min{w; : u; > 0} (red).
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Figure 3.4. Linear convergence of the error.

w;)/n : u; > 0}), plotted on a log scale. Note that the linear convergence takes hold
almost from the first iteration, and that reasonably accurate solutions are available even
after just 500 iterations.

Now let us make some variations on the algorithm and note the effects. First, if we ask
for € = 1071%, we need only 2,196 iterations and 1.4 seconds, a modest increase in effort.
If we use the Khachiyan initialization, we need 6,451 iterations (4,694 drop, 652 decrease,
no add, and 1,105 increase) and 5.8 seconds; no elimination of points takes place until
iteration 5400, when 4,370 points are eliminated. If we disable the elimination of points
in the basic algorithm, we need the same 1,514 iterations, but now the time required is 2.2
seconds, twice as much.

Lastly, we applied the FW Algorithm (no away steps) with the Khachiyan initializa-
tion. For this, we decreased the accuracy required. To obtain an e-primal feasible solution
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with € = 1072 required 19,494 iterations and 23.7 seconds. For € = 1073, these increased
to 188,738 iterations and 229.2 seconds. Note the ten-fold increase for a ten-fold decrease
in ¢, corresponding to the complexity bound in Theorem 3.9, whereas the WA Algorithm
needed only about a 20% increase to improve by three orders of magnitude, due to the
linear convergence.

If we used the Kumar-Yildirim initialization with the FW Algorithm, there was a
noticeable improvement. For ¢ = 1072 the method needed 2,353 iterations and 1.5
seconds, while € = 107> required 35,153 iterations and 13.9 seconds. (However, for these
accuracies, the WA Algorithm only needed 0.6 and 0.8 seconds, respectively.)

Let us stress again that, in this example, linear convergence of the WA Algorithm
seems to occur from the very first iteration, as opposed to asymptotically. Indeed, we
have observed this behavior over many examples. It would be very desirable to prove this
rigorously, or more precisely prove a global convergence estimate of O(p(m,n)In(1/¢))
steps to obtain an e-approximately optimal solution for some polynomial p.

3.9 = Notes and references

The FW Algorithm was proposed to solve the D-optimal design problem of statistics by
Fedorov [27] with optimal stepsize as described here. Wynn [85] independently proposed
a variant: if the initial # was chosen as »; =1/{, i € S, u; = 0 otherwise, for some subset
S of {1,...,m} of cardinality ¢, then the stepsize at the pth iteration was chosen to be
({ + p)', p = 1,..., so that the resulting # was rational with all denominators equal
to ¢ + p; it then corresponded to a design with this number of design points. However,
convergence was slow because of the deterministic stepsize. (As so often happened in this
era, when an idea was ripe for discovery, it arose independently and simultaneously, in
this case around 1970, on both sides of the Iron Curtain.)

Frank and Wolfe [30] proposed their method for quadratic programming problems
in 1958, but also proposed an extension to arbitrary smooth convex linearly constrained
problems. Both algorithms are now known as the Frank-Wolfe method; other names
include the conditional gradient method. The idea of linearizing the objective function
and solving the corresponding linear programming subproblem is natural, but since the
resulting solution always lies at an extreme point, whereas the original problem may
not share this property, convergence can be slow. Wolfe recognized this drawback and
suggested the remedy of away steps in his 1970 paper 84 ], which also contained an analysis
of the resulting convergence. Atwood [9] independently obtained the same method in
the context of the D-optimal design problem three years later. Bohning [15] suggested
an algorithm where at each iteration two components of # are chosen and a quantity
is subtracted from one and added to the other. No rescaling is needed, but a rank-two
update is required and it is not clear this is superior to an add/increase followed by a
drop/decrease iteration, which is the same work. Barnes [10] proposed a coordinate-
ascent method to solve the dual of the minimum-volume fixed-center ellipsoid problem
as part of an approach to solving the general problem, motivated by Rosen’s pattern
recognition problem [66]. His nested approach did not recognize that the general case
can be reduced to the centered one.

Khachiyan’s initialization appears in his analysis [49] of the complexity of the FW
Algorithm. Kumar and Yildirim [56] developed their initialization in the context of
searching for small core sets, but still using the FW Algorithm. Proposition 3.3 was
proved by Betke and Henk [13] in connection with approximating the volume of convex
bodies. The global complexity bound for the FW Algorithm is due to Khachiyan for
his initialization and to Kumar and Yildirim for theirs, while Todd and Yildirim [81]
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extended the analysis for the WA Algorithm. (Our analysis above of the number of
iterations to decrease 0 below 1 gives a slight improvement over the bounds in the latter
two papers, replacing In# (or Inm) with Inln#n (or Inln m).) Local linear convergence for
the WA Algorithm was established by Ahipasaoglu, Sun, and Todd [3], using the theory
of perturbed nonlinear programming problems developed by Robinson [64]. Note that
local linear convergence for the Frank-Wolfe method with Wolfe’s away steps was already
discussed in Wolfe [84] and then established in general by Guélat and Marcotte [38].
However, they assumed that the objective function, g in our notation, was continuously
differentiable on the entire feasible region and strictly concave; neither of these conditions
holds in our problem.

The relationship between these methods and the ellipsoid method was obtained by
Todd and Yildirim [81]. The formulae for the minimum-volume ellipsoid containing the
intersection of an ellipsoid with a slab can be found in Todd [80], whereas the idea that
the quadratic inequality defining each successive ellipsoid could be obtained by taking
a linear combination of that defining the previous ellipsoid and that defining the slab
was developed in Burrell and Todd [18]. That paper also describes situations in which
steps like drop iterations could be useful, and while decrease or drop iterations were not
explicitly suggested, I used them at that time in computational testing, in particular to
remove the effects of initial very large bounds in the initial ellipsoid.

The bounds on the size of the ¢-core sets generated by the FW and the WA Algorithms
are due to Kumar and Yildirim and Todd and Yildirim, respectively (again, our analysis
here gives a slight improvement). The test for eliminating points based on their cw-values
is due to Harman and Pronzato [41].

There has been much recent interest in the Frank-Wolfe method and its variants due
in part to their suitability for large-scale problems arising in statistical learning. See, for
instance, Freund and Grigas [31], Jaggi [44], Lacoste-Julien and Jaggi [57], and Pefia and
Rodriguez [61].
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Chapter 4

Minimum-Area
Ellipsoidal Cylinders

We now turn to a generalization of the MVEE problem, where we seek an ellipsoidal
cylinder containing a given set of points in R”, whose intersection with the coordinate
subspace corresponding to the first £ components (b < 7) has minimal area. (We call
this k-dimensional measure area instead of volume to stress that it is lower-dimensional.)
This is the minimum-area enclosing cylinder (MAEC) problem. Once again, there is a
motivation in terms of an optimal design problem in statistics. In addition, the problem
seems to have intrinsic interest. Finally, if we are trying to foresee possible collisions
between objects moving in space, solving the MAEC problem for a collection of points
in five-dimensional space can provide a guarantee of no collisions.

An illustration of the problem for the case 7 =3, k =2 is shown in Figure 4.1.

We formulate the problem in two ways in the next section. Section 4.2 derives the
dual problem and shows weak and strong duality results. Optimality conditions are given
in Section 4.3. In Section 4.4 we discuss D-optimal design, while Section 4.5 treats the
collision problem.

4.1 = Formulations of the MAEC problem

In Chapter 2 we assumed that the m points x; which we wish to enclose spanned R”,
and that this was without loss of generality, since otherwise arbitrarily small ellipsoids
circumscribed X. This is not the case for ellipsoidal cylinders and cross-sectional areas,
but the subspace S spanned by the x;’s must contain the subspace R* x {0}; otherwise,
ellipsoidal cylinders of arbitrarily small cross-sectional area can be found containing all
the points by modifying the minimum-volume ellipsoid in § that contains all the points.

Now let us consider the case where § is a proper subspace of R”. Then we can take
a basis of § whose first £ members are the first &£ coordinate vectors, with the remaining
basis vectors chosen arbitrarily. We can then represent the points x; in this basis, and we
will obtain a new equivalent instance of the problem with a smaller 7. Moreover, in this
reformulation, the points span the full space. Following this discussion, we can assume
again, without loss of generality, that

X has full row rank. (4.1.1)

Here X as before is the 7z x m matrix whose columns are the points x;. However, it
is convenient to partition this matrix into its first £ rows, forming the matrix Y € RE*m

51
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Figure 4.1. Minimum-area ellipsoidal cylinder. Reprinted with permission from Elsevier [4].

and the remaining rows, forming Z € R*™ where { := n — k. Similarly, each x; is
partitioned into (y;; 2, ), and any x € R” is partitioned into (y; ).
Let E € R¥*¢ be given, and consider the columns of

. [ —E

7]
as the “axes” of a cylinder with its base lying in the subspace R* x {0}. Any point (y;z)
can be obtained from the base point (y + Ez;0) by adding a linear combination of the

columns of £. If we restrict the base point to an ellipsoid in R* x {0}, we obtain an
ellipsoidal cylinder. We call E the “axis matrix.”

Definition 4.1. Let E be a matrix in R*** and H' € R¥** be positive definite. Then the set
C(E,H'):={(y;2) eR": (y+Ez) H'(y+Ez) < k}

is called the ellipsoidal cylinder defined by the axis matrix E and the shape matrix H'.

Note that if £ = 7 and thus E is an empty matrix, we obtain the ellipsoid E(H").

More properly, we might have called C(E, H") a centered ellipsoidal cylinder, but the
restriction to the centered case is much more straightforward here than in the case of
ellipsoids. Indeed, suppose we define a noncentered ellipsoidal cylinder as above, but
with a new parameter y € R¥, its center, and y + E z in the definition replaced by y + E z—
5. Then it is easy to see that the minimum-area noncentered ellipsoidal cylinder in R”
containing the x;’s can be trivially obtained from the minimum-area centered ellipsoidal
cylinder in R*™! containing the points (x;;1) with the same value of k. The negative of
the last column of the axis matrix £ € R¥*(*+17%) gives the center of the general ellipsoidal
cylinder in R”. We henceforth only consider centered ellipsoidal cylinders.

As a special case of this reduction, we can solve a noncentered minimum-volume
ellipsoid problem in R” as a minimum-area centered ellipsoidal cylinder problem in
R"*'. However, ellipsoidal cylinder problems are harder to solve than comparably
sized ellipsoid problems; so the more complicated reduction in Chapter 2 is preferable
computationally.
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With this definition of a (centered) ellipsoidal cylinder, we can formulate the MAEC
problem as

MiNgeRixt fresk f(E,H"):=—Indet(H") 4.1.2)
(P (y; +Ez)TH'(y, +Ez) < k, i=1,...,m. o
Unfortunately, this problem is nonconvex in its variables E and H’, due to the cross-terms
2y H'Ez; and z] ETH'Ez; in the constraints. We will see in the “Notes and references”
section that the above problem reduces to a linear programming problem if £ = 1. We
therefore assume whenever it is useful that 1 < k < 7, although we sometimes illustrate
ideas with simple examples where & = 1.
However, a simple reformulation restores convexity. We encode both £ and H’ in a
positive semidefinite matrix H € §”. This matrix is partitioned into its first £ rows and
columns and its last £ rows and columns:

ne o ]

Hy, Hyy,

Our second formulation is then

mingcg,  f(H):=—Indet(Hyy)
(P) x'Hx; <k, i=1,...,m, 4.1.3)
H > 0.

Note that we are using f for the objective function again, but it differs from that
in the previous two chapters. Also, a finite objective function implies that Hy is
positive definite, but it does not imply (unless £ = ) that the full matrix H is positive
semidefinite, and so we need to add this requirement as an explicit constraint. (P) s
a convex programming problem, with m linear inequality constraints and one positive
semidefiniteness constraint on the variable H. We say that H is feasible in (P) if it satisfies
the constraints and has finite objective value, i.e., Hy is positive definite.

Lemma 4.2. Problems (P) and (P') are equivalent.

Proof. First assume that H is any feasible solution to (P). Then Hy is positive definite,
so that by Theorem A.11, H is positive semidefinite iff H,, > H] H, Hy . It follows
that we may assume that H,, = H, H, | H,, without loss of generality, since replacing
H,, by the right-hand side will maintain feasibility and keep the same objective value. If
we define E := H;}l,HYZ, we then have

H:[ IT"[YY IT"[YYE ]’
ETH,, ETH,,E

sothat x] Hx; = (y;, + Ez;)T Hyy(y; + Ez;) for all i. It follows that (E,H') := (E, Hy )
is feasible in (P’) with the same objective value.
Conversely, if (E,H') is feasible in (P’), it is easily seen that

[ H’ H'E
—| ETH' ETH'E

is feasible in (P) with the same objective value. O
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4.2 = Duality for the MAEC problem

Now that we have a convex formulation, we can derive the dual of (P). It is helpful to
rewrite this problem as follows:

mincsi yress  —Indet(])
(P) J - Hyy =0,
xl.THxi <k, i=1,....m,
H >0.

We associate a symmetric matrix multiplier K € S* with the first constraint and
a nonnegative multiplier #, with the ith constraint of the second set to obtain the
Lagrangian

L(J,H,K,u):=—Indet(J)+K o] —K e Hyy + Ho(XUXT)—ke  u, 4.2.1)
where U as before is Diag(#), defined for | € Sk, H € 8", K € 8%, and » € R™. For

a given symmetric K and nonnegative #, we would like to minimize this with respect
to positive definite J and positive semidefinite H’s. Let us introduce the notation: for

K e S*,
[%::[ Ig 8 }GS”.

Then the Lagrangian can be written as the sum of two terms:
[—Indet(J) +K oJ]+[H o (XUXT —K)—ke T u].

By the same argument as that above (2.1.4), we see that the infimum of the first term with
respect to J is —oo unless K is positive definite, in which case the infimum is attained
by J = K~! and equals Indet(K) + k. The infimum of the second term with respect to
H is —oo unless X UXT —K is positive semidefinite, since otherwise we can choose H
of the form Avov”, where v is an eigenvector corresponding to a negative eigenvalue of
XUXT—K, andlet A — oo. If this matrix is positive semidefinite, the infimum is attained
by H =0 and equals —ke” x. Hence

1}1}{nL(],H,K,M) = Indet(K)+k—ke’ u

aslongas XUX T_Kis positive semidefinite, and —oo otherwise. Hence the Lagrangian
dual maxg ,~o{min g, o H(J,H,K, %)} can be written as

(D) max {Indet(K)+k—ke u:XUXT —K >0, u>0}.
KeS*k,ueRm

Since K can be scaled proportionally with #, an argument identical to that below (2.1.4)
shows that we can assume without loss of generality that e’ # = 1. We are thus led to the
dual problem
IED g(u,K) :=Indet(K)
(D) XUX"—K »0, (42.2)
elu = 1,
u > 0.

Note that we are again reusing the notation g for the objective function of the dual
problem. We say (#,K) is feasible for (D) if it satisfies the constraints and has finite
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objective value, i.e., K is positive definite. Clearly (D) is a convex programming problem,
because the objective function (to be maximized) is concave, and the constraints are
positive semidefiniteness, equality, or nonnegativity constraints on linear functions of
the variables.

We can also express the dual problem solely in terms of # at the expense of a more
complicated objective function. We need the following result.

Proposition 4.3. Let u € R” be nonnegative. Then
() there exists E € R&* with
EZUZT =—YUZT; 4.2.3)
() EZU'? and
K(u)=YUY'—EZUZ"ET (4.2.4)
are independent of which E satisfying (4.2.3) is chosen; and

(¢) XUXT —K is positive semidefinite iff K < K(u).

Proof. (2) We need to show that the row space of YUZ is contained in that of ZUZT.
If not, there is a vector g that is orthogonal to the latter but not to the former, so that
ZUZTq=0while YUZT g is nonzero. But then

O<<p >T yuy? vuz? <p>

“\ ¢ ZzuyT zuzT q
=p'YUY T p+2p"YUZ T q+4q"2UZ7¢,

which is negative for p a sufficiently small negative multiple of Y UZ7 4.

(b) Suppose E and E’ both satisfy (4.2.3). Then (E —E’)ZUZT =0, and hence ||(E —
E"ZU'?||> = Trace((E —E"\ZUZ'(E —E")T) =0, so E ZU'? is uniquely defined. As
for K(u), we find

EZUZTET —E'ZUZT(E\' =(E—EZUZ"E'+EZUZ"(E—ET =0,

as desired.
(c) For any p and g and any E satisfying (4.2.3), we have

T Tr T T
P 7 o P \_[ P YUY!'—K YUZ <p>
<61> xUX K)<q>_<q> | zuy™ zUuz" |\ ¢
> [ EZUZTET —EZUZT <p >
| —ZUZTET zUZT q

T
)T' K(#)—K 0 K » )

L 0 0 q
=(q—E"p)"ZUZ"(q—E" p)+ p" (K(u)—K)p.

+

(:
(:

Hence if K < K(u), the left-hand side is nonnegative, while if not, we can choose p and
then ¢ = E” p so that the left-hand side is negative. a
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If E satisfies (4.2.3), there are several ways to write K(u):

K(u)=YUYT —EZUZTET =YUYT+EZUYT 425
= YUYT+YUZTET =(Y+EZ)UY +EZ)". (#.2:5)
The equation above immediately shows that K(#) is positive semidefinite (since
XUXT is positive semidefinite, this also follows from (c) above), but we will be interested
in cases where it is positive definite.
From the proposition, K(#) is the maximal K (in the sense of the positive semidefi-
niteness order) with X UX T —K positive semidefinite, but we would like to show that K
can be chosen as K(#) without loss of generality. For this we use

Proposition 4.4. If K and K’ are matrices in S* with K < K', then Indet(K) < Indet(K").

Proof. If K fails to be positive definite, Indet(K) is negative infinity and there is nothing
to prove. Hence assume K, and a fortiori K’, are positive definite. Since —Indet is convex,
we have

—Indet(K) > —Indet(K’) + V(—Indet)(K') o (K —K")
=—Indet(K") +(K') ' o (K’ —K) > —Indet(K’),

since the trace product of two positive semidefinite matrices is nonnegative. a

From the two propositions above, we see that (D) can be alternatively written as
(D) max{g():=Indet(K(n)): u €R™, eTu =1, u >0}. (4.2.6)

This is also a convex problem. We need to show that g is concave. Indeed, if # and w are
nonnegative, with finite values of g, and 0 < A < 1, then for v := (1— A)% + Aw, we have
XUXT—K(u)>0and X WX T —K(w) > 0, implying X VX T —[(1—=)K(#)+AK (w)] >
0. Hence by Proposition 4.3, K(v) > (1— A)K(#)+ AK(w). Then Proposition 4.4 and
the concavity of the logdet function yield the desired result.

Note that K(#) =X UXT if k = n, so that we recover the dual of the MVEE problem
as expected.

We say # is dual feasible if it is feasible in (D’) with a finite objective value, or
equivalently, if there is some K with (#,K) feasible for (D).

We now provide a direct proof of weak duality, since it highlights the conditions for
optimality.

Proposition 4.5. If H and (u,K) are feasible in (P) and (D), respectively, then f(H) >
g(n,K).

Proof. Once again we use the fact that the trace product of two positive semidefinite
matrices is nonnegative. So we have

O<He(XUXT—-K ZuxTHx— eK<k—Hy,y oK. 4.2.7)

This shows that the positive definite matrix H/ ! 2K H,/ 1/ > has positive eigenvalues A; that

sumto [ e H;/}%KH;,/; = Hyy oK < k; and of course the similar matrix Hy K has the
same eigenvalues.
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Hence

f(H)—g(u,K) =—Indet(Hyy)—Indet(K)
= —Indet(HyK)
_IH(H/ /1/)

=—k In(TT; Aj)l/k
>—klIn(3; A;/k)
>—klIn(k/k)=0,

(4.2.8)

where the first inequality is the arithmetic-geometric mean inequality and the second
follows from the bound on the sum of the eigenvalues from (4.2.7). a

Now we establish strong duality.

Theorem 4.6. Under assumption (4.1.1), (P) and (D) have optimal solutions H* and
(u*,K*) and there is no duality gap: f(H*)= g(u*,K*).

Proof. We first prove that (P) has an optimal solution. We proceed as in the MVEE
case. We note that €/ is feasible for sufficiently small positive €, and so we can add the
constraint that —Indet( Hyy ) < —Fklne. With the linear constraints on H and the positive
semidefiniteness requirement, this defines a closed set on which the objective function is
continuous.

Next, since we are assuming X has full rank, we can show exactly as in Theorem
2.2 that the feasible region is bounded. Hence an application of the Weierstrass theorem
implies that (P) has an optimal solution, say H*. Then the equivalence of (P) and (P’)
implies that the latter also has an optimal solution, say (HT,E*). We need to work with
(P’) rather than (P) when we discuss optimality conditions to avoid dealing with the
complicated semidefiniteness constraint.

The Karush-John optimality conditions for (P’) imply that there are nonnegative
multipliers T € R and # € R, not both zero, satisfying

Z (y; +E*z.)(y; + E*z;)T =0, (4.2.9)
2> wHYyzl +2> w,H'E*z,2z] =0, and (4.2.10)
i i
u((y; +E*z) H (y; + E*z,)—k) =0, i=1,...,m. (4.2.11)

The first equation sets the derivative of 7 f(E,H')+ 3. u.((y; + Ez,)TH'(y; + Ez;)— k)
with respect to H' at (E*,H) to zero, and the third is complementary slackness. The
second equation sets the derivative of the function above with respect to E at (E*, H) to
zero, noting that

(; +EZZ')TH/(%' +Ez)—k =y"H'y—k +ZE'(HI%'ZZ'T)+E '(H/EZiZiT)-

Our first task is to show that 7 is positive. Indeed, suppose that it is zero. Then (4.2.9)
implies that

<Z (v +E72;)(9; +E*Zi)T> eH' =0,

and together with (4.2.11), we obtain >, #; =0, so that all multipliers vanish, which is a
contradiction. So 7 is positive, and without loss of generality we may scale the multipliers
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so that it is 1. In this case, (4.2.9) gives
<Z w;(; +E72;)(9; +E*Zi)T> oH' =(H')"eH =F.
i

Now, using (4.2.11), we find that >, #, = 1.
Next, (4.2.10) can be written as 2HT (YU ZT+E*ZUZ") = 0, and since H' is positive
definite and hence nonsingular,

YUZT +E*ZUZT =o0.
Then (4.2.9) can be written as

HY ' =YUYT+YUZT(ET +E*ZUYT +E*ZUZT(E*)T

=YUYT—E*ZUZ"(E")". (#2.12)

Let K :=K(u) = YUYT —E*ZUZT(E*)T. Then (#,K) is feasible in (D). Moreover,
since K = (H)™, we find f(H',E*) = g(u,K), so that by weak duality, both solutions
are optimal. It follows that (D) has an optimal solution, and also that all optimal solutions
have no duality gap. O

Our proof also establishes the following.
Corollary 4.7. Any Karush-John point for (P') is an optimal solution.

Since —Indet is a strictly convex function (and Indet strictly concave), it follows that
the Hyy part of an optimal solution H to (P) is unique, as is K in an optimal solution
(#,K) to (D). However, the rest of H and # can be far from unique, as illustrated below.

Example 4.8. Suppose we seek the minimum-area cylinder with £ = 1 containing the
points x;, = 1,2,3, that are the columns of the matrix

3 21
X= [ 02 3 ] :
Any positive semidefinite 2 X 2 matrix can be written in the form

H::H(ﬁsﬁs¢>5:[ g; 772/6-17¢ ];

the rather strange parametrization will become more intuitive below. Here without loss
of generality 5 > 0 and we require ¢» > 0. Then xl.THxl- <1foralliiff 98> < 1,28+
29)* +4¢ < 1,and (8 +37)* +9¢ < 1. Hence if H(3,7, ) is feasible, so is H(3,7,0),
and in this case x” Hx < 1 defines a strip, that is the set of points between two parallel
lines; more precisely,

xTH(B,n,0x <1 —1< By +nz< 1.

In (P) we wish to minimize —Indet(Hyy ) = —In %, so we set 5 = 1/3, and for feasibility,
—4/9 < n < 1/6. This gives the set of optimal ellipsoidal cylinders, the set of all strips
defined by —1 <y /3 +nz <1for —4/9 < n < 1/6. Note that, in the equivalent problem
(P"), H =1/9 and E = 37 lies in [—4/3,1/2]. All these ellipsoidal cylinders share the
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Figure 4.2. Minimum-area (length) ellipsoidal cylinder (strip).

same base one-dimensional ellipsoid, the interval joining [—3;0] and [3;0]. The points
and one possible cylinder, corresponding to n = —1/6, are shown in Figure 4.2.

In the dual problem, if # := (A; u;v) and K = x, then
IA+4u+v—x 4u+3v

4u+3v 4u+9v |
so (#,K) is feasible if A, u,v >0, A4+ u+v=1,and x <9A+16uv/(4u+9v) (or u=v=0
and x < 9J). Since we wish to maximize Indet(K) = In x, we set x t0 9, Ato 1, and u and

v to 0. Note that any E satisfies EZUZT =—Y UZT, since both YUZT and ZUZT are
zero matrices. |

XUXT—k:[

In the example above, there are several alternative optimal primal solutions but a
unique optimal dual solution. We now modify the example so that the optimal primal
solution is unique, but several optimal dual solutions and X UX 7 matrices are possible.

Example 4.9. We change the second and third columns of X to get

3 3 3
X= |: 01 —1 ] ’
Then H = H(B,7, $) isfeasible iff 95> < 1, 38+7n)*+$ < 1,and 38—n)*+¢ < 1. We
wish to maximize —In 5? again, so the only optimal solution has S =1/3,and n = ¢ =0.
This corresponds to the strip —3 <y < 3.
In the dual problem, if # := (A; u;v) and K = x, then

9—x 3u—3v ]

T_g—
Xux _K_[ 3u—3v  u+v

so (#,K)isfeasible if A, u,v >0, A+u+v =1, and x < 9—9(u—v)?/(u+v)if u+v>0,x <
9 otherwise. Since we wish to maximize In x, we set x to 9, and choose any nonnegative
A, ,v summing to 1 with 4 = v. Corresponding to the optimal solutions #» = (1;0;0) and
#=(0;1/2;1/2), we have

T _ 9 0 N T 9 0
XUX _[O O]andXUX _[O 1].
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For the first choice, any E satisfies EZUZT ==Y UZT, while for the second, only E =0
satisfies EZUZT =—yY UZT. [ |

4.3 = Optimality conditions for the MAEC problem

Having established strong duality, we easily obtain necessary and sufficient optimality
conditions.

Proposition 4.10. Suppose H and (u,K) are feasible for (P) and (D), respectively. Then
each is optimal iff the following conditions hold:

() He(XUXT—K)=0;
(b) u; >0 onlyif x] Hx; = k; and
(©) Hyy =K.

Proof. Indeed, condition (c) alone implies that the two objective values are equal,
and hence that each solution is optimal. Conversely, if the solutions are optimal, by
strong duality they must have the same objective values. Hence we must have equality
throughout (4.2.8) and therefore throughout (4.2.7). The latter implies (a) and, since
H is feasible, (b). It also shows that the sum of the eigenvalues of Hy K is exactly k.
The former implies that all these eigenvalues are equal, and hence all are 1. This then
gives (c). O

We will show that these two definitions are related, but first we want to make some
remarks about the axis matrix E.

We have defined the axis matrix so far in two ways: corresponding to a primal solution
H via E = Hy{ Hy as in the proof of Lemma 4.2; and corresponding to a dual solution
u as a solution to EZUZT = =Y UZT as in Proposition 4.3. We now show that these
two methods are related for feasible solutions if H, #, and K, where K = K(u), satisfy
condition (a) above. )

Indeed, if H o(X UXT —K) =0, then this equation remains true if 1, is replaced by
ETHyE, where E satisfies the “primal” equation E = H,,J.Hy . Indeed, we can write

n={ 5, A% WS e )
ETH,, ETH,,E 0 H,,—ETH,,E

and since all the matrices above are positive semidefinite and therefore have a nonnegative
inner product with X UX T — K, our assumption implies that all these inner products
must be zero. But then
1 YUY'—K YUZT
O_<|: ET ]HYY[[ E]>.|: ZUYT ZUZT i|
YUYT—K YUZ' 1
_HYY'<[1 E][ zuy™  zuz” M E7 D

Since Hyy is positive definite and the second matrix above is positive semidefinite, the
latter must in fact be zero. This then implies that [/ E]] is zero, where ] is the positive
semidefinite square root of X UX T —K, and hence

YUYyT—K YUZT
i E][ Zuy’ ZUZT]_O
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We deduce that EZUZT = —YUZT, so E satisfies the “dual” equation. The reverse
implication does not hold, as shown below.

Let us illustrate these results in our two examples. In Example 4.8, several possible
H’s are optimal; one, corresponding to the strip in Figure 4.2, is

H:[ —1%3 _%2 }

The only optimal # is (1;0;0) and the only optimal K is 9. Then X UX T —K is the zero

matrix. Thus optimality condition (a) holds trivially. Also, x Hx; is 1,1/9, and 1/36 for

i = 1,2,3, respectively, confirming (b). Finally, Hy is 1/9 and K is 9, so (c) holds. For

this H, E = Hy Hy, = —1/2. The full range of E’s corresponding to all optimal H’s

turns out to be [—4/3,1/2] (in our previous notation, E = /3 with S =1/3 and n €

[—4/9,1/6]). However, any E satisfies EZUZT =—YUZ" since YUZT =ZUZT =0.
In Example 4.9, there is only one optimal H given by

e[ 1201

Several optimal #’s are possible, but only one K, which is 9. If # = (1;0;0), then X UX T —
K is the zero matrix and condition (a) holds trivially. If # = (0;1/2;1/2), then

Note that (a) still holds. Next xl.TH x; is 1 for i = 1,2,3, confirming (b) for either choice
of u above, or for any convex combination, and (c) holds as above. Since there is a unique
H, there is a unique E = H;},Hyz, equal to 0. If » = (0;1/2;1/2), only E = 0 satisfies
EZUZT = —YUZT, but for # = (1;0;0) any E works, since YUZT = ZUZ" =0in
this case.

If H and (#,K) are optimal in (P) and (D), respectively, we can assume as above that
H,, =ETHyE with E = H | Hy,, and then it follows from the optimality conditions
above that (y,+Ez,)T K=\ (y,+Ez;) < k for all i, with equality if # is positive. Moreover,
E alsosatisfies EZUZT =—Y UZT . Tt is hard to recognize optimality or near-optimality
of (#,K) alone without choosing a specific corresponding E. Thus the definition below
refers to a triple (#,K, E).

0
0

—- O

XUXT—I%:[

Definition 4.11. We call a triple (,K,E) dual feasible if u >0, e"u =1, EZUZT =
~YUZT,and K=Y UYT—E ZUZTET is positive definite. We call such a triple e-primal
feasible if (y;, + Ez;)TK~(y; + Ez;) < (14 €)k for all i, and e-approximately optimal if
moreover (y; +Ez; ) K~\(y, + Ez;) > (1— €)k whenever u, > 0.

Note that # is dual feasible if there are some K, E such that (#,K, E) is dual feasible.
Also, in parallel with (3.1.11), we see that, with w,(#,K,E) := (y, +EZZ-)TK_1(yl- +LEz;)
for each i,

w' w(u,K,E)="> "u;(y; +Ez,) K™\ (y; +Ez,)=(Y +EZ)U(Y +EZ)" oK~ =k,

43.1)
where the last equation follows from (4.2.5).
It is then easy to show the following.
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Proposition 4.12.  Suppose (u,K,E) is e-primal feasible (in particular, it could be e-
approximately optimal). Define H = H(u, K, E) by setting Hyy = K~', Hy, = HyE, and
H,, =ETHyE. Then (1+ ¢)~"H is feasible in (P), and both this solution and (n,K) are
within k In(1+ €) of being optimal in their respective problems. Furthermore, the ellipsoidal
cylinder C(E,(1+ €)' Hy ) contains all x; and comes within a factor (14 €)*/? of having
the smallest cross-sectional area among such cylinders.

Proof. The first claim follows directly from the definition of A and the hypothesis, and
the second is a consequence of the fact that £((1+ €)™ H) and g(#,K) differ by exactly
kIn(1+ €). The final claim follows by the relationship between the objective function of
(P) and the area of the cross section of C(E,(1+ €)' Hy). O

The same proof shows that, if (#,K) is feasible in (D) and E is any matrix in R¥*¢
such that (y;, + Ez,)'K=\(y, + Ez,) < k, i =1,...,m, then (#,K) is optimal in (D) (and
H(u,K,E) as above is optimal in (P)).

We conclude this section with yet another characterization of the axis matrix E. Asa
consequence, we see that the bound k above is the best possible.

Proposition 4.13. Let EZUZT =—Y UZ". Then E minimizes K(E):= (Y +EZ)U(Y +
EZ)T in the sense that, for all E € R***, K(E) > K(E). Moreover, E minimizes K(E) in this
sense iffEAZUZT =—YUZT.

(We are abusing notation here by using K(E), whereas before we defined K(#). However,
as we have seen in (4.2.5), if EZUZT =—YUZ", then K(E)=YUYT—EZUZTET =
K(n).)

Proof. We have
K(E)—K(E)
=YUY'+EZUYT+YUZTET + EZUZTET
—YUYT'—EZUYT —YUZTET—EZUZTE"
=(E—EZUYT4+YUZT(E—EY +EZUZTET —EZUZTET
=—(E—EZUZTET —EZUZT(E—E)Y'+EZUZTET —EZUZTET
=(E—E)ZUZY"(E—E)' » o.

Moreover, if E also minimizes K(E) in this sense, then K (EA) > K(E) as above and
K(E) > K(é), so their difference is zero. Hence (é —E)Z UZT(E —E) =0, and
then by considering the positive semidefinite square root of ZUZ”, we find as in the
argument below Proposition 4.10 that (EA —E)ZUZT = 0, which implies that E also

satisfies £ ZUZT =—Y UZT a
As a corollary, we prove a result related to e-primal feasibility.

Corollary 4.14. For any (u,K) feasible in (D), and for any matrix E in R¥¢, we have
max;(y; +Ez) K~ (y; +Ez;) > k.
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Proof. Indeed, since (#,K) is feasible only if (#,K(#)) is, and K < K(u) so that K~! >
K(u)™! (see Corollary A.7), it suffices to assume that K = K(#). In this case,

max(y; +Ez;) K~'(y; + Ez;) > Z w;(y; +Ez) K™\ (y; + Ez,)
=K 'e(Y4+EZ)UXY+EZ).

But K~ is positive definite, so by the proposition, the right-hand side is at least K~ @
(Y4+EZ)U(YY +EZ) =K' oK =k, where E satisfies EZUZT =—YUZ". o

4.4 = D,-optimal design in statistics

We now return to the D-optimal design problem in statistics as discussed in Section 1.3,
but now we suppose we are only interested in the first & (out of 7) parameters.

As before, we assume a random variable V' depends on some independent variables
x() through some unknown parameters € R”, but now we are only interested in the
first k of these parameters (the others are sometimes termed “nuisance” parameters). We
accordingly divide 6 into 6y € R* and 6, € RY, and similarly x(¢) into y(z) € R* and
z(t) €R, to get the model

V=x(t)T0+e=y1t) 0y +2(t)7 0, +e,
where, as before, ¢ is a normal random variable with mean 0 and variance o?2.

To estimate 0y, we observe V at m different values of 7, corresponding to x; =
(9;52;) = x(¢;), 1 = 1,...,m, obtaining the vector v € R”. We denote by X the n x m
matrix whose columns are the x;’s, and similarly Y and Z. Again our estimator for & is
the (or a) solution of the least-squares problem min, || X 7 0—o||, which we prefer to write
in the equivalent form

.1 1
memiﬂXT@—vH2 = EHYT@Y—FZT@Z—WHZ.

A
Since the objective function is convex and differentiable, it is minimized exactly at those &

A
satisfying the condition that the gradient vanishes, i.e., XX 76 = X v. We will not assume
that X has rank 7, and hence we cannot claim that this has a unique solution. However,
it is important to realize that it always has at least one solution. Indeed, more generally
we have

Proposition 4.15. Suppose W € R"™” and u € R" is nonnegative. Then, with U :=
Diag(u), WUWT p = W Uq has a solution for all g € R™.

Proof. We can split U'/?q into a part that lies in the nullspace of WU'/? and a part
(WU"?)Tr that lies in the range of (W U'?)”. Then p = r solves the system. 0

Applying this with W = X and # the vector of 1’s shows that a solution & exists.
Let us write the system in partitioned form:

yy? vz?' 1/ 6, _< Y7J>
zy" zz" \ 4, )7\ 20 )
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Now from Proposition 4.3 (with U the identity) there is a matrix E satisfying E ZZT =
—YZT, and by premultiplying the second set of equations by E and adding to the first
set, the system above is equivalent to

(YYT—EZZTETYG, =(YYT+EZY ")y = (Y +EZ)0, ZZ70,=Z(v—YT6,).

We will assume that K := YY" —E ZZTET is nonsingular, so that éy is unique and given
by K=Y(Y + EZ)v (K and EZ do not depend on the choice of E by Proposition 4.3), and

then there is always a corresponding éz by Proposition 4.15 applied to W = Z; éz may
not be unique if Z does not have rank /.
Since v is a sample from the random variable Y768, + Z70, + ¢, where ¢ is an

A

m-dimension N(0, o] )-distributed random variable, 8y is a sample from the random
variable

Oy =K (Y+EZ)YT0,+7270,+¢)
=K Y 4+EZ(Y+EZ) 6y +¢)
= QY +K71(Y+EZ)§3

where the second equation used (Y + EZ)ZT = 0 and the third equation used K = (Y +
EZ)Y 4+ EZ)T from (4.2.5), with U the identity. Hence our estimator is unbiased, and
its variance is

K NY +EZ)E(ee" Y +EZ) K =0?K™".

As before, our interest is in designing an experiment, and so we will choose a distribution
given by weights # on the points x;, so that the variance from making N experiments will
be

o? (

YUY'—EZUZ"ET)™,
N
assuming that we make an experiment at point x; exactly N#; times. A D,-optimal
design is one where we choose the weights # to minimize the determinant of this variance
matrix, ignoring the requirement that each N#; should be integer. We are thus led to the
optimization problem

max, Indet(K

u

u
(D//) ET

which coincides exactly with the dual problem (D’) to the MAEC problem.

It can be seen that the discussion in the previous section is in a sense related to
the equivalence of D-optimality and G-optimality (see Sections 1.3 and 2.2), but is
complicated by the need to choose the correct axis matrix in considering the criterion
analogous to G-optimality: # minimizes max;(y; + Ez;)" K(u)™!(y; + Ez;) and achieves
the optimal value k as long as we choose the appropriate E.

4.5 = Collision detection

Now we turn to a very different application of the MAEC problem. Suppose we have
planned trajectories for a collection of objects in R*: these could be robotic arms and
parts, or characters in an animation. We want to know if these trajectories will lead to
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collisions; if so, we need to revise the trajectories to either avoid the collisions or take
them into account.

For each object, suppose we have a set (y;5¢;), 2 = 1,m, of the space-time coordinates
of key points of the object. We approximate the object by an ellipsoid moving at a uniform
speed in a fixed direction without rotation. The latter gives rise to the set of space-time
pairs defined by

(y—vt—3) H'(y—vt—5)<3,

which is a noncentral ellipsoidal cylinder. The minimum-volume ellipsoid with such
a corresponding cylinder containing all the points (y;,¢;) can be found as discussed in
Section 4.1, by finding the minimum-area (central) ellipsoidal cylinder containing all
(y;5t;31) in R with k = 3. If the key points contain all vertices of a polytopal object,
then this ellipsoidal cylinder is a conservative model of the object’s movement, in the
sense that, if two such ellipsoidal cylinders do not intersect, then there is no collision
between the objects, at least at the common times of observation.

How do we detect if two such cylinders intersect? We would like to determine if there
is some (y;¢) € R* satisfying

(J’_’U/t_f/)TH,{(J’_”/t_f/) <3

for j =1,2. First, we perform a Cholesky factorization of H| and scale it so that the first
of the two inequalities above becomes

IL(y — vt =y < 1.

Next, we change the variables to w := L(y — v;t —y,) and ¢, so that y — v,t —y, =
L™'w + (v, — v,)t + (5, — 3,)- Now we can write (y —v,t —5,)T H)(y —v,t —5,) as a
convex quadratic function of w and ¢, and we want to know if its minimal value subject
to ||w|| < 1 1is at most 3. We can minimize this as a function of ¢ (which will be a linear
function of w) and substitute this in; the result will be a convex quadratic function of w
alone, which we wish to minimize subject to the norm constraint on w. This is exactly
the so-called trust-region subproblem of nonlinear programming, and there are efficient
(both theoretically and practically: see, e.g., [21, 87]) methods for its solution.

If the objects are moving in a gravitational field, they may be better described by
parabolic trajectories:

_ 1,
y=y+ot+ogrs,

where g €R? represents the gravitational field. We can then proceed exactly as above after
replacing y and y; throughout by  :=y —(1/2)g¢* and y; := y; —(1/2)gt?, respectively.

4.6 = Notes and references

The problem of finding the minimum-area ellipsoidal cylinder first arose in the context
of D-optimal design. (We must comment briefly on our notation. Statisticians have
consistently used & for the dimension of the full space, our 7, and s for the number of
parameters of interest, our k. The choice made here was dictated by the customary usage
in optimization of 7 and m as the dimensions.) Again, Silvey [74] in 1972 raised the
question of whether this problem was related to the optimal design problem, although
Sibson’s reply [70] only dealt with the minimum-volume ellipsoid case, & = n. A
year later, Silvey and Titterington [72] gave precise formulations of these problems in
the forms (P’) and (D’) and established duality properties. They termed the MAEC
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problem the “thinnest cylinder” problem. Titterington [79] discusses both the centered
and the noncentered MAEC problems, and shows the reduction of the noncentered
MVEE problem, both to a higher-dimensional centered MVEE problem and to a higher-
dimensional centered MAEC problem. He also shows that the noncentered MAEC
problem can be reduced to a higher-dimensional centered MAEC problem.

As mentioned above, duality questions were raised by Silvey and dealt with formally
by Silvey and Titterington. Optimality conditions have a more checkered history. Kiefer
[51] gave some incomplete optimality conditions for Dj-optimality, and Karlin and
Studden [46] obtained conditions that also allowed ZUZ” to be singular. Atwood [8]
noted an ambiguity in these conditions related to the matrix E and clarified them. A
clear statement appears in Silvey and Titterington.

Further discussion of the D, -optimal design problem appears in the books of Fedorov
[27], Silvey [73], and Pukelsheim [63]. Instead of just the first & (s) parameters,
statisticians are often interested in certain linear combinations of the parameters, so that
AT @ replaces 6, as the object of interest. By a change of variables, this can be reduced to
the case treated here, for which the dual MAEC problem is more intuitive.

The application to collision detection is believed to be new.

Once again, our claim that (P’) is nonconvex is perhaps too strong, since the
constraints can be written in the form |[(H")/2y, + (H')'2Ez|| < vk, i = 1,...,m.
When expressed in terms of the symmetric matrix B := (H’)"/? and the rectangular matrix
F :=(H')'/2E, these are convex constraints, and the objective function can be written as
min—2Indet(B). However, the resulting constraints are much more complicated than our
linear constraints in (P) if & > 1. On the other hand, for & = 1, this can be written as a
linear programming problem in the scalar variable 3 = B and the vector variable f = F:
max2/3, —1 Syl-,@—l—szl- < 1forall:.
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Chapter 5

Algorithms for the MAEC
Problem

Here we develop and analyze first-order algorithms for the solution of the MAEC
problem
ming.s,  f(H):=—Indet(Hyy)

(P) xIHx, <k, i=1,...,m,
H*>0
and its dual
Max, cpn Kest g(u,K) := Indet(K)
(D) XUXT—K =0,
eTu=1,
u >0

with its equivalent form
(D) max{g(u):=Indet(K(#)): u €R”, eTu=1,u >0}.
Recall that, as long as ZUZT is nonsingular,
Ku)y=yUYyT—yUuzT(zuz"y'zUYT.

The partial derivative of K(#) with respect to #; can be obtained by differentiating this
equation using the product rule. Recalling that

E=-YUZT(zUZTY!
when the right-hand side is defined, we find this partial derivative is
vyl +Ezy] +9,2 ET 4+ Ez,2] ET = (9,4 Ez, )y, + Ez,)",

where the last term on the left-hand side uses the derivative of the inverse in (A.4.4). The
chain rule then yields

V(n)= ()= ((y; +Ez) K(u) " (y; + Ez)[L,.

As in Chapter 3, we can use the derivative of the inverse matrix in (A.4.4) to obtain second
derivatives:

<V2§(”))i/ =((9; +EZi)TK(%)_1(y/ +EZ/))2, i,j=1,...,m.

67
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However, it is important to realize that, when ZUZT is singular, g may not be
differentiable, although it is always concave. Consider the following simple perturbation
of Example 4.9.

Example 5.1. We seek the minimum-area cylinder with £ = 1 containing the points
x;, 1 =1,2,3, that are the columns of the matrix

23 3
X‘[o 1 —1]

An analysis similar to that used in Examples 4.8 and 4.9 shows that the unique optimal

solution to (P) is
19 0
= |: 0 0 i|

si:=(0;1/2;1/2) with
0;0). We will consider
:= (—1;0;1), and

with objective value In9, and the unique optimal solution to (D) i
the same objective. However, let us consider the pomt u = (1
the directional derivatives of g in the directions d, := (—1;1;0), d;
d :=d,+d,. For ## := u + ed, (¢ >0), we have
xOUxT :[ 4+5¢ 3¢ ],
3e €

so that K(#) =4 —4¢ and the directional derivative of Indet(K(#)) in direction d, is —1.
For # := u + edy (¢ > 0), the situation is exactly the same, except that the off-diagonal

entries of X UXT are negated, so that again K(#) = 4 — 4¢ and the directional derivative
of Indet(K(#)) in direction dy is —1. Finally, for # := # + ed (e > 0), we have

vor [ 44106 0
XUX" = |: 0 2¢ i|
so that K(#) = 4+ 10¢ and the directional derivative of Indet(K (%)) in direction d is 5/2.
Since this is not the sum of —1 and —1, while d is the sum of d, and ds, we conclude that

¢ is not differentiable at this #. |

In the first section below we discuss the derivative properties of g in more detail.
Section 5.2 considers coordinate-ascent algorithms assuming that ZUZ remains nonsin-
gular at all iterations. Global and local convergence properties are discussed in Sections 5.3
and 5.4, while Section 5.5 treats the case that ZUZ” may be singular at some iterations.
Finally, in Section 5.6 we give some computational results.

5.1 = Derivative properties of the dual objective function

First we note that by combining Propositions 4.4 and 4.13 we obtain

Proposition 5.2. We can write g as the pointwise minimum of continuously differentiable
concave functions:

g(u) =min{lndet((Y + EZJU[Y + EZ]"): E e R¥*)} (.1.1)

for all dual feasible u, and the minimum is attained by all E satisfying EZUZT =Y UZT.
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Indeed, it follows from Section A.7 that there is a compact set F of k£ x { matrices so
that, for any # > 0 with e u = 1, there is some E € F satisfying EZUZT =Y UZ".
We conclude that in the proposition above, we can restrict E in (5.1.1) to F, and then a
standard result in convex analysis gives the subdifferential of g.

Corollary 5.3. For any dual feasible u, the subdifferential of g at u s

dg(n):={zeR": 2zl (v—u)>g(v)—g(un) forall v €R™}
= conv{[(y; + Ez) K(u) "y + Ez,)]" :EEF,EZUZT =—YUZ"}.
(.1.2)

We next consider directional derivatives of g. We assume we are at some # feasible
for (D) and we want to move towards or away from some vertex e; of the unit simplex.
So we will be moving in direction d, := e; —#, or maybe its negative. (Note that we used
this convention above.) We use J. to denote the directional derivative in direction d;.

Proposition 5.4.

() Suppose z; lies in the range of ZUZT, so that ZUZ" v, = z. for some v,. Then, for
any E with E ZUZT =—YUZT, we have:

(a) for any e sufficiently small in absolute value, U(¢) := Diag(u + €d;), and n :=
e/(1—e+ev] z,),

[E—n(y; +Ez)0] 1ZU(e)ZT ==Y U(e)Z7; (5.1.3)
b) GK(n)=(y;+Ez)(y; + Ez) —K(u); and
(© Gg(n)=co;—k, where w; :=(y; + Ez;) K(u) " (y; + Ez,).

(ii) Suppose z; does not lie in the range of ZUZT. Then, for any E with E[ZUZT +
zl-zl.T] = —[YUZT +yl-zl.T], we have

y;+Ez; =0 (5.1.4)
and:
(@) for anmy nonnegative ¢ and U (€) as above,
EZU()ZT ==Y U(e)ZT; (5.1.5)
(b) G.K(u)=(y, +Ez)(y; +Ez,)T —K(u) =—K(u); and
(©) 2.8(n)=cw;—k=—k, where w; = (y, +Ez;) K(u)"\(y, + Ez;)=0.

(iti) IfO < u; < 1, then case (i) above holds and, for any E with EZUZT =—Y UZT, we
have:

(a) for any e sufficiently small in absolute value, U(¢) := Diag(u + €d;), and n :=
e/(1—e+ev] z;),

[E—n(y; +Ez)0] 12U(e)2T ==Y U(€)Z7; (5.1.6)

(b) the directional derivative of K(u) in direction —d; is K(u)— (y; + Ez;)(y; +
E Zi)T; and
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(c) the directional derivative of g(u) in direction —d, is k — cw;, where e, := (v, +
Ez) K(u)™(y; + Ez;).

Proof. For part (i), note first that 7 is defined for any € sufficiently small in absolute value,
and also that 7 = §/(1+6v] z;) for §:= ¢ /(1—¢). We have

[E—n(y; +Ez)0] NZUZ" +62,2] ]

=—YUZT +0Ez2z] —n(y;, + Ez)(z; 4+ 00} z,2,)T
=—YUZ" +0Ez 2z —(y, + Ez)z!

=—[YUZ" +6y,2]'],

and multiplying by 1— ¢ proves (a). Hence, since n =0+ o(e),

K(u+ de;)

=YUY" +6y,y] —[E—n(y; + Ez)0] NZUZ" +62,2] E—n(y; + Ez;)0] 1"
=K(u)+0(y;y] +(y; +Ez )] ZUZTET —Ez, 2l E4+E ZUZ v,(y;, + Ez))") 4 o(e)
=K(n)+08(;y + (i +E2)2] ET—Ezz] ET + Ez(y; + Ez)") +o(e)
=K(u)+ 080y, +Ez)(y;, + Ez)T + o(e).

Multiplying by 1— e gives K(u +ed;) = (1—e)K(u)+¢(y; + Ez;)(y; + Ez;)T +0(¢), and
this proves (b). Finally, the chain rule gives

3.8(n) = (V(Indet)(K (1)) ® ALK (1) = K(n) " o[(3; + E2)(y; + E2;)| —K ()] = o,

I3

—k,

giving (c).
For part (ii), since z; does not lie in the range of ZUZ7, there is some vector v; with
ZUZ"v; =0 but z/ v, nonzero. Without loss of generality we suppose z] v; = 1, and

then [ZUZT + z,z] v, =0+ (2] v,)z; = z,. Define E (maybe not uniquely) to satisfy
E[ZUZ" 42,21 1=—[YUZT +y,2]]. (.1.7)

Such an E exists by Proposition 4.3. Then Ez; = E[ZUZT + z;z] Jv; = —[YUZT +
y;zl o, = =YUZ"v, —y;. But v ZUZ"v; = 0 implies U'?Z"v, = 0, and hence
YUZ"v, =0. Thusy, + Ez, =0, as desired. This equality and (5.1.7) give (a). So, with &
as above,

K(u+6e)=YUY" +0y,y/ —E[ZUZ" +6z;z] 1E"
=K(u)+08(y;y] —Ezz] E)
=K(u)=K(u)+(y, +Ez,)(y, + Ez,)",

using y; = —Ez;. Multiplying by 1 —e€ gives K(# +ed;) = (1—€)K(u)+€(y; + Ez; )(y; +
Ez;)T, from which (b) follows, and then (c) is immediate as in the proof of part (i).

Finally, for part (iii) we note that Proposition 4.15 implies that whenever #, is positive,
z; lies in the range of ZUZ”. Then the analysis for part (i) holds, and the results hold
by noting that the directional derivatives in the direction —d, are the derivatives of the
appropriate expressions with respect to —e. a
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Example 5.5. Let us revisit Example 5.1. Recall that & =1,
2 3 3
X—[o 1 —1}

r_[ 4 0
XUX _[O O]

and, for » :=(1;0;0),

For i =2, case (ii) above holds, and we find that ZU Z” +z; ZZ.T =1and YUZT 4y, ZZ.T =3,
so E = —3 and indeed y, + Ez; = 0. For any positive ¢ and U(¢) := Diag(u + €d;), we
have

XU(G)XT:[ 44+5¢ 3¢ :|’

3¢ €

so that EZU(¢€)ZT = —Y U(¢)ZT and, from our previous calculation, d.g(x) = —1 =
—k, verifying the conclusions of the proposition.

Now let us add a new column (3;0) to X (as in Example 4.9) in the fourth position
and consider the case i = 4. Then, even though ZUZT is singular, z; lies in the range
of ZUZT, and so case (i) occurs. We find that any E satisfies EZUZ? = —YUZT, and

since now

r [ 445 0
XU(e)X _[ 0 O:|’

we also have that any E satisfies EZU(e)ZT = =Y U(€)ZT. So K(u(€)) = 4 + 5¢,
from which d.g(#) = 5/4. This agrees with the conclusion of part (i), since (y; +
Ez)TK(u)\(y; +Ez)=3(1/4)3=9/4. 1

5.2 = Coordinate-ascent algorithms

Suppose we have a current feasible point # for (D); recall that this means that # satisfies
the constraints, so that # is nonnegative and e’ # = 1, and that the objective function
g(u) = Indet(K(u)) is finite, so that K(#) is positive definite. We will assume in this
and the next two sections that ZUZT is positive definite, so that K(#) = YUY T —
Yuzt(zuz™y'zuyT.

Suppose we also have at our disposal

wi=cw(n)=Vg(u)=0;+Ez) Ku) " (y; + Ez))L;, (6.2.1)

E =—-YUZT(ZUZT)™, and scaled Cholesky factorizations of XUXT, ZUZT, and
K(n):

XUXT=¢'LLT,  zZUZT=¢'L,1}, K=K(u)=¢ 'LL}, (522

with ¢ positive. (We will see below that the latter two factorizations come for free from
the first if we make a simple modification.)
As in Chapter 3, we consider the following update of #:

u,=1—=1)u+re;. (5.2.3)
Note again that %, can also be viewed as the result of taking a coordinate-ascent step to

ii=u+ A,
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with A:=7/(1—7), followed by a scaling to keep the coordinate sum equal to one: #, :=
u,(A):=(1+A)"'4 =(1—1)4. Note that #, remains nonnegative as long as

—u; < A< 00, (5.2.4)

which we henceforth assume. Note that A = oo leads to #, = ¢;, but this is infeasible if
k > 1, since then K(u, ) is singular. As we mentioned earlier, the case £ = 1 reduces to a
linear programming problem, so we do not consider it further, except for examples.

Let us examine the resulting changes in K, g, and E. We have ZU, Z7 = (1+
AN ZUZT + Az;z]), and hence

(ZUZT)y ' =1+ )(ZUZT)y ' —w(zUZ"Y "z, 2l (zUZTY ™),
with u := A/(1+ A{,), where
G=0w)=2(ZUZTY 'z, & =& (u):=x] (XUXT)'x;,
and we similarly abbreviate e, () to c,. Correspondingly,
XUX) ' =1+ )X UXTY ' —wXUXT) ' xf (XUXT)T,

withv:=A/(1+ A&)).
Since YU, ZT = (14+ A7 (YUZT + ly,z]'), we find
E,=—(YUZT + Xy, 2] ((2UZTY ' —w(zUZTY 2,2l (zUZT) )
=E— ;2 (ZUZTY ' —uEz 2zl (ZUZT)Y "+ Auly, 2l (zUzT)™!
= E—ply, +EzX(ZUZT) 7).

Then we obtain

K,=YUYT+E ZUYT

=14+ A YUYT+ Ayy] +(E—u(y; +Ez)zF (ZUZTY "YW ZUYT + Az;y]1))
(1+ A MK+ Xy + AEzy] + u(y; + Ez)(Ez,)T — Auli(y; + Ez)y])
(1+ )UK + Ay, +E2)yT + uly; + Ez \Ez) —(A—u)(y; +Ez. )]
(1+ ) K+ u(y; + Ez)(y; + Ez)").

(5.2.5)

From this it is easy to derive an update of w, but an indirect method provides insight

and gives further information. The proposition below relates w to ¢ and ', and these can
be updated using the formulae from Chapter 3.

Proposition 5.6. With E and K as above, we have

XUXT:[YUYT YUZT}:[] —EMK 0 M I o0

zuy™ zuz' 0o I 0 zZUzT —ET 1] (5.2.6)

and

det(X UXT)=det(K) det(ZU ZT). (5.2.7)
Further, if K and ZUZT are positive definite, then

w, =&~ (5.2.8)
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Proof. The first equation follows from multiplying out the right-hand side, and then the
determinant formula is immediate by taking the determinant on both sides. If K and
ZUZT are positive definite, then all matrices in (5.2.6) are nonsingular, and taking the
inverses we obtain

<XUXT>‘1=[ iy H Kgl (ZU;T)*1 Hé 7 }

Now pre- and postmultiplying by x; gives

- K—l O +EZ

T Ty Ay = (T 42 TET e

&=x; (XUX")'x;=(y; +z E ZJ[ o (zuzTy! K Z; >
:(A)i+gi5

as desired. O

Notice that (5.2.8) provides an alternative proof of (4.3.1) when it applies, since (3.1.11)
shows u’& =n and #7 { ={ = n—k follows similarly.
From (3.1.8) we obtain an update of &;, and similar reasoning leads to an update of {;:

AE; N4
E(ny)= % G(ny) = (11/1? (5.2.9)
Then (5.2.8) gives
_ 1+ Ao,
w;(n,)= T 200 (5.2.10)

How should we choose the index i and the stepsize A? As for the minimum-volume
ellipsoid problem, we choose i according to the directional derivative of the objective in
the direction d = ¢; — . Using Proposition 5.4, we choose either i with w; maximum,
or i with #; positive and w; minimum. From (4.3.1), the largest cw; is at least kb and the
smallest corresponding to a positive #; is at most k. For the stepsize, note that

detK(u, (N) = (14+ ) (1 + pw,)detK
from (5.2.5), so that the objective function in terms of A is

7(4) = Indet(K (u,(A)))
= —kIn(1+ 1) +1n(1+ 2% ) + Indet(K) (.2.11)

1+AZ,

= —kIn(14 ) +In(1+ A&) = In(1+ AJ) + Indet(K).

Tts derivative is

ok & 4
Y(’1>__1+/1+1+A§i_1+/1{i
—k
= A —2bA+c),
(ES IS ES A +e)
where a .= ,{; >0, b :== —(; —% + (;—k <Qandc:=1— % Note that the term

multiplying the quadratic is negative for positive A and for A greater than —1/¢;. From
(5.2.11), we see that as long as w; is positive, so that {; < &;, 7(A) approaches —oo as A
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tends to —1/&; from above, so if its derivative is negative at 0, there will be a maximizer
between 0 and —1/¢;. On the other hand, if w, is zero, then y/(A) = —k /(14 A), so 7 is
maximized over feasible A at —#;. For now, assume the latter case does not arise, so that
we are concerned with the roots of the quadratic.

Suppose first ¢ < 0, so that w; > k and we wish to increase A. Then if 4 is positive,
ac <0, so the quadratic has one root of each sign, and we want to increase A to

*

c
S (5.2.12)
b—+vbr—ac
(we have chosen this form to avoid cancellation in the expression (b + v b2 —ac)/a). If a
is zero, we have a linear equation, with root ¢/(25), which is again given by (5.2.12).
Now assume ¢ > 0, so that w; < k and we want to decrease A. If —b < y/ac, then
the quadratic has either no roots or a repeated root, so the quadratic is nonpositive for all

negative A, and we use
A =—u,. (5.2.13)

On the other hand, if —b > y/ac, then there are two negative roots, so we set A to the
larger of these, if feasible, or to
X { ¢ } (5.2.14)
=max{—u;,, ————}. 2.
b—+vbr—ac

Finally note that, if w; =0, then ¢ > 0and =6 =, = \/(—lz = Jac, so that A* is
correctly set by (5.2.13) in this case also.

We remark that exactly the same quadratic arises if we set w;(#, ) to k, from (5.2.10).
Again, this is not surprising in view of the formula for the directional derivative in the
direction d;.

We are now ready to state our algorithms formally. As with the minimum-volume
problem, we distinguish a Frank-Wolfe/Fedorov-Wynn algorithm that only considers
positive A, and a Wolfe-Atwood algorithm that also allows negative A. Their names are
appended by “C” to indicate that these are for the ellipsoidal cylinder case.

ALGORITHM 5.1.
(FWC Algorithm)

Step 0. Choose # feasible for (D) and € > 0. Compute w = w(#) and (scaled) Cholesky
factorizations of XUX T, ZUZ", and K(u).

Step 1. Given the current iterate # and its associated w := (), compute €, :=
max,(w;, —k)/k, and let h =i attain the maximum.

If e, <€, STOP: u (with K(x) and E(u) = —(YUZTYZUZT)™") is e-primal feasible.
Otherwise, go to Step 2.

Step 2. Compute A* from (5.2.12) and update # « (1+ A*)7(u + A%¢)).

Step 3. Update  and scaled Cholesky factorizations of XUX T, ZUZ", and K(u), and
go to Step 1.

ALGORITHM 5.2.
(WAC Algorithm)

Step 0. Choose # feasible for (D) and ¢ > 0. Compute w = w(#) and (scaled) Cholesky
factorizations of XUXT, ZUZT, and K(u).
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Step 1. Given the current iterate # and its associated w := w(#), compute ¢, =
max(w;, —k)/k, with b = i attaining the maximum, and ¢_ := max,{(k —w;)/k :
u, >0}, with b = ; attaining the maximum.

If max{e ,e_} < ¢, STOP: u (with K(#) and E(x) = —(YUZTYZUZT)™) is e-
approximately optimal.

Otherwise, if €, > €_, go to Step 2; else go to Step 3.

Step 2. Compute A* from (5.2.12) and update # « (1+ A*)7(# + A*¢;). Go to Step 4.
Step 3. Compute A* from (5.2.13) or (5.2.14) with ; replacing z and update

= (1+ 1) (u+Xe;). Goto Step 4.

Step 4. Update w and scaled Cholesky factorizations of X UX T, ZUZT, and K(u) and
go to Step 1.

At the beginning of this section, we mentioned that after a slight modification, a scaled
factorization of X UXT automatically yields similar factorizations of ZUZT and K(#).
Indeed, suppose we switch the first & rows and columns of X UXT with its last ¢ rows
and columns. By rearranging (5.2.6), we obtain

zuz’ zUuyT }:[ I OMZUZT 0 }[1 —ET}

T _
XX _[YUZT Yuy” —E I o K Jlo I

and hence

zZzuzt o1 [ I © [ I ET
[ 0 K]_[E I]XUX[O 1}'

Suppose we have a scaled Cholesky factorization of X UX 7, which we write as
T
L 0 L 0
XUXT: 71LLT: 71|: Z i||: V4 i| ;
¢ ¢ Lxz Lk Lgz Lk

then from the equation above we obtain

ZUZT 0 1_ 1 L, 0 L, o 17V
o KT EL,+Lyy, Ly || EL,+Lg, Ly |
From this we deduce that $~'L, L7 and ¢~'Ly L] are scaled Cholesky factorizations of

ZUZT and K (and that Ly, = —EL,). Again, we note that, initially and at times of

refactorization, the Cholesky factorization of X UX7 is obtained by performing a QR
factorization of U'/2XT.

5.3 = Global convergence

In this section we prove global convergence of the FWC Algorithm and the WAC
Algorithm (with slight modifications). We also discuss complexity bounds.
Let €, denote €, for the FWC Algorithm and max{e ,¢_} for the WAC Algorithm

at the pth iteration. We will assume ¢, > € >0 for all p and seek a contradiction. In fact,
for technical reasons, we decrease ¢ if necessary to 1, so that

\/1—}-6214-%.

We will show that Indet(K) increases at each iteration by an amount related to € and
the stepsize A. However, just as we decreased ¢ if necessary, we find it convenient to
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analyze a possibly smaller (in absolute value) stepsize than the actual stepsize A, chosen
at the pth iteration. To simplify the exposition, let us assume for now that we are

considering the FWC Algorithm, so that the stepsize is positive.
Let us choose 0 < A’ < 1/k so that, for 0< A< A/,

In[(1—EA)(1+EA(1— A)(1+¢/3))] > keA/4 (5.3.1)

(which is possible since the derivative of the left-hand side with respect to A is ke /3 at 0).
We set ); = min{)p, A'}. Then, because we do not move past the maximum of 7,

Ag, = F(A,) = 70) = F(,) — 7(0) (53.)

Moreover, as we remarked before the statement of the algorithms, w; moves monotoni-
cally towards k as we move towards 4,,, so

(1+ X))o, - (1+ X))o,
I+ XEA+X,8) ~ (1+ X,8)%

k< w(u(X)= (5.3.3)

whence
1“}4&/(1“})%: (LX) (1 +e) < (1+2)/THe,. (5.3.4)
Combining this with (5.2.11) and (5.3.2), we find
Ag,> /eln(1+,1’)+1n<1+m,5)
zln((1+/1/)—’e[1+ 1&2‘)])

) kX, (14¢,)
1n<<1—/€/1p)[1+ WD (5.3.5)
n((1 —/exl;)

( )

A%

> In( [1+-2,(1-1,),/T+¢,])
> In((1—k ) [ 1+k4,(1—2,)VT+¢))

> In[(1—kX,)(1+ kX, (1= X, )(1+¢/3)]

Z/ed’p/4,

where the last inequality uses (5.3.1).
Since g is bounded above (e.g., by the value of any feasible solution to (P)), we deduce
that 35, A, converges. This implies that the A)’s themselves converge to zero, so that for

all large p they equal the A,’s, whence 3°, 4, also converges. From this, [T,(1+4,)
converges, since its logarithm is 37, In(1+ A,), which is bounded by >3, 4.

Now let fl.p and &7, denote the values of & and of the largest «fj at iteration p, and
let » be the maximizing index for iteration p + 1. Then, using (3.1.7), we see that

Eh =M <(142,)8) <(142,)Eh

so that from the previous paragraph, &1, is bounded above for all p, say by Z.
Since A, is the optimal stepsize, we have

_ _ (1+4,)e; (1+4,)e;
e =) = e T 40 S T AER

A%
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so that

1+/15>,/1+/1 1/1+/1)1+e)>1+— (5.3.6)

But this yields =4, > ¢/3, which 1mphes that the A,’s are bounded away from zero, a
contradiction. We have proved the following.

Theorem 5.7. For any positive €, the FWC Algorithm terminates in a finite number of
iterations with an e-primal feasible triple (u,K,E).

Now we consider the WAC Algorithm, which allows decrease and drop steps. For
this, we add a further requirement on A': for 0< A< A/,

1n<(1+kk)[1—%<1—§>]>2¥. (53.7)

(Again, this is possible since the derivative of the left-hand side with respect to A is ke /2
at 0.) Increase and add steps in the algorithm are analyzed exactly as before. Suppose we
now consider a decrease step at the pth iteration, so that the stepsize A, is negative. We

let X, :=max{A,,—A"}. Again, we do not move past the maximum of y, so that

Ag, = 7(A,)—7(0) = 7(X,)— #0). (53.8)

As before, «; moves monotonically (now upwards) towards k& as we move towards A 2> SO

]

o (1-1-/1’[])0)]- (1+/1;)w/
b2 o)) = T e+ 00~ AF A, (3.9)

1424204420 = [T+ X)) 6319

Combining this with (5.2.11) and (5.3.8), we find, in parallel with (5.3.5),

whence

Ag, = —kIn(1+X4,)+In(1+ 757 )

:1n(<1+xf)—k[1+ )
n((1—k2, 1+(ﬁi+(l_))]>

(1—kX,) :1+ \/%HD (5.3.11)

In<(1—/€)’p):1+\/% 1—ED

>tn((1—k2) 1+ %(1_9})
> kel /4,

\%
—

~

In

/N

A%

where the last inequality uses (5.3.7), since 0 < |4, | = —A), < A". We cannot guarantee
a particular increase at drop steps, since the decrease of #; is truncated at such steps, but
certainly Ag, > 0 for a drop iteration.
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We conclude that, since the increase in g is bounded, > |/1;| converges, where P
indexes the add, increase, and decrease iterations. As before, this implies that 35 [4,|
converges, and hence for any y > 1, so does > ;/|/1 |. Thus, as above, we deduce that
[Tp(1+ |4, ) converges. We want to bound all s to obtain a contradiction. For
add and increase iterations, (3.1.7) shows as above that &7, increases at most by a factor
1+ A, hence at most by a factor 14y 4,,. For a decrease or drop iteration, (3.1.7) shows
(using the Cauchy-Schwarz inequality) that &2, increases at most by a factor

1+ ) &7 4 e / b A
P h /1 é’P h 1+/1pé’/17

Thus if for a decrease iteration (1+4,)/(1+ 4, fjp) is at most 1+ y|A, |, the increase in

fmax is covered by the infinite product. We maintain a factor p by which the multiplicative
increase in £, might exceed the product of the 1+y|4,|)’s for add, increase, and decrease
iterations so far. To keep p small, we also decrease it as much as possible at add, increase,
and decrease iterations. If o ever exceeds y, we reject the decrease or drop iteration and
instead perform an increase or add step, terminating if necessary. Hence we have the

following

Modification to the WAC Algorithm

Initialize p := 1. At each decrease iteration p, multiply p by (1+4,)/[(1+ 4, fjp)(l +
yI4,D)]. At each drop iteration p, multiply o by (14 4,)/(1 + )p«fl.p). At each add or
increase iteration, multiply o by (14 A4,)/(14yA,). If the resulting p at any iteration

exceeds y, reject the decrease or drop step. If € < ¢, stop; otherwise perform an increase
or add step.

We choose y large (in our computational experiments, 1,000) to discourage the
intrusion of this modification. In any case, the algorithm thus modified generates iterates
with all £/, bounded by the infinite product times y, say 2. As above, this implies that
every add or increase iteration has A, > ¢/(3Z). Suppose the pth iteration is a decrease

iteration. Then, because we have an optimal stepsize, we find

(1+4,)w; (1+4,)w;
/e: U /1 = ]
wj(u(4,)) (1+/1P§]-)(1+/1p(/)§(1+/1},5j)2
so that
14+ 2,6 <4/(14+ 2 )? (14 )(1—e)§1—§. (5.3.12)

This gives 1—([4, |2 < 1—¢/2,s0 that |4 | > ¢/(2Z). Hence all absolute values of stepsizes
for add, increase, and decrease iterations are bounded below, contradicting the conclusion
above that the sum converges.

Note that, if the modification above is ever invoked to forbid decrease and drop steps,
we might terminate because ¢, drops below ¢; otherwise, both ¢, and e¢_ must drop
below €. We have therefore proved the following.
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Theorem 5.8. For any positive ¢, the WAC Algorithm modified as above terminates in
a finite number of iterations with an €-primal feasible triple (u,K,E). If the modification
is never invoked to forbid decrease or drop steps, then it terminates in a finite number of
iterations with an e-approximately optimal triple (u,K E).

The results above prove global convergence, but do not provide a complexity bound
on the number of iterations or arithmetic operations required to achieve a certain
accuracy. Indeed, it is hard to obtain such a bound, because there is no easy way to bound
the A S, and hence the increase in &1,.’s, for the initial iterations where the stepsizes

exceed A'. If we further assume that &7, is bounded for all p, say by Z, then it is possible
to prove a bound of the form C; 4 C, /¢ to obtain an e-primal feasible or ¢-approximately
optimal solution, using methods like those for the MVEE case. Here C; and C, are
constants depending on 72, 7, k, and Z.

5.4 = Local convergence

As with the MVEE problem, our aim here is to establish local linear convergence of the
algorithm with away steps, but now we need to make strong assumptions to ensure this.
Once again the analysis relies on a perturbed problem. We consider

M Rixt e st —Indet(#") (5.4.1)
(P'(x)) (y; +Ez)TH (y,+Ez))<k+4+x;, i=1,..,m o
Like (P’), this problem is nonconvex in (E,H’), but is equivalent by exactly the same
argument as before to the convex problem

ming.g, —Indet(Hyy)
(P(x)) xIHx; <k+x;, i=1,..,m, (5.4.2)
H>0.

We need to work with (P’(x)) because it is in the form of a standard nonlinear program-
ming problem and so standard perturbation results apply, whereas (P(x)) has an extra
positive semidefiniteness constraint.

Suppose we have a triple (#,K, E) that is d-approximately optimal. We then set

T L ifu; =0,
X (y;+Ez) K~'(y, +Ez)—k otherwise,
for i =1,...,m. Note that each component of x is at most % in absolute value, and that

nl x" = Z ux! = Z u(cw;(u)—k)=ulw(u)—kelu=k—k=0, (5.4.3)

1:1;>0 1:1;>0

using (4.3.1). We observe that it is necessary to have a d-approximately optimal solution
for this equation to hold; a d-primal feasible # will not suffice.
We now define H'(#):=K~! and

_[ H(@)  H®@WE
H(”)_[ ETH'(x) ETH'(u)E }

Then by definition, (E,H’(x)) is feasible in (P'(x*)) and H(#) is feasible in (P(x")).
Indeed, we have
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Proposition 5.9. (E,H'(u)) is optimal in (P'(x")) with Karush-Kuhn-Tucker multipliers
u and H(u) is optimal in (P(x")).

Proof. We have H'(u)™' =K = 3. u,(y;, + Ez)(y; + Ez;)T and E ZUZT =—-YUZT.
Hence the first two Karush-John conditions for (P/(x*)), (4.2.9) and (4.2.10), hold at
(E,H'(n)) with T = 1. Moreover, the third condition, (4.2.11), complementarity, holds
by the definitions of x* and H'(#). Then optimality holds as in the unperturbed case (see
Corollary 4.7). 0

We next bound how far (#,K,E) is from optimality, i.e., how far g(#) is from
the optimal value ¢* of (D). For this we again need the relationship between (P’(x))
and (P(x)), but we also need to make a strong assumption on (P’) in order to apply
perturbation results. We suppose that the strong second-order sufficient conditions hold
at an optimal solution (E*, H"*) to (P’) with associated Karush-Kuhn-Tucker multipliers
u*. These comprise the second-order sufficient conditions, linear independence of the
active constraint gradients, and strict complementarity—see, e.g., [28, 60]. Under this
assumption, there are neighborhoods N, of 0 and N, of (E*, H™, u*), and a continuously
differentiable function from N, to N,, giving the unique Karush-Kuhn-Tucker triple
(E(x),H'(x),u(x)) of (P'(x)) in N, (with (E(0), H'(0),#(0)) = (E*,H"*,u*)). Moreover,
the associated objective function ¢(x) of this solution (called the value function) is also
continuously differentiable, and its derivative at 0 is ¢(0) = —#* (Theorem 6 of [28]).

Proposition 5.10. Under the strong second-order sufficient conditions, there is a constant M
50 that, for every sufficiently small positive 0, every §-approximately optimal (u,K , E) satisfies

g —g(u) <M. (5.4.4)

Proof. Since (P(x)) is equivalent to (P’(x)), ¢ is also the value function of the former.
Moreover, because (P(x)) is convex, so is the function ¢, and since it is continuously
differentiable in a neighborhood of 0, —#* is also a subgradient of ¢ at 0, from which

gu)=(x") = $(O)+ (=) %"
— g* _(M* _ M)T%”
> & =l —u||[|x"]].

By definition, ||x"|| < y/mnd.

Now let us shrink the neighborhood N; if necessary so that, for x € N, linear
independence of the active constraint gradients and strict complementarity hold at
(E(x),H'(x),u(x)). Suppose ¢ is sufficiently small that x” lies in N;. Then (E,H’)
must be (E(x*), H'(x")). Indeed, if not, there would be two different optimal solutions
of (P'(x")) and hence two different solutions H and H(x") of P(x")). But since the
latter problem is convex, any convex combination of these is also an optimal solution,
so there are distinct optimal solutions arbitrarily close to H(x*). These give distinct
optimal solutions to (P'(x"*)) arbitrarily close to (E(x"),H’(x")). Because of strict
complementarity and linear independence of active constraint gradients, the associated
multipliers must be arbitrarily close to #(x"). But this contradicts the uniqueness of
Karush-Kuhn-Tucker triples in the neighborhood N,. It now follows again from linear
independence and strict complementarity that # = u(x").
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Since #(x) is continuously differentiable in N, we can find a constant L so that
[l — 7| =[] (x") — u (O)] < L] |,
and hence (5.4.4) holds with M := Lmn?. a0

For the MVEE problem, inequality (5.4.4) sufficed to obtain linear convergence,
because we had a strong bound on the increase of g at each iteration. Here we need
to make a further assumption: that £/, the largest component of &, at the pth iteration,
is uniformly bounded, say by =. In this case, if we choose p sufficiently large, the
modification to the WAC algorithm will never be invoked, and so it will converge to
a d-approximately optimal solution for any positive ¢.

We need (5.3.1) and (5.3.7) to hold, not just for a particular ¢, but for all sufficiently
small ¢, say those at most 1. Let us also assume that

€

<
/1_36/e<

. (5.4.5)

| =

Then (5.3.1) holds if
1=k kA (14 5) =k (145) =822 (14 5)+£20 (145) Zexp<kT€/1>.

The left-hand side is at least 1+ keA/3 —2k* (1 +¢€/3) > 1+ ked/3—(8/3)k*A%. The
right-hand side is 14+keA/4+k£* A% (2 /32+k A [192+4---) < 1+ keA/4+ k> A% /3. Hence
the left-hand side is at least the right-hand side as long as ke A/12 > 3k2 A2, but this follows
from (5.4.5).

Now we consider (5.3.7), which holds if

(1+/e/1)[1— %(1—%)} Zexp<kT€/1>.

For A< 1/2,1/4/1— A< 14+, so the left-hand side is at least 1+keA/2—(1—¢/2)(k2 22+
kA2 +k? %) > 1+ked/2—3k* 2%, while as above the right-hand side is at most 1+keA/4+
k*A%/3, so (5.4.5) also implies that (5.3.7) holds.

We can now show linear convergence under the strong assumptions we have made. We
choose € <1 so that every d-approximately optimal (#, K, E ) satisfies (5.4.4) for § < €. It
takes a finite number P of iterations for the WAC algorithm to find an ¢’-approximately
optimal solution. We next bound the number of iterations required to go from an ¢’
approximately optimal solution to an €’/2-approximately optimal solution, and from an
¢’ /2-approximately optimal solution to an ¢’ /4-approximately optimal solution, and so
on.

Suppose we have a d-approximately optimal solution as our current iterate for § < €’.
From now until we obtain a §/2-approximately optimal solution, we will have €, > 6/2.
We can choose A" := 6/(72k) to ensure that (5.3.1) and (5.3.7) will hold forall0 < A < X
for € = /2. Then for every add or increase iteration, the analysis in (5.3.5) with € replaced
by 6/2 yields

Ag, >k, [8.

Moreover, A" = §/(72k), and from (5.3.6), A, > §/(6Z). Thus A}, is at least some constant
multiple of 6, and hence the increase in g is at least some constant multiple of &°.
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Similarly, for a decrease iteration, the analysis in (5.3.11) yields
_ /
Ag, > 315

and from (5.3.12), |4,| > §/(4Z). Thus again we have that the decrease in g is at least

some constant multiple of 6. Finally, the number of drop iterations in this phase of the
algorithm is bounded by 7 plus the number of add iterations, and we can conclude from
Proposition 5.10 that at most a constant number of iterations are required to go from a ¢-
to a /2-approximately optimal solution.

Now the number of such phases needed to achieve an e-approximately optimal
solution is log,(¢ "), so we have proved the following.

Theorem 5.11. Under the assumptions
(a) the strong second-order sufficient conditions hold at an optimal solution of (P’)
(b) the quantities &L, are uniformly bounded for all p; and
(c) the modification of the algorithm is never invoked to forbid decrease or drop steps,
the (modified) WAC Algorithm obtains an €-approximately optimal solution in at most

P+Qlog,(e")

iterations for some data-dependent constants P and Q.

5.5 = Rank deficiency

In the last three sections, we have assumed throughout that ZUZ” remains nonsingular,
and our algorithms and analysis have used that fact. Here we will discuss the case where
ZUZT becomes singular. It turns out that this can only happen at drop iterations, and at
these a serendipitous condition holds: while many direction matrices E are possible after
the iteration, the previous E is always a possibility. This theoretically allows the iterations
to continue, but as we shall see, the algorithm can fail.

Example 5.12. Let us consider Example 5.1 again. Recall that &£ =1,
2 3 3
X= [ 0 1 —1 ] :
Suppose we are at # := (0.9;0.1;0), close to the point (1;0;0) of nondifferentiability. Then

XUXT—[ 45 03 }

03 0.1

Then £ =—3 and K =4.5—3(0.3) = 3.6, and so

2(3.6)12=10/9> k= 1;

B+()NEE) B+ (3))=0<k=1,

(+(3)—D)3.6) 13+ (=3)—1) = 10> k= 1.

Suppose that, instead of increasing # (since w5 > k), we choose to decrease #, (since

w, < k). A simple computation shows that the quadratic determining the stepsize has a
repeated root, so we set A* = —u, and move to » = (1;0;0). At this point,

XUXT:[ 4 O]

0 0
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so that ZUZT = 0 is singular. However, E = —3 still satisfies E ZUZT =—YUZ", so
we will use this. Then K =4, and so

:( 2=1=k;
B+(BHG+(=3))=0<k,
B+ (DTG +(=3)(=1)=9> k.

The algorithm then prescribes that we should increase #; and move in the direction
(—1;0;1). But recall from Example 5.5 that this is a direction of decrease for ¢ and so is
the other direction (—1;1;0) that results in a rank-one update. We could decide to take a
short step in the direction (—1;0; 1) to move away from the point of nondifferentiability,
say to (0.9;0;0.1). But then the same problem occurs if we decide to decrease us;
the computations are almost identical, with the off-diagonal entries of X UX7, and E,
changing sign. |

In this example, £ = 1 for simplicity. We have constructed similar examples for & =
2. So far, to obtain cycling, our examples require us to take a nonstandard choice of
component, but it seems quite possible that examples can be found where the standard
rules of the WAC algorithm lead to cycling.

Let us examine further the case of a drop in the rank of ZUZ”. The following two
results are useful.

Proposition 5.13. Let Z =[z,,2,,...,2,, | € R and let u € R” be nonnegative. Then
range(ZUZT)=span{z, : u; > 0} and so

rank(ZUZ") = dim span({z; : u;, > 0}).

Proof. Indeed, it is clear that the range of ZUZT is included in the span of those z,’s with
u; positive. But every such z, lies in the range of ZUZT by Proposition 4.15. O

It follows that a drop in the rank of ZUZ” cannot occur in a decrease iteration. It
could occur in an add or an increase iteration if the corresponding = were 1, so the next
u is a unit vector. But then X UXT and hence K have rank at most one, which is only
possible for & = 1. Since this is a special case that can be dealt with by linear programming
techniques, we ignore it, so that a loss of rank can only occur at drop iterations.

So let the current iterate # be such that K(#) is nonsingular, so that # has at least two

.. A . 1 A
positive components. Suppose ZU Z is nonsingular, and let # := 7(% —iie.), so that

1 757
x; is dropped, and suppose ZU Z T issingular. Then0 < 7 j < 1. There are many solutions
to YUZT =—E ZUZT, but one is particularly easy to find.

Proposition 5.14. Let # and u be as above, and suppose YUZT = —E ZUZT. Then we
have R

(@) yi+Ez; =0

b YUZT = —é ZUZT;

(©) K(#)= ——K(#); and

(d) ”,{( )

1—4;

J
1.
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Proof. First note that # = (1—;)u + 4;e;, so that ZUZT =(1— n)ZUZT + ﬁ/Z/Z]T.
Since ZUZT is singular, there is a nonzero w with ZUZ” w =0, and then

0#£ 2077w = (l—ﬁj)ZUZwa +b?]~z]-z]-wa = ﬁj(z]-wa)Z/,

so that Z]Tw is nonzero. Also, wTZUZTw = 0, whence UY2ZTw = 0, and so

YUZTw=0.
Now we have

ﬁ]-(y]- +EAzj)z]-wa = ﬁ]-y]-z]-Tw + ftjEAz]-z]-wa
:(1—»?/)YUZTw+ﬁ/y]-Z/Tw
+(1—ﬁj)ﬁ ZUZTw+ﬁ/ﬁzjz]Tw
=YUZTw+E ZUZTw=(YUZT +E ZUZ")w=0.
Since 12/- and Z/.Tw are nonzero, part (a) follows.

Next,
0=YUZ"+E 2077
=(1—2)(YUZT+E ZUZT )+ i, (y;2] +Ez;2])
=(1=8)(YUZ"+E ZUZT )+ ii,(y; + L2))2] =(1—a)YUZT +E ZUZT)

by part (a), and so part (b) is proved.
We can now use the same axis matrix for # as for #, so that

Ku)=YUYT+E ZUY7

1 A A A A A
=——YUY +EZUY " —i;(y;5] +Ezy]))
1—M]v
- k@ Ez)pT)= —— K
=1 K@) —#;(y; +Ez)y;) = —K(a),

proving (c).
Finally, we find

0=de((ZUZ")=(1—4,) " de(ZUZ" — it z;z])

(1—2;)" det(ZUZT)(1—4,{(#)

~

by the rank-one update formula, which shows part (d). Note that in fact, 4,{; = 1 is
a sufficient condition for dropping x; to lead to rank deficiency, as well as a necessary
condition. 0

It is possible that many indices ; lead to rank deficiency, and then an extension of
the above result shows that all such ;j can be dropped simultaneously, with analogous
properties.

These propositions give us very useful information about rank deficiency. Part (a)

might seem to imply that losing rank is exceptional, but in fact this occurs whenever z;
s and so may

>

does not lie in the span of the remaining z,;’s corresponding to positive #;
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take place with a sparse #. If it does occur, part (a) shows that «; is zero, as observed in
our example, and (b) then indicates that the same E can be used after the drop. Parts (b)
and (c) show that all quantities w; will be scaled up by 1/(1—#;) after the drop. Hence
we can detect beforehand whether dropping x; will lead to an e-approximately optimal
solution for an acceptably small e.

If not, it may be unwise to proceed with the drop, as it could lead to cycling. In fact,
such a step is proscribed by our modification. Note that, since &; =}, (5.2.9) shows that
&; approaches infinity as A approaches —; from above by (d). So unless we are going to
terminate after the drop, we should choose a different component to adjust.

5.6 = Computational results

Here we will give some results of computational experiments performed with the
algorithms of this chapter. We have conducted a number of experiments, but here we
confine ourselves to the same set of 5,000 points in 200-dimensional space as in Section
3.8. Our basic method is the WAC algorithm with Kumar-Yudirim initialization, which
doesn’t exploit knowledge of the dimension & of y-space, but seems to perform adequately.

If we choose tolerance ¢ = 1077 and solve all problems with & increasing from 20 to
200 in increments of 20, we see a number of iterations between 1,464 and 2,870 and times
between 2.2 and 6.7 seconds, generally decreasing with k. In all cases, linear convergence
is apparent, taking hold almost from the first iteration, and the modification to ensure
global convergence was never invoked. If we decrease the tolerance to 10719, the number
of iterations increases to between 2,117 and 4,209, and the time to between 3.5 and 9.7
seconds, with no slowing of the linear convergence rate.

For k = 200, the algorithm coincides with the WA algorithm for the MVEE problem,
so for € = 107 we see the same 1,514 iterations, but now taking 2.2 seconds. This is
essentially the same as the algorithm for the MVEE problem when the elimination of
points is disabled. For the MAEC problem with & < 7, we have no effective technique for
identifying points that can be eliminated; if we try to extend the argument of Harman and
Pronzato [41] in Section 3.6, we find that we can still obtain bounds on the eigenvalues of
M :=(Hyy ) /> (H; )Y (Hyy)'?, but these do not enable us to bound w; (#) for essential
points x; because of the difference between E and E*.

Let us focus on the case with & = 100. Then with ¢ = 107, the algorithm took
1,691 iterations and 3.4 seconds, while for ¢ = 107'°, these increased to 2,374 and 5.0.
For the tighter tolerance, there were no drop, 1,066 decrease, 330 add, and 1,178 increase
iterations—this shows the effectiveness of the Kumar-Yildirim scheme in choosing a good
set of initial points. Figures 5.1 and 5.2 show the convergence for the looser tolerance,
as in Section 3.8. The first depicts maxw; and min{w; : #; > 0} after the first 25
iterations, while the second shows the linear convergence of the error € := max(max(w, —
k)/k,max{(k—c;)/k : u, >0}), plotted on a log scale.

Now, as in Section 3.8, we apply some variations to the algorithms and note their
effects. If we use the Khachiyan initialization, we need 6,850 iterations (4,670 drop, 750
decrease, no add, and 1,430 increase) and 12.3 seconds to achieve ¢ = 1077, If we use the
FWC algorithm with no away steps, we need 28,935 iterations and 50.9 seconds to reach
the modest tolerance of 1072, and 281,107 iterations and 493 seconds to reach ¢ = 1073
with the Khachiyan initialization. These figures improve to 11,672 and 19.9 (for ¢ = 1072)
and 110,523 and 193 (for € = 107°) if the Kumar-Yildirim initialization scheme is used.
We observe again the 10-fold increase to obtain a reduction in € by a factor of 10. But
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Figure 5.1. Convergence of max w; (blue)and min{w; : u; > 0} (red).
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Figure 5.2. Linear convergence of the error.

note that the WAC algorithm with the latter initialization only needs 546 iterations and
1.2 seconds, or 763 iterations and 1.5 seconds for these relaxed tolerances.

We conclude that the WAC algorithm is highly effective for the MAEC problem, as is
the WA algorithm for the MVEE problem, in spite of its weaker theoretical convergence
properties.

5.7 = Notes and references

The algorithms in this chapter, like those of Chapter 3, are based on the Frank-Wolfe
method and its variant with away steps. In the case of the MAEC problem, as related to
D, -optimal design in statistics, they were independently developed by Wynn [86] with
a fixed stepsize and Fedorov [27] with an optimal stepsize. Atwood [9] pointed out that
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Fedorov’s convergence analysis failed to treat the case where ZUZT is singular at the
limiting #, and provided a rigorous global convergence proof, which we have adapted
here.

Atwood also introduces away steps in his paper and claims that his convergence proof
carries over, without taking into account that the increase of &1, is not controlled in this
case. Our analysis corrects this by a suitable modification of the WAC algorithm.

Our analysis of local convergence is based on that in Ahipasaoglu [2] and Ahipagaoglu
and Todd [4], only slightly simplified. These references also provide a global complexity
bound under the strong assumption that &7, is uniformly bounded. Further, they treat
the case of rank deficiency, developing an algorithm whose iterates # may fail to have
XUXT nonsingular while maintaining information allowing the algorithm to proceed,
but the example of cycling here is new.
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Chapter 6

Related Problems and
Algorithms

In this final chapter we discuss three problems related to our main study of minimum-
volume containing ellipsoids or minimum-area containing ellipsoidal cylinders.

First, we consider approaches to ﬁndmg good approximating elhp501ds when some of
the points may be contaminated with noise. Two posmbﬂmes arise: in one, we seek an
ellipsoid that contains a certain fraction of the points, but this is a hard combinatorial
problem. Hence we address an alternative formulation due to Gotoh and Takeda [36],
which roughly requires that the average of the ellipsoidal distances, among those in the
highest (1— /) fraction, be no greater than 7. This is related to the notion of conditional
value-at-risk in finance, as the first approach is related to the traditional concept of value-
at-risk. We provide a dual problem and duality and optimality theorems, and discuss the
possibility of efficient first-order methods. We also show that the general problem reduces
to the centered problem as in the usual minimum-volume ellipsoid problem.

Second, we discuss minimum-volume enclosing parallelotopes, as we hinted at in the
opening chapter. Here we do not give algorithms to obtain optimal solutions, but provide
some bounds from simple constructions.

Third, we consider a polar problem: given a bounded polyhedron defined by inequal-
ities, we wish to find a maximum-volume inscribed ellipsoid. Although the centered
problem reduces to the MVEE problem, the general version seems considerably harder.

6.1 = Conditional minimum-volume ellipsoids

Suppose we are given m points xy,...,x,, in R” satisfying assumption (2.1.2), as in Chapter
2. Associated with a positive definite / € S”, we have the 7 quantities p; := x| Hx;,
i =1,...,m. When we consider the MVEE problem, all these p,’s must be at most 7. But
suppose some of the points are subject to noise. Then it might be reasonable to allow some
outlying points to be ignored and to consider the S-minimum-volume ellipsoid (3-MVE)
problem
mmHes,,JC{ ))))) ) —Indet(H)
xl.THxl- <n forallie],
U =pm,

where 8 € (0,1) determines the fraction 1— /3 of points that can lie outside the ellipsoid
E(H). Clearly, for S > 1—1/m, this problem is equivalent to the MVEE problem.
Note that, for the S-MVE problem, we need to strengthen our assumption above and
suppose that every collection of at least Sm points spans R”. This problem has been

89



Downloaded 07/15/16 to 132.239.1.231. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

90

Chapter 6. Related Problems and Algorithms

considered by many statisticians; see, for example, Rousseeuw and Leroy [67]. However,
the combinatorial nature of its constraints causes algorithmic difficulties, and the available
algorithms either use heuristics or branch-and-bound; see, e.g., Agullo [1].

Instead, we will study here the [-conditional minimum-volume ellipsoid

(B-CMVE) problem, defined as

minHeSﬂ,aeR,zeRf: f(H) :=—Indet(H)
(P) xiTHxi < a+z, 1=12,...,m, 6.1.1)
a+ meTz <n

for 8 €[0,1). This problem was introduced by Gotoh and Takeda [36]. The constraints
above were modeled on those used by Rockafellar and Uryasev [65] in their discussion of
conditional value-at-risk.

To explain these constraints, note first that in any optimal solution, the last constraint
must hold with equality; otherwise, o can be strictly increased, and hence H can be
multiplied by a factor strictly greater than 1, while maintaining feasibility. But this would
improve the objective. Similarly, for any fixed values of the p; := x/ Hx,’s in an optimal
solution, @ and z must be chosen subject to @e +2z > p to minimize a+e” z/[(1—B)m].
Hence each z; is the nonnegative part of p, —a.

Suppose for now that 3 is positive, and first that Sm is an integer, say k. For
simplicity, assume the p,’s are in nondecreasing order. If « < p,, we can increase a by
a small amount, say ¢, and decrease each z;, 7 > k, by ¢, and maintain feasibility. In so
doing, a + e z/[(1— )m] increases by (1 — (m —k +1)/(m —k))e < 0. Similarly, if
a > p,, we can decrease @ by some € > 0 while increasing each z; for p;>abye Inso
doing, @ +e”z/[(1— B)m] increases by at most (—1+ (m — k)/(m —k))e = 0. Hence,
without loss of generality, @ = p;, in an optimal solution. Then z; is zero for i < k and
equal to p; —a for i > k, so that

1, 2@t z) i

+(1—ﬂ)me § m—Fk m—k’

o4

the average of the values of the p;’s larger than the S-quantile.
If Bm is not an integer, we let k£ denote the ceiling of Sm. Similar reasoning to that
above shows that again @ must be p;, in an optimal solution. We can then write

N L7, (k—pm)a+31(atz) (k—Lm)a+3;
(1=Bym" ~ (1=pB)m - (1=pB)m ’

which we can view as an average of the m —Fk largest p,’s together with a fraction k— Sm

a

of the (m — k + 1)st largest. This is a natural way to generalize the average of the p;’s
larger than the [-quantile when this does not fall on an integer. If 1—1/m < 3 < 1,
we obtain a bound on the largest p;; in other words, all points must lie in £(H) and the
problem reduces to the MVEE problem. For smaller values of 3, this constraint on the
average of the largest values of x Hx; clearly relaxes this requirement and hence accounts
for outliers.

If B =0, asimilar argument to that above shows that, without loss of generality, « can
be taken as the smallest x/ Hx;, and then o + 3"z, /m is just the average of these values,
which can be no greater than 7. As shown by Gotoh and Takeda, the problem is then
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easily solved via its optimality conditions, and results in

.x.x_T -1
H:<Zl 177 > ,
m

the inverse of the sample variance of the points.

In the next subsection, we develop the dual of problem (P), then we discuss the
generality of just considering the centered version of the problem, and finally we consider
algorithms. The development parallels that of the simpler MVEE problem, so we will be
brief, but the details are easy to fill in.

6.1.1 = Duality

Let us write y for [(1— B)m]™!. We say (H,a,z) is feasible in (P) if it satisfies the
constraints and the objective is finite, so that X UX7 is positive definite. We apply
Lagrange multipliers # €R’? and A € R to the constraints in S-CMVE to obtain

L(H,a,2,n,2) :=—Indet(H)+ H e XUXT —aelu—u"z+ Na+ye z—n)
= [—Indet(H)+ H e XUX T+ [a(A—eT u)]4+[2T (Aye—u)]—

Minimizing the first term with respect to H € 8" gives Indet(XUXT) + n (using
H = XUXTY Y if XUXT is positive definite, and —oo otherwise; hence we obtain
Indet X UXT)+n.

Minimizing the second term with respect to @ € R gives 0 (for @ =0, say) if e u = A,
and —oo otherwise, and similarly minimizing the third term over nonnegative z gives 0
(for z =0) if # < Aye, and —oo otherwise.

Thus the Lagrangian dual max, eR7 JeR, MNyesn ger serr LIH, @, 2, 1, A) reduces to

max  {Indet(XUXT)+n—nel u}.

0<u<y(eTu)e

Just as in Chapter 2, if we replace # by # := uu, where x> 0and e # =1, we find that
the optimal y is 1, and so we reach the dual problem

max  g(u):=Indet(XUXT),
(D) elu=1,
u < ye,
u > 0.

Note that this is exactly the dual of the MVEE problem with the addition of an upper
bound of y on each component of #. If 5> 1—1/m, y is at least 1 and these upper bounds
are superfluous, while if 8 =0, y = 1/m and the only feasible solution is # = ¢/m. We
say u is feasible in (D) if it satisfies the constraints and yields a finite objective value, so
that X UX7 is positive definite. We remark that this problem might also arise in optimal
statistical design, if it is desired to restrict the proportion of observations made at any
individual data point x;.

We now give a short proof of weak duality to highlight the conditions for optimality.

Proposition 6.1. If (H,a,z) and u are feasible in (P) and (D), respectively, then
S (H) = g(u).
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Proof. The argument is very close to that for Proposition 2.1. First,

HeXUX" =% uxHx, <3 u;(a+z)
—aelu+ulz Sa-i—yeTZ < n.

The rest of the proof proceeds exactly as in Chapter 2, using the eigenvalues of
HXUXT. O

Note that strong duality holds iff H = (XUXT)™', u; positive implies x] Hx; =
a+z;, u; <y implies z; =0, and @ +yelz =n.
Our next task is to show that strong duality does indeed hold.

Theorem 6.2. Under assumption (2.1.2), (P) has an optimal solution (H*,a*,z*) with H*
unique, (D) has an optimal solution u* with X U*X " unique, and f, = f(H*,a*,z") =
gln)=:g".

Proof. Consider (P). We have shown above that, if it has an optimal solution, it has
one with o nonnegative. Hence we can add the redundant constraint o > —1. With z
nonnegative and the last constraint, this implies that the set of feasible (a, z)’s is compact.
Also, a+z; is bounded above, say by K, for all feasible solutions. Thus all the points x; lie
in the ellipsoid £((n/K)H ). Next, as in Chapter 2, we see that we can add the redundant
constraint —Indet(H) < —Indet(e]) for some positive € so that H = €[ is feasible for some
@, z. Then the objective function is continuous on this modified feasible region.

By (2.1.2), for each j, ue; is a convex combination of the points %x; for some positive
. Hence we obtain a uniform bound on the spectral norm of all feasible H exactly as in
the proof of Theorem 2.2. Now we can again apply the Weierstrass theorem to conclude
that there is an optimal solution for (P). Moreover, the strict convexity of —Indet implies
that H* must be unique.

The objective and constraints are differentiable in the neighborhood of the optimal
solution, so we can use the Karush-John optimality conditions at (H*,a*,z*). These
imply that there are nonnegative multipliers, not all zero, 7 for the objective function, #;
for the ith constraint in (P) for = 1,...,m, and A for the last constraint, with

—t(H) '+ 30, u,x; xl.T =0,
A—elu =0,
Aye—u >0,
ul-(xl.TH*xl- —a*—z') =0, i=1,...,m,
Mo +yelz—n) =0,
zH(Ay —u;) =0, i=1,....m.

(6.1.2)

Note that we have ignored the redundant constraints we added, since they are not tight
and the associated multipliers are zero. Also, we have eliminated the multipliers for the
nonnegativity constraints on z, instead using the inequalities and the last equations in
6.1.2).

Taking the trace product of the first equation with H* gives —tn+>", u, H* e x;x
0, so we obtain, using the remaining conditions,

™ = E ul-xl-TH*xl-
i

—aelu+ulz*

T _
;=
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=" A+u'z*
= Aa* +;/eTZ*)
= An.

First, if 7 = 0, (#,A) must be nonzero, so some #; must be positive, and so A must be
positive, contradicting the equation above. Hence T must be positive, and by scaling, we
can assume that it is 1. Then the equation above gives A = 1, and then we see that # is
feasible in (D). Moreover, the conditions above imply that equality holds in the weak
duality inequality we derived above, so that # is optimal in (D). Since the feasible region
of (D) is convex and Indet is concave, X UX 7 must be unique. 0

6.1.2 = Relaxing the centered restriction

Above we have assumed that we are seeking a centered ellipsoid related to the points x;
in R”. However, we may be more interested, as were Gotoh and Takeda, in finding a
possibly noncentered ellipsoid. Suppose we have 7 points y; in R¢ whose affine hull is
R?. As in Section 2.3, we define x; == (y;31) €eR" for i =1,...,m, where n :=d + 1.
Then the x;’s span R”. If we form matrices Y and X from these vectors, we have

x=[ 1]

We would like to choose Hyy and 3 so that “€(Hyy,7) captures the average of the
farthest (1 — B)m points y;” or more precisely, to minimize —Indet(Hy ) subject to
(9,—9)T Hyy(y,—7) < a+z, foralli and a+ye” z < d for some @ and nonnegative z. The
following result shows how these quantities can be obtained by solving the corresponding
centered problem for the x;’s.

Theorem 6.3. With the assumption and notation above, suppose that u* and (H*,a*,z*)
are optimal solutions to (D) and (P), respectively (defined using the points x;, i = 1,...,m),
so that H* = (X U*XTY~\. Then the unique solution to the noncentered problem above for
the y;’s is Hy.y equal to the leading d x d submatrix of H* and y = Yu".

Proof. First consider an arbitrary feasible solution (Hy,7) to the noncentered problem.
Then, for some @ and nonnegative z, we have
- T - .
i =7) Hyy(yi—=y)Sa+z, i=L...m,
a4+ }/eTZ <d,

or

T A
Vi I 0 Hyy 0 I —y Vi -
< | > [_JA}T 1 ][ 0 1 0 1 | <(a+1)+4z, 1=1,...,m,

(a4+1)+yelz<n.
This shows (H,a + 1, z) is feasible for (P), where

‘_ 1 0 Hyy O I —y
m=l e 2 T e 7]
_ [ HYYA ; _fr"£}/}/39 . }
—(Hyyy)" 149" Hyyy
Note that det H = det Hyy, so that —Indet(Hyy) = —Indet(H) > —Indet(H*).
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Now suppose that (H*,a*,z*) and #* are optimal for (P) and (D), respectively. Then
we know from strong duality that

H>:< — <XU*XT>—1

([ 7 YUY =557 o[ L O -
<3 10][ (YUSYT%J[(?}T 11D—
- 5 0l SR Fal

0
where y := Yu*. Let us set Hy,, := (YUY T —557)7!; we note that this is the leading
d x d principal submatrix of H* and that det H* = det H;;, so that —Indet(/,) =
—Indet(H*).
Now (H*,a*,z") is feasible in (P), so

T * -
oy Tl 90 )0 )sw e izt
a*+}/eTz*§n,

or

(yi_J-’>TH;Y<yi_J7)S<a*_1)+Z;<s i:l,...,m,
(" —1)+yel 2 <d,

so that (Hj,,,,y), with o* —1 and z*, satisfies the constraints above. Hence these values
are optimal, and uniqueness follows from the same arguments, using the fact that 4%, and
hence the last column of its inverse, are unique. a

6.1.3 = Algorithms

Gotoh and Takeda [36] developed an interior-point method for the S-CMVE problem,
actually a more general noncentered version where —Indet(Q) is minimized and ||Qx; —
q|? replaces xT Hx; in the constraints. Their algorithm is based on the dual reduced
Newton method of Sun and Freund [77]. They provide encouraging computational
results for moderately sized problems. Using our reduction to the centered case should
provide a more efficient version of their method.

However, since (D) is a simple modification of the dual of the MVEE problem, it
is tempting to devise a coordinate-ascent-like algorithm, as in Section 3.1. There we
proposed increasing or decreasing a single component of # and then rescaling the result.
Here this leads to problems: our current iterate # will have some components zero, say
for j € J; some between 0 and y, say for indices k£ € K; and some equal to ¥, say for indices
¢ € L. We would like to be able to increase a component indexed by j € J, increase or
decrease a component indexed by k € K, or decrease a component indexed by ¢ € L.
After any of these changes, we need to rescale to maintain e’ # = 1; but if we scale all the
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indices, those in L will no longer be at the upper bound y, while if we scale just those in
K, this will not lead to a simple rescaling of the matrix X UX 7.

Let us instead view such a method as a Frank-Wolfe algorithm, or the variant with
away steps. Then at each step we would maximize or minimize a first-order Taylor
approximation to the objective over the feasible region, leading to an extreme point.
These have the form of a vector with at most one component between 0 and y, with
the rest 0 or y, and it is easy to find the appropriate extreme point after sorting the
components of the gradient vector. However, moving either towards or away from such
an extreme point leads to a high-rank correction to X UX T (which cannot be decomposed
into a low-rank correction followed by a scaling), and hence we cannot find an optimal
stepsize in closed form or cheaply update the objective and its gradient.

Hence a very simple change to the dual problem makes a drastic change to the
efficiency of such a first-order method, and we can therefore only recommend a variant of
the interior-point method for solving the S-CMVE problem. We will not provide further
details here.

A little work shows that (P) above can also be written as

ming, —Indet(H)
max,, . (H eXUXT)<n,

where Q := {# € R” : e = 1,0 < u < ye}. This follows a standard way of viewing
conditional value-at-risk as a coherent risk measure (see Artzner et al. [7]). Gotoh and
Takeda (private communication) note that the problem above gives a generalization of the
minimum-volume enclosing ellipsoid problem for any set Q of probability distributions,
with dual problem

max{Indet(XUXT): u € Q}.

However, Frank-Wolfe-type methods will be inefficient for any such problem unless Q
is the set of all probability distributions.

6.2 = Approximating by parallelotopes

We next turn to approximating the convex hull of 7 points x; in R” by a small enclosing
parallelotope, the affine image of a hypercube or box. Equivalently, we wish to find a
nonsingular affine transformation, x — Ax + 4, so that the image of each x; lies in the
unit hypercube, and so that the inverse image of this hypercube is small. If we measure
size as with ellipsoids by the volume, we are led to the problem

MiNy R dee aoucks  —IndetA, _
(P) [|Ax; +allo <1, 1=1,...,m.

This is because the inverse transformation, z — A~(z — a), multiplies volumes by
|det A~!|, and we can assume the determinant is positive without loss of generality since
the signs of the first row of A and of 4 can be switched without affecting feasibility. We
can also consider the centered variant, where we wish to enclose the points in the linear
image of a hypercube centered at the origin—then we merely set a to zero in the above
problem. At first sight, this problem seems very similar to the MVEE problem and we
might hope that similar duality results, optimality conditions, and efficient algorithms
could be developed. However, there is a fundamental difference: on the set of possibly
nonsymmetric matrices with positive determinant, the function A — —Indet4 is not
convex. This is easily seen by considering
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1 —1 11 1, 1
AP_[l 1} AT_[-q 1}’md?ﬁ+§A”

which have determinants 2, 2, and 1, respectively. Thus we give up our hope of
obtaining optimal parallelotopes, and instead develop efficient algorithms to obtain good
approximations. We measure the quality of approximation by the ratio of circumscribed
and inscribed parallelotopes, as we did with ellipsoids. However, our bounds are far from
optimal: see the “Notes and references” section.

Let us start with the centered case, where each x; represents the pair of points £x;. We
let X be the matrix with columns x;, and X be the convex hull of £x,,7 =1,...,m. We

can then apply the BH Algorithm (see Section 3.2) to find 7 points z; among the x;’s so
that the convex hull of +z;,7=1...,n, has volume at least 1/7! times that of the convex
hull of X. Note that the former set is a crosspolytope, and is the union of 2” simplices
with vertices the origin and one of z; and —z; for each j; each of these simplices has the

same volume, | det Z|/n!, where Z is the matrix with columns z;.

Let us choose a tolerance € € (0,1]. We now generate a sequence of nonsingular 7 X 7
submatrices of X, Z;, k =0,1,...,K, with Z; := Z, as follows. Given Z,_,, we look for
the largest entry in absolute value of Z, !, X If this is no larger than 14-¢ in absolute value,
we terminate. Otherwise, if it occurs in row 7 and column 7, we replace the ith column
of Z,_; by x; to obtain Z,. We note that the absolute value of the determinant of Z,, is at
least 1+ € times that of Z, ;. Analogously, the simplex with vertices the origin and the
columns of Z,, and the corresponding crosspolytope, have volumes that have increased
by at least this factor. Since the initial volume is at least 1/7! times that of X, the algorithm
terminates within Inz!/In(14¢€) < nlnn/(e1n2) steps, each requiring O(nm) arithmetic
operations.

Geometrically, at each iteration the columns of Z "' X are the points x; after the linear
transformation represented by Z, ', . The current simplex is transformed into the convex
hull of the origin and the canonical basis. The condition for continuing the algorithm
is that there is a transformed point with a component, say the ith, greater than 1+ ¢
in absolute value, and it is clear that then replacing the ith unit vector with this point
will increase the volume of the simplex by at least this factor. If there is no such point,
then the transformed set X lies in the hypercube of side 2(1+ ¢) centered at the origin.
Moreover, the standard crosspolytope, the convex hull of plus or minus the canonical basis
vectors, lies within the transformed set X, and hence so does the inscribed hypercube of
side 2/n. We have thus found two concentric hypercubes, of sides 2(14¢) and 2/7, which
circumscribe and inscribe the transformed set X, and transforming these back yields the
desired parallelotopes. We have proved

Proposition 6.4. The algorithm described above for a symmetric X CR” finds a symmetric
parallelotope P such that
1

(1+e)n

PCXCP

within O (" :n> iterations, each requiring O(nm) arithmetic operations.

Notice that the estimate above dominates the operations required by the BH Algo-
rithm.

The method above was inspired by an algorithm of Applegate and Kannan [6]. They
instead use a method of Lenstra [58] to find a simplex inscribed in X with vertices drawn
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from the columns of X with volume at least half that of the largest such simplex, using the
ellipsoid algorithm, with no subsequent iterations. We use a simpler initialization, and
then take iterations like those of Eaves [23] to find the largest determinant submatrix,
with a relaxed criterion so that we can bound the number of steps.

We next consider the asymmetric case. If we apply the BH Algorithm, we obtain

a polytope with at most 27 points, but since there may be repetition among the z;’s

and the z s, it is not easy to extract a large simplex. Instead, we start by lifting the

polytope to a higher dimension as in Section 2.3. Let us therefore change notation, as
we did there, to consider a set of 7 points y; in R? and their convex hull Y. We seek
concentric parallelotopes that inscribe and circumscribe Y as above. We again define Y as
the d X m matrix whose columns are the y,’s, and then set x; := (y;;1) €R",i = 1,...,m,
where 7 :=d 4 1. We define X and X as above, so that

We now apply the BH Algorithm and the pivoting iterations above to find a submatrix
Z (= Zg) of X so that all entries of Z7'X are at most 1+ ¢ in absolute value. Let the
columns of Z be (w;;1), i = 0,...,d, where the w,’s are columns of Y, and set W :=
[w, —wy, ..., w;—w,]. Note that the absolute value of the determinant of W is the same
as that of Z, and our condition on Z implies that replacing any column by one from X
cannot increase this quantity by a factor of more than 1+ ¢. Hence replacing any column
of W by some y; —w, cannot increase the absolute value of its determinant by more than
this factor.

Consider the affine transformation y — W~'(y —w,) of R. This takes the simplex
with vertices w;, i = 0,...,m, into the standard simplex with vertices the origin and
the canonical basis vectors. Moreover, the condition on W implies that all y,’s, after
transformation, lie in the hypercube of side 2(1+ ¢) centered at the origin. Finally, the
hypercube of side 1/d centered at the vector with all components 1/(2d) is inscribed in the
simplex, and hence in Y. Hence the cube of side 2(1+¢€)+1/d centered at the same point
contains Y. Transforming these two hypercubes back gives the two desired concentric
parallelotopes inscribing and circumscribing Y. We have proved the following.

Proposition 6.5. The algorithm described above for a general Y C R? finds a parallelotope

P with center p such that

1 pcyce
201+e€)d +1

within O (@) iterations, each requiring O(d m) arithmetic operations.
(Here we use AP to denote the homothetic scaling of P about its center by A.) Note

that the scaling factors here, about 7 and 2d for the symmetric and asymmetric case, are
much larger than those for the ellipsoid case, /7 and d, respectively.

6.3 = Maximum-volume ellipsoids inscribed in a polyhedron

In this final section, we consider ellipsoids that approximate polyhedral sets defined by
linear inequalities, of the form

Z:={zeR" :ylrngi,izl,...,m}.

The reason for our somewhat strange notation will become apparent shortly.
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Whether we are seeking a minimum-volume circumscribed ellipsoid or a maximum-
volume inscribed ellipsoid, we can assume that Z has a nonempty interior and is bounded.
We will assume that we know a point in the interior, and then by translating this point to
the origin we can assume all right-hand sides are positive. By scaling, we can assume all
these are in fact 1. Thus we have

Z={zeR":y[2<1,i=1,...,m}. 6.3.1)
Note that then the polar of Z is
Z° =Y :=conv{y;,...,¥,,}

Further, since we assume that Z is bounded, the origin is in the interior of Z°, so it is a
convex combination of the y,’s. We also assume without loss of generality that all the y,’s
are nonzero, so this is a nontrivial convex combination.

We may seek the minimum-volume ellipsoid containing Z, or the maximum-volume
ellipsoid contained in Z. In each case, we may ask for a centered ellipsoid when Z is
symmetric, so that the constraints come in pairs, +y] z < 1, or a not-necessarily-centered
ellipsoid in the general situation.

Let us consider first the minimum-volume ellipsoid containing Z. Khachiyan and
Todd [50] conjecture that this problem is NP-hard, but we may still be able to obtain
a reasonable approximation. Indeed, the ellipsoid method (see Sections 1.4 and 3.5) is
designed to cut the volume of a circumscribing ellipsoid by a suitable factor at every
iteration. We discuss first the noncentered case. Suppose

ZCE:={zeR":(z—2) H(z—%)< 1}.
If for some i,y Z > 1—(y H'y,)"?/[(1+ €)n], then for all z € Z,
=i (z=2)2—1+yZ> o[ H'y,)""

for a > —1/[(1+¢€)n], and then from, e.g., [80], we can replace € by another circumscrib-
ing ellipsoid whose volume is reduced by at least the factor exp(—e?/[2(1+ ¢)*(n +1)]).
On the other hand, if we cannot find such an 7, then

n . =T = 1
{zeR (z—2) H(z z)§7<1+6>2n2}§2,

and we have found two ellipsoids, respectively inscribed in and circumscribing Z, which
are homothetic with ratio (1 + €)n.

Let us assume that Z lies in a ball of radius R. Clearly a ball of radius 1/ max; ||y;|| is
contained in Z. Hence the ellipsoid algorithm will terminate with the desired ellipsoids
in at most 272(n + 1) In(R max; ||y;||)(1+ €)?/€* iterations.

The centered case is more favorable, as we suggested in Section 3.5. Here we assume
each y; represents +y;, so that

Z={zeR": |yl z|<1}.
We use centered ellipsoids, so at any iteration we have

ZCE:={zeR":zTHz<1}.
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If for some 7, (y] H='y,)'?/[(1+ €)n'/?] > 1, then for all z € Z,

bz < BT H ' y,)'?

for B < 1/[(1 + €)n'/?], and then from, e.g., [80], we can replace £ by another
circumscribing ellipsoid whose volume is reduced by at least the factor exp(—e?/[2(1 +
€)*]). On the other hand, if we cannot find such an 7, then

cZ

and we have found two ellipsoids, respectively inscribed in and circumscribing Z, which
are homothetic with ratio (14 €)'/, Now, if Z lies in a ball of radius R, the algorithm
will terminate within 27 In(R max; ||y;|[)(1+ €)?/€? iterations. We have saved a factor of
n + 1 in the complexity.

We next turn to the construction of maximum-volume inscribed ellipsoids. One
motivation for studying this is that such ellipsoids are required at each step in the method
of inscribed ellipsoids of Tarasov, Khachiyan, and Erlikh [78], an optimal (in the oracle
model) algorithm for convex optimization. Let us consider first the centered case. Then

{ZER” 2 THz <

ECZ:={zeR":|y] 2| <1}

iff

E°DZ°=Y=conv{ty,:i=1,...,m}.
Moreover, if £ =: {z €R" : zT H™'z < 1}, then £&° = {y € R” : yT Hy < 1}, and hence,
up to a constant factor, the volume of £ is the reciprocal of that of £°. Thus finding the
maximum-volume centered ellipsoid inscribed in Z is equivalent to finding the minimum-

volume centered ellipsoid containing Y, that is, to the MVEE problem, which we know
how to solve efficiently.

6.3.1 = Formulations of the general case

Now we consider the noncentered case. Unfortunately, this does not easily reduce to the
centered case as with containing ellipsoids. Similarly, although a polarity result like that
above still holds, when £ is not centered, the relationship between the volumes of £ and
& fails to hold. Thus we are faced with a more complicated problem.

Let us consider Z as in (6.3.1). This contains the ellipsoid

E={zeR":(z—v) H Y (z—v)< 1} 6.3.2)

iff the support function of the latter in each direction y; is at most 1, or

ylrfy+1/leHyi31, z:l,,m

Subject to these constraints, we wish to maximize the volume of £, which amounts to
minimizing —Indet(#). Unfortunately, the constraints above are not convex in H.
One way to fix this is by replacing the variable H by B, for B € §”, to get

min, g, ges»  —2Indet(B)

yIv+|Byl| <1, i=1,...,m. (6.3.3)
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Alternatively, we can square the constraints above to make them linear in /, obtaining

Min, gy fresn —Indet(H)
yIHy,—(1—ylv)* < 0, i=1,...,m, (6.3.4)
o <1, i=l..,m

(The last constraints are necessary to avoid the case that some y/ v is greater than 1 but
the square of the negative number 1—y v is at least x] Hx;.) These constraints are now
convex (linear) in H, but are nonconvex in v. We therefore consider replacing the concave
function —(1—y/ v)? by a convex approximation.

6.3.2 = Successive paraboloid approximations

First, let us approximate this quadratic by its linear approximation around some v € int Z,
our current approximation to the center of the maximum-volume inscribed ellipsoid:

T_\2 T ~\2 T ., T -~ T - T -~
—(1—y; o) x—(1—y; 0) +2(1—y; 2)y; (v—2)=—(1—y; 9)(1—y; (2v—0)).
If we write w for 20 — v, the constraints become
yl-THyi < (1—yl-T73)(1—yl-Tw), i=1,...,m.

These constraints automatically imply that 1 —y/ w is nonnegative, since H is positive
definite because of the objective and y 9 < 1, and hence with v = (9+w)/2, 1—y[ v > 0.
Thus the extra constraints can now be eliminated.

We have therefore replaced the convex problem (6.3.3), or the related nonconvex
problem (6.3.4), with an approximating problem:

ming, g, ges» —Indet(H) 635
yl.THyi S(l—yl.Té)(l—yl.wa), i=1,...,m, (6.3.5)
which is convex and in fact has linear constraints. Khachiyan and Todd [50] show that
the original problem can be solved to within an arbitrary accuracy by solving a relatively
small number of problems of this form, at each step replacing the approximate center o by
(v4+w)/2; indeed, in the application to the method of inscribed ellipsoids, at most 12 such
subproblems need to be solved if » < 10°. The authors propose using an interior-point
method to solve each subproblem, exploiting its structure and in particular the linearity
of its constraints. Bearing in mind the similarity of (6.3.5) to the MVEE problem, we
might ask if a simple first-order method based on its dual might be employed.
Let us write ; :== 1—y[© > 0 for each i, and A := Diag(@). Then, applying a
nonnegative multiplier #; to each constraint, we obtain the Lagrangian

L(H,w,un) :=—Indet(H) +Z w,(y Hy, + a;y] w—a;),

leading to the dual problem
max(min[—Indet(H)+ H e YUY T +w’ YAu —a® u]).

u>0 H,w

As in Section 2.1, the first two terms lead to Indet(Y UY ") + n. However, since w € R”
is unrestricted, we must add the constraint YAx =0, leading to the problem

max{Indet(YUYT)+n—alu: YAu =0,u > 0}.
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T

As before, if we replace # with # =: Au, where a’ u = 1, we find the optimal value of A

is n, giving as the dual of (6.3.5)

max, g, Indet(YUYT)
YAu =0,
T 6.3.6)
u>0.

This 1s similar to the dual of the MVEE problem, except for the presence of the factors
a;, which can easily be absorbed by scaling # and the columns of Y, and the unpleasant
appearance of the linear constraints YA# = 0. Unfortunately, the latter precludes the use
of a simple first-order method that will take advantage of low-rank updates to YUY, so
it seems unlikely that interior-point methods can be improved on.

Before we move on to the second technique for approximating the nonconvex
problem, let us describe a geometric interpretation [50] of (6.3.5). Once again we lift the
problem to a higher dimension, but in a different way. Let us embed Z in the hyperplane
I :={(2z;{) € R**! : { =1}, and then consider the cone on this set with vertex at (v;0),
defined to be

K={(z{)eR" 9yl 2<yIo4+{(1—y13),i=1,...,m,{ >0}

We next inscribe in this cone a paraboloid tangent to IT at the point (w; 1), of the form
1
P.= {(Z,C) eER™ I >14 Z<Z —w) H (2 —w)} .

Note that
max{(7;97 6 — 1) (23): (2:0) €P)
= max, {yiTZ +(lo— 1)<1 + %(z —w) H ' (z— fw)>}

is attained when z = w + ;——Hy;, and then it gives the value
1
Y v—l—l—ylw-l-l _yl Hyl
-}

This is at most y] 9 exactly when H and w satisfy the constraints of (6.3.5). Thus these
constraints provide the conditions for P to lie inside K.

We measure the size of such a paraboloid by the volume of its intersection with the
hyperplane with { =5/4, which is

{(z; %) ((z—w) H Y (z—w) < 1},

with volume related to Indet(H). Thus maximizing this size, subject to the constraints
that P CK, is exactly our problem (6.3.5).

Since a linear approx1mat10n overestimates a concave function, any feasible solution
(H,w) to (6.3.5) gives a feasible solution (H,v := (v + w)/2) to (6.3.4), and hence an
inscribed ellipsoid £. But we can do even better. Let us set v = (9 + w)/2 and ¢ :=
(v—w)/2. Then

1=yl o)1=y w)=(1—y[ (v+1))(1—y] (v —1))
=(1—y/ v =0 t),
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and so any feasible solution (H, ) to (6.3.5) gives v satisfying y v < 1 for all i and
Y, T(H+tt )yl-—(l—yl-va)2 <0,i=1,...,m,

and so (H +ttT,v) is feasible in (6.3.4), giving a slightly larger inscribed ellipsoid. Of
course, as the iterations progress and w becomes closer to 7, ¢ becomes smaller and so
the difference between these two ellipsoids grows smaller. It is clear that K contains not
only P, but also the cone with vertex (9;0) on the set P; thus Z contains the intersection
of this cone with II. Khachiyan and Todd [50] show that this intersection is exactly the
slightly larger ellipsoid above, but we will not give details here.

6.3.3 = Successive polar ellipsoid approximations

We now turn to the second approximation of the concave function —(1—y/ v)? in our
problem (6.3.4), now by a strictly convex function. Again, we assume we have some
© € intZ as an estimate of the center. We start with a linear approximation of the concave
function, but then add a quadratic term to get

—(1—y/ o) m—(1—y[ o) +21—y] o)y (v—2)+(1—y] 9)(v—0) H ' (v—2).
63.7)
This is a worse approximation than the linear approximation alone, but, as we shall see, it
results in a more tractable approximating problem. Indeed, if we divide the ith constraint
by (1—y/9)? >0 and write

i=1,...,m, (6.3.8)

the constraints become
YTHY, — 1425 (v—9)+(v—9) H (v—9)<0, i=1,...,m. (6.3.9)

These imply that 257 (v—2) < 1,0r 2y (v—9) < 1—y! 9, s0that 1—y[ v > (1—y9)/2 >
0, and the last constraints are again redundant. Now the constraints above can be written
as

G, +H (v—o) HG, +H (v—2))<1, i=1,...,m,
y:

so that the problem (6.3.4) is approximated by (setting y := —H (v — 7))

minHeS”,}?eR” —lndet(H)
G, —9)TH@,—y) < 1, i=1...,m,

anot-necessarily-centered minimum-volume enclosing ellipsoid problem, which we know
how to solve efficiently. (Note the right-hand side of 1 rather than 7 above—appropriate
changes need to be made to the algorithms.)

Having solved the problem above, we can use its optimal solution (H,y) to construct
afeasible solution (H,v := v—H?y) to (6.3.4), since our approximating function in (6.3.7)
was an overestimate. But we can do even better. Having obtained H and y, we see that
they satisfy the approximate constraints in (6.3.9), so that

(6.3.10)

Collecting terms by their degree in y;, we obtain

y; (H V0 +27Jy H+y Hyv’v )yl+2yl( —Hy—y Hyv) (1—)7TH)7)§O
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for i = 1,...,m. Now recall that 0 is a convex combination of the y,’s, and hence, by
scaling the weights of the combination, of the 7,’s. Since at least two of these weights
are positive, and the function g(w) := (w — )" H(w — y) is strictly convex, we see that
yTHy < 1. Dividing the constraints above by 1 — 57 Hy, completing the square, and
simplifying, we find

1 1 1 2

T T 7| - .

: H H Hly. —(1—y: E— <0
y’(l—y‘THy‘ Tasrme >y’ < i [” 1—57Hy yD—

fori=1,...,m. Hence

1 1
H, = H
TSIy (1 )

Hy5"H, v, =d— TSt 63
satisfy the first set of constraints in (6.3.4). Moreover, (6.3.9) implies that —Zﬁl.TH v+
'TH;7 <1, so that —2yTHy < (1—3"Hy)(1—y[ ), and then simple algebra yields
yIv, < 1. Hence (H,,v,) is feasible in the second set of constraints of (6.3.4) as well
and thus provides a new inscribed ellipsoid for Z. It is easy to check that det H, = (1—
yTHy)y " det H1 4+ 3T Hy /(1 — 5T Hy)) = (1 — 3T Hj) " 'det H, so that we have an
improvement over the simple update to (H,v).
This complicated algebraic development has an elegant geometric interpretation.
Indeed, let us translate the set Z to center it at v, to get

2::{2—6:262}
2:y]2<1=y]0,i=1,...,m)
={z y“lT2<1,z:1,...,m}.

—_
N

N

Then we see that Z° is the convex hull of the 9.’s. Recall that in the centered case,
the search for a maximum-volume inscribed ellipsoid in Z was equivalent to finding the
minimum-volume ellipsoid enclosing the convex hull of the y,’s. Now we think that ¢ is
a good approximation to the center of the maximum-volume ellipsoid inscribed in Z, but
since we are no longer confined to centered ellipsoids, we can find the minimum-volume

not-necessarily-centered ellipsoid, say £(nH,y), enclosing 7°. (We use nH here since,
when we are dealing with polars, a right-hand side of 1 is more convenient.) Then its
polar will be contained in Z.

Now 2 lies in £°(nH,y) iff 27y + V2TH-12 < 1, which holds when 27 H~'2 <
1—22T75 4275572 and 275 < 1),0r 2T(H ' —557)2 42275 <1 (and 275 < 1), or

1 _ =TV 2 Hj 7" Hy
(2+ ) G =3 (4 i) < 1+ 57 =

(and 27y < 1). But this quadratic inequality defines £(n(1—y T Hy)(H'—yy7),—Hy /(1—
3T Hy)). Using the rank-one formula and translating this back by @ gives £(nH ', v,),
as we obtained algebraically above. Also, any Z satisfying the quadratic inequality has

Hy
pTo () (1—yTHy)(H-'—57T)]-15
2Ty < < iy y+\/y INH—557)]

yIHy

- -T =

= T1THy +4/yTH,y
\/ T Hy—yTH

1—yTHy  —
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since as we saw above, y7 Hy < 1. Hence the subsidiary condition in parentheses above
is automatically satisfied.

The algorithm based on this second approximation is now clear. Given an approxi-
mation v to the center of the maximum-volume ellipsoid inscribed in Z, define the ,’s by
(6.3.8) and (approximately) solve (6.3.10). Then replace v with v, in (6.3.11) and repeat;
the new approximating inscribed ellipsoid is £(nH ', v, ). This algorithm was suggested
in the last section of Khachiyan and Todd [50]. (Note that there is a typo: b, (our v,)
should be 4, (our o) plus the center of the polar of E,.) When we go from one outer
iteration to the next, we can use as a warm start the final # vector from the previous

iteration, suitably rescaled so that YUYT remains the same.

The only problem with this algorithm is that there seems to be no good criterion for
termination. We could stop when the improvement in —Indet(/,, ) is small, but this does
not guarantee that we are close to an optimal solution. A more principled rule would
use a lower bound on the optimal value, and such bounds usually arise from duality. We
therefore work with the convex formulation (6.3.3).

Section A.8 shows that a dual problem to this can be written as

Max, cp» £ R Indet(YUYT)
Y&=o,
el&=n, (6.3.12)
ESullYUYTy Py, i=1m
u>0.

Note the similarity to the dual (6.3.6) of the Khachiyan-Todd approximating problem;
now the complicating constraints are Y& = 0 and the linking of the £ and # variables. We
also observe that this problem—and (6.3.3)—are invariant under a translation of Z by o, or
equivalently a replacement of the y,’s by the 7,’s. Indeed, this transformation leads to new
variables (0 := v — 9, B:=B inthe primal and 4 := (1 — [ 9)*x,), & == (1 — y[ )¢;)
in the dual) that preserve feasibility and the objective function.

In fact, the derivation of the dual above in Section A.8 (due to Martin Larsson, now at
ETH Zurich) obtains a problem where the linking constraints are equalities rather than
inequalities. To show that inequalities can also be used, we show that weak duality holds.
Indeed, suppose that B, v are feasible in (6.3.3) and #, ¢ in (6.3.12). Then, using the primal
and dual constraints and the Cauchy-Schwarz inequality, we obtain

n=eT€ 2> 7o+ ByINE
=> & 1Bl
> S YUY ) 1By,

> wy (YUYT) By,

=Be <ZJ’i”i%‘T(YUYT)1/2>

=Be(YUY")2 =B (YUYT) 2B 1.
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Next, the concavity of Indet shows that Indet(I + M) < M o I for any M € S”. Hence

BVAYUYT) /B2 el —n =BV (YUYT)/*BY? —1)el
> Indet(BYX (Y UYT)/2B1/),

Combining these inequalities yields
0> Indet(BY2(Y UYT)/2B"/?) = Indet(B) + Indet(Y U Y T)'/2,

showing that —2Indet(B) > Indet(Y UYT), as desired. (We also see from the string of
inequalities above that equality can only be achieved if &; = u.[|(Y UYT)~1/?y,|| for all i.)
There is no duality gap for these problems because a Slater-type condition holds; see, e.g.,
Theorem 2.165 in Bonnans and Shapiro [16].

The inequality form is helpful in obtaining bounds. Suppose we have (approximately)
solved (6.3.10), obtaining dual variables 7#. These correspond to variables # := ((1—
yI©)724;), which we may try to use as part of a feasible solution to (6.3.12). We will also

have a scaled Cholesky factorization of YUY = YUY, which we can obtain from one
for XUXT, with
5 Y
X = ,
k

with e € R” a vector of 1’s as in Section 2.3. From this we can obtain suitable parts of
H:=(XUXT)™ asin (2.3.2) and (2.3.3). Note that we should set  to be 1/7 times the

leading 7 x 7 submatrix of H to reflect the scaling used here, and we therefore multiply
# by n to correspond. From this we can find v, and H_, or at least its log determinant,
which is all we need until termination.

Since we have solved the noncentered MVEE problem inexactly, we need to scale v,
and H, (or its positive definite square root B, ) to ensure they are feasible up to roundoff
error, and then we have a feasible objective value for the primal.

For the dual, we take our rescaled # (so e’ # = ), and multiply each component by
the appropriate ||()A/l} )A’T)_l/ 29.]| to get &’. This will not satisfy the equality constraints,
so we perform an oblique projection, replacing &’ by

E=&—UYT(YUYTylve,

Note that only nonzero components of £’ are adjusted. If this vector is nonnegative, we
scale it to make it at least #, and then scale both it and # so that e” ¢ = n. This then gives
us a feasible solution to (the scaled version of) the dual problem (6.3.12).

Why should we hope that this will provide a reasonable lower bound? We expect
that as the iterations proceed, v will converge to its optimal value, so that v, — v and
thus y will approach zero. Hence H will be close to ()9'[} )A’T)*l and —Indet(H) close to
lndet()}l}f/T). Also, since 7 is small, each ﬁi()}[}f/T)_lj?l— for positive #; will be close to
1, so &’ will be close to #. Finally, Vi = ny is small, so we can hope that ),}5/ will also
be small and thus & will be close to &’. Since the components of # sum to 7, those of £
will sum to something close to 7 and little scaling will be needed.

In practice, our very preliminary computational experience indicates that this method
works reasonably well, although it is much slower than solving the MVEE problem. We
generated the columns of the data Y from the rotated Cauchy distribution as in Section
3.8, and then translated the origin to make it less central. With » = 100 and m =
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5,000, and asking for the duality gap to be at most 1072, the method required 1,254 outer
iterations and a total of 395,375 inner MVEE iterations, ranging from 827 for the first
outer iteration to between 6 and 11 for the last eight, showing the value of the warm start
procedure. The time required was 79 seconds. The first lower bound was obtained at the
251st outer iteration, and a good primal solution (within 2 x 1072 of the best lower bound)
was generated at the 43 1st outer iteration, although it was not known to be good at that
time. Convergence of the primal and dual objective values is shown in Figure 6.1 (starting
at the 251st iteration), where the slow convergence of the lower bound is apparent.

800

600~

400

200

-200

—400

—600

-800

L L L L L
0 200 400 600 800 1000 1200

Figure 6.1. Convergence of feasible primal (blue) and dual (red) objective values.

For a larger problem with #» = 200 and m = 5,000, we needed 2,490 outer iterations
and 517 seconds. The total number of inner MVEE iterations was 1,383,704, ranging
from 1,310 at the first outer iteration to between 4 and 11 for the last eight. The first good
primal objective value was obtained at iteration 444, while the first lower bound was only
generated at the 1,139th outer iteration. With a much smaller problem, for » = 50 and
m = 200, only 542 outer and 109,012 inner iterations and 11 seconds were required. For
this problem we also decreased the duality gap tolerance to 107, at a cost of 638 outer
and 153,014 inner iterations and 15 seconds. For all these problems, a good primal feasible
solution was obtained early on, but proving it close to optimal by generating a good lower
bound took much longer. Thus we have a reasonable algorithm for problems of moderate
size and accuracy, but much more work needs to be done to come anywhere close to the
efficiency of our algorithms for the MVEE and MAEC problems.

In addition, let us stress that we have no proof of convergence for this method, in
contrast to the method using approximating paraboloids.

6.4 = Notes and references

As noted, the approach of Gotoh and Takeda [36] in Section 6.1 is related to the concept
of conditional value-at-risk used by Rockafellar and Uryasev [65] in a financial setting.
Suppose we have a model of the possible loss to a financial institution as a certain random
variable. We could then try to limit the risk by placing an upper bound on a certain
quantile of this random variable—this is called the value-at-risk, and is widely used by
regulators. However, it has a major drawback: if the threshold is exceeded, there is no
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control on the possible loss. Asan alternative, the conditional value-at-risk is the expected
value of the loss conditional on its exceeding a certain quantile, and hence imposing an
upper bound on this does indeed control the amount of catastrophic loss.

It is not clear whether the corresponding notion makes sense as a criterion for
choosing an approximating ellipsoid in the case of outliers. If it is thought that the outliers
are totally meaningless and chaotic points, then it makes more sense to just require that the
ellipsoid contain a certain fraction of the points, as in the S-MVE problem. On the other
hand, if the outliers are caused by some gross inaccuracies but are based on real points
of a distribution, then limiting the average values of the p;’s exceeding a certain quantile
is a reasonable criterion. In either case, the tractability of the S-conditional minimum-
volume problem makes it a very attractive model.

We indicated in Section 6.2 that our bounds for approximating parallelotopes were far
from tight. Indeed, finding tight bounds in the symmetric case is strongly related to the
so-called Banach-Mazur distance to the cube, and is of considerable interest in geometric
functional analysis; see, for example, the survey paper of Giannopoulos and Milman
[33], especially Section 2 and item 4 on page 766. Bourgain and Szarek [17] provide a
lower bound of a constant times /7 ln7 for the ratio of circumscribing and inscribed
parallelotopes, and suspect that this is tight. Further, Giannopoulos [32] and Youssef
[88] have proved an upper bound of a constant times 7°/¢. (Our algorithm only achieves
aratio close to 7.) Youssef’s argument uses a result of Spielman and Srivastava [75], which
is related to the technique of Batson, Spielman, and Srivastava [11] that we discussed in
Section 3.7 in connection to spectral sparsification of graphs. Finally, Bourgain and Szarek
remark that in the noncentral case, a simplex shows that a lower bound of 7 for the ratio
of circumscribing and inscribed parallelotopes holds, while we attain an upper bound of
about 27.

Section 6.3 is based on work by Khachiyan and Todd [50], which was motivated by the
method of inscribed ellipsoids for convex optimization due to Tarasov, Khachiyan, and
Erlikh [78]. This is an alternative to the usual ellipsoid method, generating a sequence of
circumscribing polytopes instead of ellipsoids. At each iteration it finds an approximate
maximum-volume inscribed ellipsoid so that an oracle can be called at its center. The
volumes of the circumscribing polytopes shrink on average much faster than those of the
circumscribing ellipsoids in the ellipsoid method, so that fewer oracle calls need to be
made; the price paid is that the subproblems are much harder. The algorithms using
a sequence of interior-point algorithm calls or of minimum-volume ellipsoid calls are
described in [50], but the derivations via algebraic approximations of the nonconvex
constraints are new. The possibility of stopping the second algorithm using feasible
solutions to the dual is also new. Gtirtuna [39] obtains a dual very similar to ours in
the more general case of a convex body, giving a semi-infinite programming problem.
Our formulation seems easier to use in the case of a polyhedron, and can exploit the
solution of the minimum-volume ellipsoid subproblem directly. I derived this dual using
second-order cone duality, but this approach gives first a dual involving a nonsymmetric
matrix, which can then be manipulated into the form here. The simpler derivation
given in Section A.8 is due to Martin Larsson when he was a graduate student at Cornell
University; he is now in the Department of Mathematics at ETH Zurich.

It seems fitting to end this book as we began it, with a tribute to Leonid Khachiyan,
whose great insights into the power of geometric reasoning in optimization problems,
and the importance of geometric optimization problems, were an inspiration to me at
several times in my career.
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Appendix A
Background Material

A.1 = Notation, inner products, and norms

We use R”*” and S” to denote the spaces of real m x n and real symmetric 7 X n
matrices, respectively. R” denotes the space of n-dimensional real vectors, always taken
to be columns unless converted to a row vector using a transpose symbol, and || - ||
denotes the Euclidean norm on vectors. Notation similar to that of MATLAB avoids the
proliferation of transposes when listing the components of a vector; thus (x;x,;...;x,,)
denotes a column vector with the x/’s as components, while (x;,x,,...,x,) denotes
the corresponding row vector. We also use (x;;x,;...5%,) to denote the columnwise
concatenation of vectors x,x,,...,x, and similarly (U; U;...; U,) for the columnwise
concatenation of matrices with the same numbers of columns. We write ¢; for the jth
unit vector (0;...;0;1;0;...,0) € R”, where the 1 is in the jth position, and write e for a
vector of 1’s, usually in R”. The ¢, norm of the vector x is 37 |x;|. Hence the {,-unit
ball, the set of all vectors with ¢ -norm at most 1, is the convex hull of all plus or minus
unit coordinate vectors.

We use the natural inner product on matrix spaces R”*” and §”: U e V denotes
Trace(UT V). The corresponding norm is called the Frobenius norm and is denoted
|U|| := (U o U)!/2. Note that this inner product and norm can be viewed as the usual
vector inner product and norm applied to the vectors (of length m#n or #%) obtained by
concatenating the columns (or rows) of the matrices. In particular, if #; is the jth column
of a matrix U with 7 columns, ||U||; =||(]|#,]]; ||142|| ||M IDI]-

It is clear that the inner product is symrnetrlc since U V and VT U, being transposes
of each other, have the same trace. It is important to note also that products can be
rearranged in the trace. Suppose U and V are m X n and n x m, respectively. Then

Trace(UV) ZZM” v;; = Trace(VU); (A.1.1)

we use this frequently. A particular case is
Hexx! =Trace(Hxx")=Trace(x” Hx)=x" Hx

for He 8", x e R".
Another matrix norm is the spectral or operator norm: ||U||, := max{||Ux|| : ||x|| = 1}.
It is trivial to see that [|[U V||, < ||U||,||V|l,: the spectral norm is submultiplicative and,

109
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in fact, so is the Frobenius norm. For any x of norm 1, if MZ-T is the 7th row of U € R™*",
then

1O =11 x5 5.5, %) |
< Il szl ls -5, DI
=Ullg

which shows that [|U||, < ||U]|. Similarly, if v; is the jth column of V' € R then

IOV =TT 5[ U DI
<ALl U alls -5 UL [ DI
=1Ll [l = [l DI

= ULV < NUIEV s

so that the Frobenius norm is also submultiplicative.

We use Diag(v) € S8” to denote the diagonal matrix whose diagonal entries are the
components of v € R”, and diag(U) to denote the vector whose components are the
diagonal entries of U € R**”.

Consider U € R”*". Then A is an eigenvalue, and x is an associated eigenvector, if x
is nonzero and

Ux = Ax.

It follows that A is an eigenvalue of U if it is a root of the characteristic equation det(A7 —
U) = 0. The left-hand side is a polynomial of degree 7, and it follows that U has »
eigenvalues, counting multiplicity, if we allow eigenvalues, and their associated eigenvectors,
to be complex-valued (the complex field, as opposed to the reals, is algebraically closed).
However, there is a special case, relevant to this monograph, in which 7 real eigenvalues
and a set of 7 corresponding orthogonal real eigenvectors exist.

Theorem A.1. If H € §”, then there are an orthogonal matrix Q and a diagonal matrix A
in R satisfying
H=QAQ".

If we write Q =[q,,¢5,---,9,] and A= Diag(A;, 4;,...,4,), then it follows that
Hq]- :Her = QAQTer = QAej = Q(’ljej) = /1]'4/‘:

so that the A;’s are the eigenvalues, with associated unit eigenvectors g,’s, of H. Ac-

cordingly, QAQT is called the eigenvalue decomposition of H. We conventionally list
the eigenvalues in nonincreasing order of their absolute values, and in this case write
AH):=Aand A(H) := (A5 4y;...34,). Itis easy to see that || H||; = [|AH)||F = [|A(H)||,
and ||H][, = [IAH)]l, = |4,

A.2 = Positive (semi)definiteness

Definition A.2. A matrix H € 8" is called positive semidefinite (denoted H € S’} or
H>0)if
xTHx > 0 forall x eR”,
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and positive definite (denoted H € S} or H > 0) if

xT Hx > 0 for all nonzero x €R”.

For A,B € 8", we write A > Bor B <A (A > B or B X A) if A— B is positive
(semi)definite.

From the definition, it is clear that it is easy to demonstrate that H is not positive
semidefinite or positive definite, but it doesn’t seem easy to show that it is. The theorem
below gives a number of ways to accomplish this. Perhaps the best way to certify positive
definiteness is by using the following notion.

Definition A.3. Given H € 8", H = LL" isa Cholesky factorization and L is a Cholesky
factor of H if L is a lower triangular n x n matrix with positive diagonal entries.

Here is the characterization result.

Theorem A.4. The following are equivalent for H € S
(a) H is positive semidefinite (definite);
(b) xTHx >0 forall x eR" (xT Hx > 0 for all nonzero x €R");
(©) A(H)=0(A(H)>0);

) H=]]T for some n x r matrix | (H =]]7 for some nonsingular n x n matrix J;
indeed, | can be taken to be lower triangular with positive diagonal entries).

Proof. (a) <> (b) by definition. Suppose H = QA(H)QT. Then for any x, x” Hx =
yIA(H)y = > )/(H)yf for y = QT x. Noting that x is nonzero iff y is, we see that (b)
& (o).

Finally, if H =JJ7, then x” Hx = x"J]"x = || x||* > 0, and if ] is nonsingular and
x is nonzero, then 7 x is also nonzero so that its norm is positive. This shows that (d)
= (b). Conversely, if H is positive semidefinite (definite), we can write H = QA(H)QT
with A := A(H) > 0 (A := A(H) > 0). Then we can choose ] := QA(H)">Q7”, where
AH)'? .= Diag(y/ A, v/ Ags--o» 4/ A,), and it is easy to see that H = JJ7. Moreover,
J is nonsingular if H is positive definite, since its inverse can be explicitly obtained as
QA(H)'2QT, where A(H)™'/ := Diag(1/+/A;, 1/v/ Ags---s1/4/A,)-

It remains to prove that J can be chosen to be a Cholesky factor for a positive definite
H. For this we use induction on 7, the result being trivial for » = 1, since then H is
a 1 x 1 positive definite matrix, whose only entry must be positive, and therefore has a
positive square root. (The result is also vacuously true for » = 0, but some readers may be
unhappy discussing vacuous matrices and vectors.) Suppose the result is true for positive
definite matrices of order at most 7 — 1, and consider an 7 X n positive definite matrix H,
which we write in partitioned form as

_r
w7 7]

By considering vectors of the form x = (£;0), we see that y is positive. (Similarly, H is
positive definite, but we will see that in fact a stronger statement is true, and necessary to
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the proof.) Suppose we can write H = LL” for a lower triangular matrix L with positive
diagonal entries. Then, writing L in partitioned form as

L::[ ZA %T } (A.2.1)

we find
X=y, AM=h, and LLT +11T =H.

Conversely, if these equations hold, with A positive and L a lower triangular matrix of
order n — 1 with positive diagonal entries, then L as in (A.2.1) is a Cholesky factor of H.
The first two equations can be satisfied by setting A := ,/y and [ := (1/A)h = (1/,/7)h.
Then the last equation is satisfied as long as LLT = H— 11T = H—(1/y)hh". So we
can use the inductive hypothesis to complete the proof as long as we can show that the
latter matrix is itself positive definite. But using the definitions of A and 5, we obtain the

factorization
yb_T _|:/1 OT]lo_T [RZT]
h H | L1 I o H-IIT oI [

Since the matrix on the left-hand side is positive definite, so is the matrix in the middle
on the right-hand side, and hence by considering vectors of the form (0;y), we get that
H — 117 is positive definite, and we are done. a

We can derive a few consequences.
Corollary A.5. The Cholesky factorization of a positive definite matrix is unique.

Proof. Indeed, the proof above shows that the first column of the Cholesky factor is
uniquely defined. Proceeding inductively shows that the whole matrix is unique. O

Corollary A.6. Every positive semidefinite matrix H has a positive semidefinite square root
H'1? satisfying H'? H'/? = H. Every positive definite matrix has a positive definite inverse.

Proof. 1f H = QAQT is positive semidefinite, we know that the diagonal entries of A
are nonnegative, and so have nonnegative square roots, which we can arrange into the
diagonal matrix A2, Then H'/? := QA'2QT establishes the first part. If H is positive
definite, the diagonal entries of A are positive, and so have positive reciprocals, forming
the diagonal matrix A=!. Then H~! = QA™' QT has positive eigenvalues and so is positive
definite. a

In fact, the positive semidefinite square root is unique, but we will not prove this here.
Note the progression of extensions of the square root function from scalars to diagonal
matrices to symmetric matrices; this technique can also be used for other functions, such
as the inverse (which then coincides with the regular inverse) on nonzero scalars and
nonsingular diagonal matrices or symmetric matrices, the exponential, and the logarithm
on positive scalars and positive definite diagonal or symmetric matrices.

If H is positive definite, so is its positive semidefinite square root, and so it has an
inverse, denoted H~'/2, Tt is easy to see that this is also the positive semidefinite square
root of H~1.
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Positive semidefinite square roots are very useful in proofs. For example, we have the
following.

Corollary A.7. If A,B € 8" are positive definite, then A= B iff B~ = A~L.

Proof. A > B is equivalent to I > A~'/2BA='/2. But this just means that all eigenvalues
of the positive definite matrix A~'/2BA~'/? are positive and at most 1, which holds iff all
the eigenvalues of its inverse, A'/2B~'A'/2, are at least 1, or AY2B~'A"/? > I. But this is
equivalent to B 1>A"1 O

For the next corollary, a principal rearrangement of a matrix H is obtained by
reordering its rows and columns correspondingly: it is of the form PHPT, where P is
a permutation matrix, that is a 0-1 matrix with exactly one 1 in every row and in every
column. A principal submatrix of a matrix is obtained by choosing a subset of its rows
and the correspondingly indexed subset of columns. A leading principal submatrix is
one corresponding to a subset {1,2,...,k} for 1 <k < n: it occupies the top left-hand
corner of H. It is immediate that a principal rearrangement or a principal submatrix of a
positive (semi)definite matrix is positive (semi)definite. A (leading) principal minor is the
determinant of a (leading) principal submatrix.

Corollary A.8. Every principal minor of a positive definite matrix is positive. Conversely,
if every leading principal minor of a symmetric matrix is positive, it is positive definite.

Proof. Since every principal minor is a leading principal minor of a principal rearrange-
ment, it is enough to show that H is positive definite iff every leading principal minor of
H is positive. For the “only if” part, suppose H = LL is the Cholesky factorization of a
positive definite matrix H, and let H,; and L, be the leading k x k principal submatrices
of H and L. Then itis easy to see that H,; = L,, LT, so that its determinant is the square of
that of L, and is hence positive. For the “if” part, suppose all leading principal minors of
H are positive, and suppose we have completed the Cholesky factorization of H through
the kth column, so that

H::[ H, H, }:[ L, 0 H I 0 M Ll Ll }

H, H, L, 1 0 H,, 0 1 ’

where all partitions are into the first # rows and columns and the last 7 — &, and where
all diagonal entries of L, are positive. Then the leading & X & principal minor of H,
det H,,, is equal to the determinant of the leading k x & principal minor of the right-hand
side, which is (det L,,)* and positive. Now let us consider the leading (k + 1) x (k + 1)
principal minors. For the left-hand side, this is a leading principal minor of H, and is
hence positive. For the right-hand side, because of the triangularity of the first and last
matrices, it is the product of the leading (k + 1) x (k + 1) principal minors of the three
matrices on the right-hand side. For the first and third matrices, this is det L, again,
while for the middle matrix, it is exactly the top left-hand entry of H,,. We can conclude
that this entry is positive, and this allows us to continue the Cholesky factorization one
more step, as in the proof of the existence of the Cholesky factorization. Continuing in

this way, we see that positivity of the leading principal minors implies the existence of a
Cholesky factorization, and hence positive definiteness. 0

It turns out that positive semidefiniteness implies that all principal minors are non-
negative and conversely, but nonnegativity of just the leading principal minors is not
sufficient, as shown by the matrix Diag(0,—1).
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Computing the (leading) principal minors of a matrix is a reasonable way to test the
positive definitiveness or semidefiniteness of a very small matrix, but it becomes less effi-
cient (especially if all 2” principal minors need to be calculated!) as 7 grows. Computing,
or trying to compute, the Cholesky factorization is a more efficient technique, taking
O(n?) floating-point operations, and is also numerically stable. Moreover, it is not hard
to see that, if the factorization breaks down at any stage, it is straightforward to find a
nonzero vector x with x/ Hx < 0. The Cholesky factorization has other benefits also. We
saw above that positive definite matrices H are nonsingular: the Cholesky factorization
allows us to cheaply (in O(n?) arithmetic operations) compute the solution to systems
Hx = b, since we can solve the lower triangular system Ly = b easily, obtaining the
components of y in the order y,,5,,...,7,, and then similarly solve the upper triangular
system L7 x =y, finding the components of x in the order x,,x, ,,...,%;. We now have
Hx=LL"x =Ly = b, as desired.

The well-known Cauchy-Schwarz inequality states that, for two vectors x and y in
R”,

"%l < .

The existence of positive semidefinite square roots allows a very useful generalization of
the Cauchy-Schwarz inequality. Often it is useful to think of a copy of R” called the dual
space, and a scalar product defined on two vectors, one from the dual space and one from
the original space. For example, the original space might contain the arguments of a real-
valued function, and then the derivative of this function would be regarded as a vector
in the dual space. In this case, if we define a norm in the original space using a positive
definite matrix H € §” by

[|x]|y == VxTHx,

it is natural to define the norm in the dual space

Iyl == vy THy.

Note that, if '/ is the positive definite square root of H and H~'/? s its inverse (or
alternatively the positive definite square root of H~1), then ||x||;; = ||H/?x|| and ||y|[;; =

1/2

||H='/2y]|, where the norms on the right are Euclidean. In this case, the generalized
Cauchy-Schwarz inequality states that

"l < el lylis-

The proof of this is very straightforward from expanding ||[H'2x + AH~'/?y|?* as a
quadratic in A and writing the condition for this quadratic to be nonnegative everywhere.
It is then simple to see that the norm in the dual space is in fact the norm dual to the norm
in the original space:

1/2

Il = max{y x : |Jx[l; < 1}.

Similar dual norms of symmetric matrices can be defined: for any nonsingular 7 x n
matrix M we can define || X||,, := [[MXMT|| and 1Yl = |IM~TY M| for X in S”
and Y in its dual space.

It is clear that the set of positive (semi)definite matrices forms a cone in 8”: if U lies
in either set, so does AU for any positive A. In fact, the cone S7 is self-dual, i.c., it equals

its dual cone
(ST ={UeS":UeV >0forall VeS}.

To show that it is contained in its dual cone, let U and V' be positive semidefinite. Then

UeV =Trace(U'PUVV2VY2) = Trace(VIPU UV = || UVPVI|2 >0,
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where we used (A.1.1). For the reverse inclusion, note that Theorem A.4 implies that
xxT is positive semidefinite for any x € R”. Thus any U in the dual cone has x” Ux =
Trace(x” Ux) = Trace(UxxT) = U e xx” > 0 for any x, so is positive semidefinite.
Finally, note that if U and V are positive semidefinite and U e V is zero, then the equation
above shows that U'/2V1/2 is zero. In particular, if U is positive definite, so that U and
U'/? are nonsingular, then V'/2 and hence V must be zero. Similarly, if V is positive

definite, U must be zero. Also, U/2V1/2 =0 implies UV =0.

A.3 = Schur complements and low-rank updates

Suppose we partition the matrix M € RU+)X(1+#) 5
A B
M_.[ “r 5 ] (A3.1)

where Aisn x n, Band C are n x k, and D is k x k. If A is nonsingular, row operations
can then eliminate the submatrix C”, which amounts to factorizing M as

y_[ 1 o4 B
“Lctat 1]l o D—CTAB |

We call D — CTA™'B the Schur complement of A in M. Note that H —(1/y)bh7 in the
proof of Theorem A.4 is the Schur complement of y in H. Similarly, if D is nonsingular,
we obtain

y—[ 1 BD™ A—BD™'CT 0
Lo I cT D |

(Note that A — BD7!CT is the Schur complement of D in M.) We can use these
expressions to relate the nonsingularity of M, A—BD~'C”, and D—C7 A~'B and obtain
formulae for the inverses of the latter matrices. Usually we think of 7 as large and & as
much smaller, so that A—BD~'C7 is a low-rank modification of A, and (A.3.2) below

gives a formula for its inverse in terms of that of the original matrix A and the much
smaller matrix D —CTA™'B.

Theorem A.9. Suppose the matrix M is partitioned as in (A.3.1). If A is nonsingular,
det M = det A det(D — CTA~'B) and (a) and (b) below are equivalent. If D is nonsingular,
detM =det D det(A—BD~'C7) and (a) and (c) are equivalent.

(a) M is nonsingular.

(b) D—CTA™'B is nonsingular.

() A—BD™'CT is nonsingular.
Finally, if both A and D are nonsingular, then (b) and (c) are equivalent, and if these hold,

(A—BD'CTY 1 =A1 4+ A7'B(D—CTA™'B)'CTA, (A.3.2)

and similarly (D —CTA™'B) ' =D~'+ D-'CT(A—BD~'CT)~"'BD~".
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Proof. All the statements follow immediately from the two equations above the theorem
except the last one. For this, we take the inverses of these two equations to get

A—BD-'CT o 1'r1 BD' 7!
cT D 0 I

TA B - I o7
Lo D-CTa'B cTa 1] -

This gives

(A—BD~'CT)™! 0
—D-'CT(A—BD~'CTy! D!

[ A —A'B(D—CTA'B)™! I 07[ I BD™!
| o (D—CTA'B)™! —CTA' 1 |lo I |

and evaluating the top left-hand corner of both sides gives (A.3.2). The other equation is
established similarly. a

Applying the result with B = #, C = v, and D = —1, we obtain the rank-one update
formulae.

Corollary A.10. Suppose A € R**" is nonsingular and u,v € R". Then det(A+ nv’) =
(1+vT A7 u)det A. Moreover, A+uvT is nonsingular iff 1 +vT A= u is nonzero, in which

case
1

— A 'woTA.
14+0TA 1y

(A+uvT)yT=A""—

Low-rank update formulae are frequently attributed to Sherman, Morrison, and
Woodbury, but in fact they were discovered earlier and have been rediscovered many times
since; see the survey article of Hager [40].

We now establish related results for symmetric matrices. Suppose we partition the
symmetric matrix M € R7HEX(1+5) 4

M::[ f/[T g } (A.3.3)

where H is n X n and symmetric, V is 7 X k, and D is k x k and symmetric. Then we
can perform both row and column operations to zero out the off-diagonal blocks in two
ways. If D is positive definite,

w1 VD' [ H—VD~'VvT 0 I 0
Lo I 0 D || D7'VvT T |

while if H is positive definite,

M I o H 0 I H'V
| VIH! T 0 D—VTH'v 0 I :

Since the matrices on the left and right in the products are nonsingular and transposes of
one another, we can conclude the positive (semi)definiteness of larger matrices from that
of smaller ones.
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Theorem A.11. Suppose M is given by (A.3.3). Then we have the following.
(@) If D is positive definite, M is positive (semi)definite exactly when H— VD'V T i,
(b) If H is positive definite, M is positive (semi)definite exactly when D—VTH™'V is.

() Ifboth D and H are positive definite, H — VD' V'T is positive (semi)definite exactly
when D—VTH™'V is.

We note that a Cholesky factorization of H can be updated to one of H+0uu’ (with
14+ 6u” H='u > 01if § is negative) in O(n?) arithmetic operations; see Gill et al. [34].

A.4 = Matrix analysis

Here we discuss the differentiability of some useful functions of matrices. First, we note
that occasionally we deal with matrix functions of scalars. A function F(&) = (f;.(£))
of a scalar & is continuously differentiable if each entry f;; is, and then its derivative is
F'(&)=( fl//(f ), and similarly for twice continuous differentiability.

Now we turn to real-valued functions of matrices. A function of an 7 X 7 matrix is
continuously differentiable if it is so when regarded as a function of its 7? entries, or in
the case of a function of symmetric matrices, of the 7(n+1)/2 entries in its lower triangle,
and similarly for twice continuous differentiability.

The directional derivative of a function of a matrix A in the direction of the matrix E
will then be linear in the matrix E, and hence can be written as M e E for some matrix M,
and we call M the gradient of f at A and denote it Vf(A):

4 (4 a)|, = Vf(A)eE.

If the function’s argument is a symmetric matrix, then the direction matrix £ will be
symmetric, and since any linear function of a symmetric matrix E can be written as M o E
for a symmetric M, we take the gradient to also be a symmetric matrix.

Our prime example is the logdet function, defined on symmetric matrices by

Indet(H) if H is positive definite,
—00 otherwise.

Indet(H) = {

This is clearly infinitely differentiable anywhere it is finite. We will see that its derivatives
are very closely related to those of the one-dimensional function In¢, whose first and
second derivatives are £ ! and —& 2 for positive £. To find its gradient we proceed as
follows:

det(H + aE) =det H det(I + «H'E).

Now the last determinant is a polynomial of degree 7 in @, and its lowest degree terms
are 1+ a Trace(H'E). Hence

d 1 d
%lndet(H—i—aEﬂa:O = @%det(H+aE)|

1
= det H Trace(H'E)=H ' o E,
det H

a=0

from which we obtain

VIndet(H) = H™" for positive definite H. (A4.1)
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We can also compute the second derivative of Indet: this is the linear function

D*Indet(H)[-,-] of two symmetric direction matrices that is symmetric in its arguments,
D*Indet(H)[E,,E,] = D?*Indet(H)[E,, E, ], and satisfies

42

D?Indet(H)[E,E]= ﬁlndet(H-l- aE)|,—o-
a

From our derivations above, the right-hand side is just

i(H—i—aE)_le:OoE.
da

To evaluate this, we need the following remarkable lemma.

Lemma A.12. If F € R"*" satisfies ||F||, < 1, then I —F is nonsingular with
(I—F)y'=I+F+F+

Proof. First we need to show that the right-hand side is well defined. Let ¢ =||F|, < 1.

Then every entry of F* is bounded in absolute value by ||F*||, < ||F||2 = ¢, so that

every entry on the right-hand side is a series whose terms are bounded in magnitude by

those of a geometric series. Hence all these series converge as desired. The result now
follows by taking the limit as £ — oo of the identity

(I—FYI+F+F* 4.+ F;hy=1—FF1_ [

The lemma implies that, if H is nonsingular and « sufficiently small,

(H+eEy"' = H\I+aEH1)!

= H'—oH'EH'+4+@?H'EH-'EH™'— (A42)
Putting these facts together, we obtain
D’Indet(H)[E,,E,]=—(H 'E,H ") o E,. (A4.3)

The identity (A.1.1) shows that this is symmetric in its two arguments. Similar analyses
can be used to compute any derivative of Indet.

Equation (A.4.2) above allows us to obtain the useful directional derivative of the
inverse function:

di(H +aEY Y, g=—H'EH.. (A.4.4)
a

A.5 = Convexity

A set C inR” is called convex if whenever x and y lie in C, so do all convex combinations
of the form (1—A)x + Ay for 0 < A < 1. The same definition can be used to define convex
subsets of R”*” or 8”. A function f : R” — R is called convex if, for any arguments x
andy inR”,and any 0< A< 1,

f((A=Dx+ ) (1= Af (x) + Af ()
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This definition can be extended to functions defined only on a convex subset C of R” by
restricting x and y to C. It is often convenient to extend such a function to all of R” by
defining it to be 400 outside C. In this case, f is convex iff

{(;8)eR™M &> f(x))

is a convex set. Again, similar definitions can be made for functions defined on R”*” or
S”.

Suppose f is defined and differentiable on an open convex subset C of R”. Then f is
convex iff, for every x,y € C,

FO)=f(x)+Vf(x) (y—x).

If f is instead defined and differentiable on an open convex subset of R”*” or S”, the
above inequality is replaced by

f) 2 f(X)+Vf(X)e(Y —X),

where Vf(X) is the matrix gradient as defined in the previous section.
Finally, suppose f is defined and twice differentiable on an open convex subset of R”.
Then f is convex iff, for every x € C,

V2 f(x) is positive semidefinite.

If / is defined and twice differentiable on an open convex subset of a matrix space, the
condition above becomes

D*f(X)[E,E]>0forall E,

which can be taken as a definition of the positive definiteness of the operator D?f(X)
This shows that —Indet is a convex function on symmetric matrices (see (A.4.3)), since
(H'EH ") e E =||H VEH~'?|2 > 0.

All of these results can be obtained easily by reducing properties of the function f
defined on a high-dimensional space to those of the univariate function ¢ defined by
P(A) := f(x + Aly —x)) or (A) := f(X + AE), etc. Indeed, convexity of / holds iff
each such ¢ is convex, and the two conditions above just state that the corresponding ¢
has its second derivative nonnegative at 0.

A.6 = Optimality conditions and duality

Consider the nonlinear programming problem

0,1=1,...,m,

0,7=1,...,p.

Generally, we assume all functions are finite (real-valued) and differentiable throughout
R”, although it is also useful to allow functions that are finite and differentiable on an
open subset of R” and conventionally defined to be 400 elsewhere.

We say x is feasible for (P) if all functions are finite at x and all constraints are satisfied
there. A feasible solution x is a global (local) minimizer for (P) if (there is a positive €
such that), for all feasible x (with ||x —x|| <€), f(x) > f(x). The following optimality
conditions are due to Karush [47] and John [45].
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Theorem A.13. If x is a local minimizer for (P), there are multipliers T >0, u € R}, and
v €R?, not all zero, such that

TVF(E)+ D Vg (¥)+ D v Vhi(%) =0,
B i
u;g;(x)=0, i=1,...,m.

The second set of equations above are called complementary slackness conditions: a
multiplier #; can only be positive if g;(x) =0, i.e., the corresponding inequality constraint
is tight at x.

We can restrict 7 to be positive and hence, without loss of generality, equal to 1 under
additional regularity conditions. For example, the Slater condition suffices: f and all
g;’s are convex, all /;’s are affine, and there is a feasible point X with g(x) < 0 so that
all inequality constraints hold strictly. In this case, we obtain the Karush-Kuhn-Tucker
conditions [47, 55]:

V£(%) +Z 1,V g (%) +Z 5,Vh, (%) =0,

#;g;(x)=0, i=1,...,m.
These conditions are also sufficient for optimality in the convex case: we say that
a nonlinear programming problem is convex if f is convex (or concave if we are
maximizing), all g;’s are convex, and all » j’s are affine.
Note that the first condition above can be written as

Y, L(%,i,7)=0,
where L :R” x R” x R? — R is the Lagrangian function
Lx,n,0):= f(x)+ul g(x)+ v h(x).

It is clear that max -, L(x,#,v) equals f(x) if x is feasible and +o0 otherwise, so that
we can rewrite our problem as

(P) min{max L(x,#,v)}.
X u>0,v

On the other hand, if # > 0, for every feasible x, f(x) > L(x,#,v), so that min, L(x,#,v)
provides a lower bound on the optimal value of (P). Hence the Lagrangian dual of (P),

(D) max {minL(x,u,v)},

has optimal value at most that of (P). In important cases, such as convex problems where
an optimal solution x exists at which the Karush-Kuhn-Tucker conditions hold, both
problems have optimal solutions and their objective values are equal: we say strong duality
holds. The difference between the primal and dual optimal objective values is called the
duality gap; hence if strong duality holds, there is no duality gap.

For simplicity above, we have taken x to lie in R” and the constraints to be real valued.
However, we can choose matrix spaces in each case. For example, we can replace x with a
matrix variable X above, and then the gradients like V /(X') become the matrix gradients
as in the previous sections. Similarly, if the equality constraints become, say, H(X) =0,
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where H takes matrices into matrices, the multiplier v becomes a matrix V' in the same
space as the range of H, 37, v;Vh;(x) becomes V o VH(X), and the last term in the

Lagrangian function becomes V o H(X).

Finally, if we have a minimization problem over matrices X € §”, and an additional
constraint that X must be positive semidefinite, we form the Lagrangian in exactly the
same way, but our minimizations in both (P) and (D) over X become minimizations
over X € S%.

A.7 = Compactness of the set of direction matrices

Let Y € R¥*” and Z € R™”, and let U be a nonzero positive semidefinite diagonal 72 x m
matrix. In this section we will show that there is a solution £ € R¥*/ to

EZUZTy=—YUZT, (A.7.1)

and that furthermore, there is a compact set F in R¥*¢ (depending on Y and Z) such that
(A.7.1) has a solution in F for all such U. (We apologize for the notation in this section.
We used letters in (A.7.1) to conform to those in Chapters 4 and 5, but use F for the
compact set since £ is reserved for ellipsoids. Also, we use f; for a column of £ T because

e; is used for a unit vector, and —g; for a column of YT because y; is reserved for a column

of Y.
We write (A.7.1) in transposed form, and then consider each column, to get

(zUZ")f,=ZUg,

where f; is the jth column of ET and —g; is the jth column of YT, Note that this holds
iff f; solves the least-squares problem

min||U'2ZT f —U"g||. (A.7.2)

If we can show that f can be restricted to a compact set J; in R, then existence follows

since we are minimizing a continuous function over a compact set, and moreover we can
take
F:={E eR*" : the jth column of E lies in F; for each j}.

Proposition A.14. There is a compact set Fi, depending on'Y and Z, so that the solution to
(A.7.2) can be restricted to ;.

Proof. Consider the hyperplane arrangement given by the hyperplanes z/ f =y, ol =
1,...,m, where z is the ith column of Z and y;; is the ith component of g;. If the span
S of the z,’s is not all of RY, then f can be restricted to S, since any component in its
orthogonal complement doesn’t change the objective in (A.7.2). Thus we assume § =R’
without loss of generality. Then the arrangement will have vertices, intersection points
of £ hyperplanes with linearly independent normals z;. Let F; be the convex hull of all
such vertices. If /* does not lie in this set, it must lie in the relative interior of one of
the unbounded polyhedral regions cut out by the hyperplane arrangement, so there is a
nonzero direction d with z! (f + Ad)—y, ; having the same sign for all positive A. This

implies that each z/ (f — Ad)—y, ; is nonincreasing in absolute value as we increase 4, so
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we will reach a new point f” lying in a polyhedral region of smaller dimension, with all
components of Z7 f/— g; no larger in absolute value than those of Z Tf— g;- Continuing
in this way, we will eventually reach a bounded polyhedral region, so that our point lies
in F;, and has no larger objective value than f. O

A.8 = Derivation of a dual to the maximum-volume inscribed

ellipsoid problem

Recall the convex formulation of the maximum-volume inscribed ellipsoid problem in
Subsection 6.3.1:
mingcg, ges»  —2Indet(B)

ylo+|Byl|<1, i=1,...,m. (8.8.3)

Using Lagrange multipliers 2 € R”, we obtain the Lagrangian function

L(v,B,&) = —21ndet(B)+27JTY§+ZZ§Z~||Byi||—ZeTf.

Note that, if Y'§ # 0, we can drive this to —oo by an appropriate choice of v. Also, we
have assumed that the y;’s span R”, but if the y,’s corresponding to positive ;s do not
span R”, there will be a vector z orthogonal to all such y,’s, and then fixing v and choosing
B =1+ uzz", with u approaching 400, drives the Lagrangian to —co.

Thus we assume that Y& = 0 and the y,’s corresponding to positive &;’s span R”, and
consider

¢<5) = minveR",BeS”(_ZIHdet(B) +27}TY§ +22i é||Byi|| _26T5> (A 8 4)
= minBeS" SA(B’ 5)5 o

where

&(B,&):= —21ndet(B)+ZZ§l-||Byi||—ZeTf. (A.8.5)

Proposition A.15. Under the above conditions on &, the minimum of {(-,&) over 8" is
attained by a unique positive definite B.

Proof. Let A (B) be the largest eigenvalue of B and let Py denote orthogonal projection
onto the corresponding eigenspace. Then

$(B,&) = —2nn A, (B) +min{&; : & >0}, (B) D [IPgyil|—2¢"E.
i:§l>0
We claim there is some ¢ >0 such that 33, - ., [[P5;|| = € for all B € §”. Indeed, if not,
there is a sequence {B;,} C §” such that 37, .o[|Pg,7;|| = 0. Let w, be any unit vector
in the range of Py , and by taking limits if necessary, assume w, — w # 0. Then, since

wkTyi — Oforall i with &; >0, we find that w” 'y, = 0 for all such ,’s. But this contradicts
the fact that these y,’s span R”.
We conclude that

G(B,E)>—2nln A, (B)+emin{& : & >0}, (B)—2e" &,

and since the right-hand side tends to oo with A, (B), we can confine our search for a
minimizing B to those with A___(B) < A for some A < oo.
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Also, if A

B) denotes the smallest eigenvalue of such B, then
H(B,E)>—2(n—1)In A (B)—2InA_; (B)—2e’&
>—2(n—1)InA—2InA_. (B)—2e’¢&,
and the right-hand side tends to oo as A_;_ (B) approaches 0. Hence we can without loss
of generality restrict B to the compact set {B € §” : A < A;.(B) < A,,,.(B) < A} for
some 0 < A < A < 00, and since the objective function is continuous on this set, it attains
its minimum. Moreover, the minimum is finite (since B = I gives a finite value), so any

minimizer must be positive definite, and it must be unique because the objective is strictly
convex. O

‘min (

Since all the y;’s are nonzero, the function ¢(-,&) is differentiable at all positive
definite B, and with ||By;|| = ( l.TBzyl-)l/z, we find

- &
Vph(B.E)=—2B"+ By (Byy! +:5B).

Let us set
_ &
u; = ,
|1By; ||
Then at a minimizer of ¢(-,&), we have

2B'=BYUYT+YUY'B.

yeeey

Postmultiplying by B, we see that Y UY T B? is symmetric, so Y UY T commutes with B2,
and hence with B. Thus B is a minimizer iff

B2=YUYT orB=(YUYT)"'/,
in which case

H(E)=(B,&)=Indet(YUYT) +ZZ uy (YUYTY !y, —2eTE

=Indet(YUYT)+2(YUYT)e(YUYT) 1 —2¢7¢&
=Indet(YUYT)+2n—2e7¢.

Now suppose that é = A, where A >0and e7 & = n, and that # is defined as above from
. Then if u := 24, we find u, = & /||(YUYT)7/2y ]|, so that

¢(«§a) =27 InA+Indet(YUYT)+2n—2nA.

In the dual problem, we are maximizing ¢, so we can assume that A maximizes the right-
hand side above, i.e., A = 1. Equivalently, we can assume that el'E = n, and so we add
this constraint. We can ignore the requirement that the y,’s corresponding to positive
&s (or equivalently positive #;’s) span R”, because if not, Y UY T is singular and its log
determinant is —oo. We thus obtain the dual problem

max, cgm £crm Indet(Y UYT)

Y& =0,

e’ =n,
E=ul(YUYTY Pyl i=1,csm,
u>0,

and we have observed in Section 6.3 that in fact the equation linking the & and # variables
can be relaxed to a greater-than-or-equal-to inequality.
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MATLAB Codes

Here is a MATLAB file for the centered minimum-volume enclosing ellipsoid problem.
For n = 2, it draws the successive ellipses, using David Long’s code ellipse.m available
from MATLAB Central.

function [u,R,factor,improv,mxv,mnv,flagstep,lamhist,var,time,iter,act] =...
minvol(X,tol,KKY,maxit,print,u)

% Finds the minimum-volume ellipsoid containing the columns of X using the
% Fedorov-Wynn-Frank-Wolfe method, with Wolfe-Atwood away steps if KKY = 0.
% The algorithm also uses the method of Harman and Pronzato to

% eliminate points that are found to be inessential.

% The algorithm returns an ellipsoid providing a (1+tol)n-rounding of

% the convex hull of the columns of X in n-space. Set tol to eps/n to get
% a (l+eps)-approximation of the minimum-volume ellipsoid.

Tl Il tototototo ol lololole ~ INPUT PARAMETERS  %%%%etototssisetotstatalolololotototoisioisototsTololotots o
% X is the input data set.

% tol is the tolerance (measure of duality gap), set to 10°-7 by default;

% KKY is:

% 0 (default) for the Wolfe-Atwood method using Wolfe’s away steps

% (sometimes decreasing the weights) with the Kumar-Yildirim start;
yA 1 if using the Fedorov-Wynn-Frank-Wolfe algorithm

% (just increasing the weights) with the Khachiyan initialization;

% 2 for the Wolfe-Atwood method with the Khachiyan initialization;

)

% maxit is the maximum number of iterations (default 100,000);

% print is the desired level of printing (default 1); and

)

% u is the initial value for the weights (default as above).

)

Tt to ool Tototo oo foToto o fofofototoe -~ QUTPUT PARAMETERS  Ulothlolotoo oo lotots o foToo o o o ToTo o oo foTo o o o oo
)

125
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u determines the optimal weights on the m columns of X (U = Diag(u));

R is a scaled (upper triangular) Cholesky factor of
M := XUX’: R°T*R = factor * XUX’;

improv(i) gives the objective improvement at iteration ij;
mxv(i) gives the maximum variance (x_i~T M~{-1} x_i) at iteration i;

mnv (i) gives the minimum variance for those i with u_i positive
at iteration ij;

flagstep(i) identifies the type of step taken at iteration i: 1(drop),
2(decrease), 3(add), and 4(increase);

lamhist (i) holds the step length lam at iteration ij;

var gives the variances of all the points at completion
(points that have been eliminated are assigned the value -1);

iter is the total number of iterations taken;

act is the index set of active columns of X, those that have not
been eliminated; and

time is the total cputime spent in order to obtain the optimal solution.

Calls initwt, updateR, updatevar, and ellipse if n = 2 to draw
the ellipse at each iteration.

I I TSI hdhh%h%  INITIALIZE INPUT PARAMETERS IF NOT DEFINED  %U%hhhhedhhdstith

if

[n,

if
if
if
if
if

(nargin < 1), error(’Please input X’); end

m] = size(X);

(nargin < 2), tol = 1e-07; end

(nargin < 3), KKY = 0; end;

(nargin < 4), maxit = 100000; end;

(nargin < 5), print = 1; end;

print,

fprintf (’\n Dimension = 5.0f, Number of points = %5.0f’,n,m)
fprintf(’, Tolerance = %5.1e \n’,tol);

end;

if

(nargin < 6),
if (KKY >= 1),
u = (1/m) * ones(m,1);
fprintf (’\n Using Khachiyan initialization \n’);
else
u = initwt(X,print);
end;

end;

Tt T Tt bbb hhhhhh%  INITIALIZE NECESSARY PARAMETERS  %hththtothdh e latotototototoooioioihhs

st

= cputime;



Downloaded 07/15/16 to 132.239.1.231. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

Appendix B. MATLAB Codes 127

iter = 1;

n100 = max([n,100]);

n50000 = max([n,50000]);

tol2 = 1e-08;

mxv = zeros(1l,maxit); % pre-allocate memory for output vectors
mnv = zeros(1l,maxit);

flagstep = zeros(l,maxit);

lamhist = zeros(1,maxit);

mvarerrhist = zeros(l,maxit); improv = zeros(l,maxit);

WIS SIS d Il ho s INITIALIZE CHOLESKY FACTOR  Uhshtetoehe oo hoho o)

YYNNAS

upos = find(u > 0);

lupos = length(upos);

A = spdiags(sqrt(u(upos)),0,lupos,lupos)*X(:,upos)’; % A’A =M := XUX’
[Q,R] = qr(4,0);

factor = 1; % M = factor~-1 * R’ * R

% Draw the current ellipse if n = 2.

if (n == 2),
pause on;
clf;
radii = .02%ones(1,m);
ellipse(radii,radii,zeros(1,m),X(1,:),X(2,:),%k?,100);
hold on;
C="r%;

M = X(:,upos)*spdiags(u(upos),0,lupos,lupos)*X(:,upos)’;
[V,D] = eig(M);

phi = atan(V(2,1)/V(1,1));

aa = sqrt(2*D(1,1)); bb = sqrt(2xD(2,2));
ellipse(aa,bb,phi,0,0,C,100);

pause;
end;

Tototo o T T To oo e T To INITIALIZE VARIANCES %%%% Tototo ol ToToTo o T To T o o o T T
RX = R’ \ X; % RX = R~{-T} X

var = sum(RX .* RX,1); % var(i) = x_i~T M~{-1} x_i
% maxvar is the maximum variance.

[maxvar,maxj] = max(var);
T It k% TRY ELIMINATING POINTS %o lhtotsthtototetotods o tods e to o toto o o tods e To o o To o o

% act lists the mm non-eliminated columns of X,
% and XX is the corresponding submatrix.

act = 1:1:m;
XX = X;

mm = m; oldmm = m;

% Use the Harman-Pronzato test to see if columns of X can be eliminated.
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ept = maxvar - n;

tresh = n * (1 + ept/2 - (ept*(4+ept-4/n))~.5/2);
e = find(var > tresh | u’ > tol2);

act = act(e);

XX = XX(:,e);

mm = length(e);

% If only n columns remain, recompute u and R.

if mm == n,
u = (1/n)*ones(n,1);
upos = find(u > tol2);
A = spdiags(sqrt(u),0,mm,mm) * XX’;
[Q,R] = qr(a,0);
factor = 1;

RX = R’ \ XX;

var = sum(RX .* RX,1);
else

var = var(e);

u = u(e)/sum(ule));
upos = find(u > tol2);

end;
if print,
fprintf(°’\n At iteration %6.0f’, iter-1);
fprintf(’, number of active points %5.0f \n’,length(act));
end;
oldmm = mm;

WIS I S h ISl oo hohehdh  FIND "FURTHEST" AND "CLOSEST" POINTS Uhhtelolsheholoheho oo tets

[maxvar,maxj] = max(var);
[minvar,ind] = min(var(upos)); minj = upos(ind); mnvup = minvar;

% minj has smallest variance among points with positive weight.

mxv(iter) = maxvar; mnv(iter) = minvar;
if KKY==1, fprintf(’\n Using KKY’); mnvup = n; end;

Il T T el T T oo e T T o hoto oo e START TTERATIONS St lehoto ool loto o e e T oo e T oo o e e
while ((maxvar > (1+tol)#*n) || (mnvup < (1-tol)*n)) && (iter < maxit),
W DRIk hhAh%  SELECT THE COMPONENT TO INCREASE OR DECREASE  U%%%hhhhhhshd

if maxvar + mnvup > 2*n,
j = maxj;
mvar = maxvar;
else
j = minj;
mvar = mnvup;
end;

% Compute Mxj = M~{-1} x_j and recompute var(j).
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flag_recompute = 0;

xj = XX(:,3);

Rxj = R’ \ xj;

Mxj = factor * (R \ Rxj);

mvarn = factor * (Rxj’ * Rxj);

mvarerror = abs(mvarn - mvar)/max([1,mvar]);

mvarerrhist(iter) = mvarerror;

if (mvarerror > tol2),
flag_recompute = 1;

end;

mvar = mvarn;

Tolololofoth COMPUTE STEPSIZE LAM (MAY BE NEGATIVE), EPSILON, AND  %%%%hAh%h%h%
Tototalotots IMPROVEMENT IN LOGDET LSS LA

lam = (mvar - n) / ((n-1) * mvar);
ep = (mvar/n - 1);

uj = u(jd;
lam = max(lam,-uj);
lamhist(iter) = lam; % record the stepsize taken
if lam < -u(j) + tol2, flagstep(iter) = 1; % drop step
elseif lam < 0, flagstep(iter) = 2; % decrease step
elseif u(j) < tol2, flagstep(iter) = 3; % add step
else flagstep(iter) = 4; % increase step
end

Update u and make sure it stays nonnegative.

imp = log(l + lam*mvar) - n * log(l + lam);

uold = u;

u(j) = max(uj + lam,0); u = (1/(1 + lam)) * u;

upos = find(u > tol2);

if (print) && (iter > 1) && (iter-1 == floor((iter-1)/n100) * n100),

Print statistics.
fprintf (°\n At iteration %6.0f, maxvar %9.5f’,iter-1,maxvar)

fprintf(’, minvar %9.5f’,minvar)
end;

YANNN YIS UPDATE (OR RECOMPUTE) CHOLESKY FACTOR AND VAR Y%U%hhhhhihodstihotsths

if (iter > 1) && ((iter-1 == floor((iter-1)/n50000) * n50000)
|| (flag_recompute && print)),
upos = find(uold > 0);
lupos = length(upos);
M = XX(:,upos) * spdiags(uold(upos),0,lupos,lupos) * XX(:,upos)’;
normdiff = norm(factor*M - R’*R) / (factor*norm(M));
if (normdiff > tol2),
flag_recompute = 1;

end;
if (flag_recompute && print)

fprintf (°’\n Relative error in mvar = %8.le’, mvarerror);

fprintf(’> and in XUX’’ = %8.le; reinverting \n’, normdiff);
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end;
end;

if flag_recompute,
upos = find(u > 0);
lupos = length(upos);
A = spdiags(sqrt(u(upos)),0,lupos,lupos) * XX(:,upos)’;
[Q,R] = qr(4,0);
factor = 1;

RX = R’ \ XX;
var = sum(RX .* RX,1);
else

% Update factorizations.

[R,factor,down_err] = updateR(R,factor,xj,lam);
if down_err, fprintf(’\n Error in downdating Cholesky’); break; end;
mult = lam / (1 + lam*mvar);
var = updatevar(var,lam,mult,Mxj,XX);
end;

% Update maxvar.
[maxvar,maxj] = max(var);

% Use the Harman-Pronzato test to see if
% further columns can be eliminated.

if (iter > 1) && (iter-1 == floor((iter-1)/n100) * n100),
ept = maxvar - n;
tresh = n * (1 + ept/2 - (ept*(4+ept-4/n))~.5/2);
e = find(var > tresh | u’ > tol2);
if length(e) < mm,
act = act(e);

XX = XX(:,e);

mm = length(e);

if mm ==
u = (1/n)*ones(n,1);
uold = u;

upos = find(u > tol2);
A = spdiags(sqrt(u),0,mm,mm) * XX’;
[Q,R] = qr(A,0);
factor = 1;
RX = R’ \ XX;
var = sum(RX .* RX,1);
[maxvar,maxj] = max(var);
else
var = var(e);
u = u(e)/sum(u(e));
uold = uold(e)/sum(uold(e));
upos = find(u > tol2);
[maxvar,maxj] = max(var);
end;
if (print == 2) || (print && (mm < oldmm / 2)),
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fprintf(°\n \n At iteration %6.0f’,iter - 1);

fprintf(’, number of active points %5.0f \n’,length(act));

end;
oldmm = mm;
end;
end;
% Update minvar, iteration statistics.
upos = find(u > 0);
[minvar,ind] = min(var(upos)); minj = upos(ind); mnvup = minvar;
iter = iter+i;
improv(iter) = imp;
mxv(iter) = maxvar;
mnv(iter) = minvar;
if KKY == 1, mnvup = n; end;
% Draw the current ellipse if n = 2.
if (n == 2),
if (C == ’r’), C = ’b’;
elseif (C == ’b’), C = ’g’;
elseif (C == ’g’), C = ’r’;
end;
M = XX*spdiags(u,0,mm,mm)*XX’;
[V,D] = eig(M);
phi = atan(V(2,1)/V(1,1));
aa = sqrt(2xD(1,1)); bb = sqrt(2*D(2,2));
ellipse(aa,bb,phi,0,0,C,100);
pause;
end;
end;

IS IS I TS DS h k% CALCULATE AND PRINT SOME OF THE OUTPUT VARIABLES %%%hhh%hdh

% Put back eliminated entries.

mxv

= mxv(l:iter); mnv = mnv(l:iter);

flagstep = flagstep(l:iter); improv = improv(l:iter);
lamhist = lamhist(1l:iter);

uu

= zeros(m,1); uu(act) = u; u = uu;

varr = -ones(m,1); varr(act) = var; var = varr;
iter = iter - 1;

if

print,

for i=1:4, cases(i) = length(find(flagstep==i)); end

fu = find(u > 1le-12);

fprintf (°’\n \n maxvar - n = %4.3e’, max(var) - n)

fprintf (>, n - minvar = %4.3e \n’, n - min(var(fu)));

fprintf (°’\n Drop, decrease, add, increase cases: %6.0f’, cases(1));
fprintf (°%6.0f %6.0f %6.0f \n’,cases(2),cases(3),cases(4)),

fprintf (’\n Number of positive weights = %7.0f \n’, length(fu));
fprintf (°’\n Number of iterations = %7.0f \n’, iter);
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fprintf (°’\n Time taken = %7.2f \n \n’, cputime - st);
end;

return;
Here is the code for generating an initial solution # as in Kumar and Yildirim [56]:

function u = initwt(X,print)

% obtains the initial weights u using the Kumar-Yildirim algorithm,
% taking into account that X represents [X,-X].

if (nargin < 2), print = 0; end;
if print, st = cputime; end;
[n,m] = size(X);

u = zeros(m,1);

Q = eye(n);

d=QC,1);

% Q is an orthogonal matrix whose first j columns span the same space
% as the first j points chosen X(:,ind) (= (X(:,ind) - (-X(:,ind)))/2).

for j = 1:n,
A compute the maximizer of | d’*x | over the columns of X.
dX = abs(d’*X);
[maxdX,ind] = max(dX);

u(ind) = 1;
if j == n, break, end;

% update Q.
y = X(:,ind);
z = Q’*y;
if j > 1, z(1:j-1) = zeros(j-1,1); end;
zeta = norm(z); zj = z(j); if zj < 0, zeta = - zeta; end;

zj = zj + zeta; z(j) = zj;
Q=0Q - (@ * z) * ((1/(zeta*xzj)) * z’);

d = Q(:,j+1);
end;
u=u/ n;
if print,

fprintf (°’\n Initialization time = ¥5.2f \n’,cputime - st);
end;
return;

Here are codes to update the “variances” w,(#) and the scaled Cholesky factorization
of XUXT after a rank-one update:

function var = updatevar(var,lam,mult,Mxj,XX);

% Updates the variances.
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tmp = Mxj’ * XX;
var = (1 + lam) * (var - mult* (tmp.~2));
return;

function [R,factor,down_err] = updateR(R,factor,xj,lam);

% Updates the Cholesky factor R.

p = 0;
xx = sqrt(abs(lam)*factor) * xj;
if (lam > 0), R = cholupdate(R,xx,’+’);
else, [R,p] = cholupdate(R,xx,’-’);
end;
factor = factor * (1 + lam);
if (p>0), down_err = 1; else down_err = 0; end;
return;

Below is the code to generate a matrix X from the rotationally invariant Cauchy

distribution described in Section 3.8:

function X=rot_cauchy(n,m,rnd,a);
% Generates a rotated Cauchy-distributed n x m matrix with scale a.

if nargin < 3, rng(’default’); else, rng(rnd); end;
if nargin < 4, a = 1; end;

b=randn(m,1);

c=randn(m, 1) ;

d=ax*(b./c);

X = randn(n,m);

d=d ./ (sqrt(sum(X.~2,1)))’;

X = X*spdiags(d,0,m,m);

return;

And finally, here is the code for the minimum-area ellipsoidal cylinder problem (note

that the data is to be stored as X =[Z;Y ], not [Y;Z]):

function [u,R,factor,improv,mxv,mnv,flagstep,lamhist,var,time,iter]...
= minvolk(X,k,tol,KKY,maxit,print,u)

% Finds the ellipsoidal cylinder with minimal k-dimensional cross-sectional
% area containing the columns of X:=[Z;Y] with Z in R~(r*m)

% and Y in R~ (k*m) using the Fedorov-Wynn-Frank-Wolfe method,

% with Wolfe-Atwood away steps if KKY = 0.

% The algorithm returns an ellipsoidal cylinder providing a
% (1+tol)n-rounding of the convex hull of the columns of X in n-space.

Tl Tl lotetotototo ot hlelohilototole ~ INPUT PARAMETERS  %%%%etototssisstotststolololototototoisioisototsTololotots o
h

% X:=[Z;Y] where Z in R~ (r*m) and Y in R~(k*m) is the input data set;

)

% k is the dimension of the space where the minimum-area cross-section

% is desired;
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)

% tol is the tolerance (measure of duality gap), set to 107-6 by default;
)

% KKY is:

% 0 (default) for the Wolfe-Atwood method using Wolfe’s away steps

% (sometimes decreasing the weights) with the Kumar-Yildirim start;
yA 1 if using the Fedorov-Wynn-Frank-Wolfe algorithm

% (just increasing the weights) with the Khachiyan initialization;

% 2 for the Wolfe-Atwood method with the Khachiyan initialization;

YA

% maxit is the maximum number of iterations, default value 100000;

)

% print is the desired level of printing (default 1); and

)

% u is the initial value for the weights (default as above).

YA

TRl oo o To OUTPUT PARAMETERS  %hhhhhhhleletetotsts YNNI
A

% u is the dual solution vector;

A

% R and factor are such that factor~-1/2 * R is the (upper

% triangular) Cholesky factor of the optimal

% M := XUX"T, and the trailing k x k submatrix Rbar

% of R and factor are such that factor~-1/2 * Rbar is the (upper

% triangular) Cholesky factor of the optimal

h K(u) := YUY~T-YUZ~T(ZUZ"T)~{-1}ZUY"T;

)

% improv(i) holds the improvement in obj. function value at iteration ij;
)

% mxv(i) holds the maximum variance over all points at iteration ij;

)

% mnv(i) holds the minimum variance over all points with positive

% weight at iteration ij;

YA

% flagstep(i) identifies the type of step taken at iteration i: 1(drop),
% 2(decrease), 3(add), and 4(increase);

YA

% lamhist(i) holds the step length lam at iteration ij;

YA

% var gives the variances of all points w.r.t. the optimal u

A (var_i(uw)=(y_i+Ez_i)"T K(w)~{-1} (y_i+Ez_i));

A

% iterno is the total number of iterations taken; and

)

% time is the total cputime spent in order to obtain the optimal solution.
A

% Calls initwt, updatevar, and updateR.
DI I TSI hdhh%h%  INITIALIZE INPUT PARAMETERS IF NOT DEFINED  %U%hhhhedhhdstith

if (nargin < 2), error(’Please input X and k’); end
[n,m] = size(X);

if (nargin < 3), tol
if (nargin < 4), KKY

1e-06; end;
0; end;
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if (nargin < 5), maxit 100000; end;
if (nargin < 6), print = 1; end;
if print,
fprintf (’\n Dimension = 5.0f, Number of points = %5.0f’,n,m)
fprintf(’, Tolerance = %5.1e \n’,tol);
fprintf (’\n Dimension of y-space = 5.0f \n’,k);
end;
if (nargin < 7),
if (KKY >= 1),
u = (1/m) * ones(m,1);
fprintf (’\n Using Khachiyan initialization \n’);

else
u = initwt(X,print);
end;
end;
Tl b Tt INITIALIZE NECESSARY PARAMETERS Y% tthtete ot hhhh bbb to ot

st = cputime;

r =n - k;

iter = 1;

n100 = max([n,100]);
n50000 = max([n,500001);
ximult = 1;

gamma = 1000;
tol2 = 10°-8;
mxv = zeros(1l,maxit); % pre-allocate memory for output vectors

mnv = zeros(1l,maxit);
flagstep = zeros(l,maxit);
lamhist = zeros(1,maxit);
improv = zeros(l,maxit);

Tt bl to oo hotohsdhhi/s  PARTITION X INTO BLOCKS Y AND Z  %hbhhthtotototo e tototodohlototodoih o totoh

Z = X(1:r,:);

%Y = X(r+l:n,:); % Y is not used, but is helpful for explaining some
% computed quantities.

TRl oo o To e INITIALIZE FACTORIZATION  %%%%%htototstststototalalolololotototototsststoe

upos = find(u > 0);
lupos = length(upos);

% M = X(:,upos)*spdiags(u(upos),0,lupos,lupos)*X(:,upos)’;
%M = XUX’ (X * diag(u) * X’)
% MZZ = M(1:r,1:1); % MZZ = ZUZ’> (Z * diag(u) * Z°)
% M and MZZ are not used, but are
% helpful in explaining some
% computed quantities.

A = spdiags(sqrt(u(upos)),0,lupos,lupos)*X(:,upos)’; % A’A = M.
factor = 1;
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factor®-1 * R> *x R
factor~-1 * RZ’* RZ

[Q,R]
RZ

qr(A,0); % M
R(1:r,1:1); % MZZ

Il bbb oo tototototodododede ~ INITIALIZE VARTIANCES Uoshshtotototototo oottt totoothhihihihihioioiois

RX =R\ X; % RX = R~-T * X;

RZZ = RZ’ \ Z; % RZZ = RZ"-T * Z

zeta = sum(RZZ .* RZZ,1); % zeta(i) = z_i’ * (ZUZ’)"-1 * z_i

xi = sum(RX .* RX,1); % xi(i) = x_i’ * (XUX"T)"-1 * x_i

var = xi - zeta; % var(i) = (y_i+Ez_i)’K(u)~{-1}(y_i+Ez_i)

YIS T T h bttt doh %%~ FIND "FURTHEST" AND "CLOSEST" POINTS %hhhhhdshdshitith

upos = find(u > 0);
[maxvar,maxj] = max(var); 7% maxj has greatest variance among all points
[minvar,ind] = min(var(upos)); minj = upos(ind); mnvup = minvar;
if (maxvar > kx(m-1)),
fprintf (’\n Initialization worse than Khachiyan’’s’);
fprintf(’, maxvar = J5.0f \n’,maxvar);
end;

% minj has smallest variance among points with positive weight
mxv(iter) = maxvar; mnv(iter) = minvar;
if (KKY == 1), fprintf(’\n Using KKY \n’); mnvup = k; end;

Tt To oo oo ToTo o o o oo

%% START ITERATIONS %%

Tototo o e T To o o o o T To oo o T T oo oo
while ((maxvar > (1+tol) * k) || (mnvup < (1-tol) * k)) && (iter < maxit),
b b hhhhhh%  SELECT THE COMPONENT TO INCREASE OR DECREASE  %%%hhhhhhthh

if (maxvar + mnvup < 2xk),

j = minj;
mvar = mnvup;
else
j = maxj;
mvar = maxvar;
end
uj = u(j);

% Recompute var(j) and zeta(j).

flag_recompute = 0;
xj = X(:,3);5 zj = 2(:,3);

RZzj = RZ’ \ zj; % RZzj = RZ~-T * z(j)

MZZzj = factor * (RZ \ RZzj); % Mz2Zzj = (ZuZ’)~{-1} * z(j)
Rxj = R’ \ xj;

Mxj = factor * (R \ Rxj); % Mxj = (XUX’)~{-1} * xj

zetaj = factor * (RZzj’> * RZzj); % zeta(j) recomputed

xij = factor * (Rxj’ * Rxj); % xi(j) recomputed

mvarn = xij - zetaj; % var(j) recomputed
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Y%h%h%  COMPUTE STEPSIZE LAM (MAY BE NEGATIVE) %%Y%

mvarerror = abs(mvarn - mvar)/max([1,mvar]);
mvarerrhist(iter) = mvarerror;
if (mvarerror > tol2),
flag_recompute = 1;
end;
mvar = mvarn;

A
A

% a, b, and c as below.

3

3

A
A
yA

3

We need to find the roots of this quadratic; different

3

real roots, single root, double real roots.

S

= - mvar / 2 + mvar / (2¥k) - zetaj;
zetaj * (mvar + zetaj);
1 - mvar / k;

o @
won

A
A

S

equation a*lambda”2 - 2bxlambda + c =0.

3

if (abs(a) < 1le-15),
if (abs(b) < le-15),

if (c < 0),
lam = 1e10;
else
lam = -uj;
end

else
lam = ¢ / (2%b);
end
else
if bxb > axc,
lam = ¢ / (b - sqrt(b*b - axc));
else
if ¢ < 0, lam = 1e10; else lam = -uj; end
end
end
lam = max(lam,-uj);

If the step would make ZUZ’ close to singular, take a slightly

shorter step.

if (lam < -.9999%uj) & (1 + lam*zetaj < .0001),

fprintf (°’\n Truncating step making ZUZ’’ singular \n’);

lam = -.9999%uj;
end

If the increase in xi is too great compared to lam, reject the decrease

or drop step, and perform an increase or add step
if (lam < 0) && (lam > -uj),

The derivative of the improvement in the objective w.r.t lambda is a
negative quantity times a * lambda”2 - 2 b * lambda +c with

cases are investigated in the following if clauses such as no

Identify various cases that can arise when solving the quadratic
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ximultold = ximult;
ximult = (1+lam)*ximult / ((1+lam*xij)*(1-gamma*lam)) ;
end;
if (lam == -uj),
ximultold = ximult;
ximult = (1+lam)*ximult / (1+lam*xij);
end;
if (lam > 0), ximult = (1+lam)*ximult / (l+gammaxlam); end;

if ximult > gamma,
fprintf (’\n Rejecting decrease or drop \n’);
% Reject drop or decrease step and do add or increase step

ximult = ximultold;
j = maxj;
mvar = maxvar;

uj = u(jd;
% Recompute var(j) and zeta(j).

xj = X(:,3)5 zj = 2(:,3);

RZzj = RZ’ \ zj; % RZzj
MZZzj = factor * (RZ \ RZzj); % MZZzj
Rxj = R’ \ xj;

Mxj = factor * (R \ Rxj);

RZ~-T * z(j)
(Zuz’)~{-1} * z(3)

zetaj = factor * (RZzj’> * RZzj); % zeta(j) recomputed
xij = factor * (Rxj’ * Rxj); % xi(j) recomputed
mvarn = xij - zetaj; % var(j) recomputed

mvarerror = abs(mvarn - mvar)/max([1,mvar]);
mvarerrhist(iter) = mvarerror;
if (mvarerror > 1e-08),
if print, mvarerror, end;
flag_recompute = 1;
end;
mvar = mvarn;

% The derivative of the improvement in the objective w.r.t lambda is a
% negative quantity times a * lambda”2 - 2 b * lambda +c with
% a, b, and c as below.

% We need to find the roots of this quadratic; different
% cases are investigated in the following if clauses such as no
% real roots, single root, double real roots.

b = - mvar / 2 + mvar / (2*¥k) - zetaj;
zetaj * (mvar + zetaj);
c =1 - mvar / k;

% Identify various cases that can arise when solving the quadratic
% equation axlambda~2 - 2bxlambda + c =0.

if (abs(a) < le-15),
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if (abs(b) < 1le-15),

if (c < 0),
lam = 1e10;
else
lam = -uj;
end
else

lam = ¢ / (2*b);
end
else
if bxb > axc,
lam = ¢ / (b - sqrt(b*b - axc));
else
if ¢ < 0, lam = 1el0; else lam = -uj; end
end
end
lam = max(lam,-uj);
if (lam > 0), ximult = (1+lam)*ximult / (l+gammaxlam); end;
end
if (j == maxj) && (mvar < (1 + tol)xk),
fprintf (°’\n Terminating with epsilon-primal feasible u \n’);

break;
end;
lamhist(iter)=1lam; % record the stepsize taken
if lam < -uj+tol2, flagstep(iter) = 1; % drop steps
elseif lam < 0, flagstep(iter) = 2; % decrease steps
elseif uj < tol2, flagstep(iter) = 3; % add steps
else flagstep(iter) = 4; % increase steps
end

% Update u and make sure it stays nonnegative,

imp = - kxlog(l + lam) + log(l + lam*mvar/(1 + lam*zetaj));
improv(iter) = imp;

uold = u;
u(j) = max(uj + lam,0); u = (1/(1 + lam)) * u;
if print && (iter > 1) && (iter-1 == floor((iter-1)/n100) * n100),

pA Print statistics.

fprintf (°\n At iteration %6.0f, maxvar %9.5f’,iter-1,maxvar)
fprintf(’, minvar %9.5f’,minvar)
end;

YNNI UPDATE (OR RECOMPUTE) CHOLESKY FACTOR AND VAR Y%U%hhhhhitodstihotsths

if (iter > 1) && ((iter-1 == floor((iter-1)/n50000) * n50000)
|| (flag_recompute && print)),
upos = find(uold > 0);
lupos = length(upos);
if (k > 0.5*n),
M = X(:,upos) * spdiags(uold(upos),0,lupos,lupos) * X(:,upos)’;

A\
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normdiff = norm(factor*M - R’*R) / (factor*norm(M));
else
MZZ = Z(:,upos) * spdiags(uold(upos),0,lupos,lupos) * Z(:,upos)’;
normdiff = norm(factor*MZZ - RZ’*RZ) / (factor*norm(MZZ));
end;
if (normdiff > tol2),
flag_recompute = 1;
end;
if (flag_recompute && print)
fprintf (’\n Relative error in mvar = %8.1le’, mvarerror);
fprintf(’ and in XUX’’ = %8.1le; reinverting \n’, normdiff);
end;
end;

if flag_recompute == 1,
upos = find(u > 0);
lupos = length(upos);
% M = X(:,upos) * spdiags(u(upos),0,lupos,lupos) * X(:,upos)’;

% M = XUX’ (X * diag(u) * X?)

A = spdiags(sqrt(u(upos)),0,lupos,lupos) * X(:,upos)’;
factor = 1;
[Q,R] = qgr(A,0); % M = factor * R’ * R
RZ =R(1l:r,1:1); % MZZ = factor * RZ’* RZ
RX =R\ X;
RZZ = RZ’> \ Z;
zeta = sum(RZZ .* RZZ,1);
xi = sum(RX .* RX,1);
var = xi - zeta;

else

% Update factorizations.

[R,factor,down_err] = updateR(R,factor,xj,lam);
if down_err, fprintf(’\n Error in downdating Cholesky \n’);break;end;
RZ =R(:r,1:r); % MZZ = factor * RZ’* RZ

mu = lam / (1 + lam*zetaj);
zeta = updatevar(zeta,lam,mu,MZZzj,Z);
nu = lam / (1 + lam*xij);
xi = updatevar(xi,lam,nu,Mxj,X);
var = xi - zeta;
end

%%h%%% FIND "FURTHEST" AND "CLOSEST" POINTS USING UPDATED VAR %%%%hAh%h%h%

upos = find(u > tol2);

[maxvar,maxj] = max(var);

[minvar,ind] = min(var(upos)); minj = upos(ind); mnvup = minvar;
iter = iter + 1;

mxv(iter) = maxvar;

mnv(iter) = minvar;

if (KKY == 1), mnvup = k; end;

end
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WIS I SIS h%h% CALCULATE AND PRINT SOME OF THE OUTPUT VARIABLES %%%%%%hhh

mxv = mxv(l:iter); mnv = mnv(l:iter);

flagstep = flagstep(l:iter); improv=improv(l:iter);
lamhist = lamhist(1l:iter);

iter = iter - 1;

if print,
fu = find(u > le-12); % indices of points with positive weight
for i=1:4, cases(i) = length(find(flagstep==1i)); end
fprintf(°’\n \n maxvar - k = %4.3e’, max(var) - k)
fprintf(’, k - minvar = %4.3e \n’, k - min(var(fu)));
fprintf (°’\n Drop, decrease, add, increase cases: %6.0f’, cases(1));
fprintf (°%6.0f %6.0f %6.0f \n’,cases(2),cases(3),cases(4)),
fprintf (°’\n Number of positive weights = %7.0f \n’, length(fu));
fprintf (°’\n Number of iterations %7.0f \n’, iter);
fprintf(°’\n Time taken %7.2f \n \n’, cputime - st);
end;

return
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This book, the first on these topics, addresses the problem of finding an ellipsoid to represent a
large set of points in high-dimensional space, which has applications in computational geometry,
data representations, and optimal design in statistics. The book covers the formulation of this
and related problems, theoretical properties of their optimal solutions, and algorithms for their
solution. Due to the high dimensionality of these problems, first-order methods that require
minimal computational work at each iteration are attractive. While algorithms of this kind have
been discovered and rediscovered over the past fifty years, their computational complexities and
convergence rates have only recently been investigated. The optimization problems in the book
have the entries of a symmetric matrix as their variables, so the author’s treatment also gives an
introduction to recent work in matrix optimization.

The author
«  provides historical perspective on the problems studied by optimizers, statisticians, and
geometric functional analysts;

demonstrates the huge computational savings possible by exploiting simple updates for
the determinant and the inverse after a rank-one update, and highlights the difficulties
in algorithms when related problems are studied that do not allow simple updates at
each iteration; and

gives rigorous analyses of the proposed algorithms, MATLAB codes, and computational
results.

This book will be of interest to graduate students and researchers in operations research,
theoretical statistics, data mining, complexity theory, computational geometry, and
computational science.
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