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Chapter 1

Introduction

Before you lies a thesis about convex optimization. In optimization, we aim to find
the “best” solution out of a set of options. Such tasks are often described by an
objective as well as a number of constraints that must be satisfied. Examples include
computing an efficient train schedule, digitally stabilizing video, or routing trucks to
deliver goods at minimal cost.

Convex optimization deals with optimization problems whose set of feasible
solutions is convex and whose objective is to minimize a convex function. The set of
feasible solutions is convex when, if x, y € R" are solutions that satisfy all constraints
and 0 < r < 1 then tx + (1 —¢)y also satisfies all constraints. An objective function f
isconvex if forx,y € R"and 0 <t < 1 wehave f(tx+(1—-1)y) <tf(x)+(1-1)f(y).
Convex optimization captures a large class of natural problems and has a number of
useful mathematical and computational properties.

In this thesis, we will focus on two classical convex optimization problems and
study algorithms to solve them. The first is linear programming: the task of maximiz-
ing a linear function over a set of points described by linear inequalities. Chapters
2, 3, and 4 are all about questions that arise from the theory of linear programming
and two popular algorithms for solving them. In Chapter 5 we shift our attention to
the more general problem of minimizing a convex function when given access to a
separation oracle for the set of feasible solutions. This introduction describes the
new results of this thesis with a minimal number of references. Detailed background,
history and discussion of prior work can be found in the individual chapters.

1.1 Linear Programming

In the first part of this thesis, the topic of interest will be one of the most basic opti-
mization problems: linear programming. A linear program (LP) is any optimization
problem that can be written in the following form:

maximize ¢'x
) (LP)
subject to Ax < b.
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Here, the program data is known and consists of the matrix A € R”>" and the vectors
b € R™, ¢ € R". Our task is first to determine if there exists a feasible solution, i.e.,
a vector x € R" that satisfies all m linear inequalities. If this is the case, we need to
find either such a feasible vector with maximal possible objective value or an infinite
ray of feasible points that demonstrate the fact that no such maximizing point exists.
Linear programs can model a large variety of optimization problems, and as such have
been extensively used and studied in practice and in theory. There is a rich theory
about linear programming, which can be found in various textbooks. An accessible
introduction can be found in [137].

Among practical software available for solving general purpose linear programs,
the key algorithms can be divided into two categories. The first category is that of
simplex methods, which are the subject of Chapters 2 and 3. The second category is
that of interior point methods, which are the subject of Chapter 4. We should note
here that practical software typically uses floating-point arithmetic, while this thesis
will use the real model of computation.

1.2 The Simplex Method

The simplex method is the oldest algorithm for linear programming, having been
invented by Dantzig in 1947. The algorithm maintains a basis, a set B C [m] =
{1,...,m} of rows such that Ag is invertible, such that xg = Aglb B 1s feasible for
the linear program (LP). Here, the subscript means we restrict to the rows indexed
by B. In every iteration of its main loop, it will replace one element of the basis
B for another element of [m] such that the new point xp has better objective value.
This repeats until a point with optimal objective value has been found. Geometrically,
we can view this algorithm as navigating from vertex to vertex along the edges of
the polyhedron of feasible points. One such path on a polyhedron is depicted in
Figure 1.1.

Since a vertex can have neighbouring vertices, the simplex method needs a way
to choose which basis element will be swapped out. Rules for making these choices
are called pivot rules, and many different rules have been studied. A classic example
is Dantzig’s most negative reduced cost rule, which chooses the outgoing edge which
maximizes the objective gain per unit of slack, the amount by which the constraint
Al.Tx < b; to be swapped out of the basis is no longer tight after the pivot step.
Another well-known example is the steepest edge rule, as well as its approximate
cousin, Harris’ Devex rule, which chooses the edge whose angle to the objective is
minimized.
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Figure 1.1: A simplex path on a convex polyhedron.

1.2.1 Analyzing the Simplex Method

The simplex method is implemented in most software packages for linear program-
ming since it is very fast in practice. One aspect that contributes to its speed is that
the simplex method typically visits only a small number of bases, and hence its main
loop requires few iterations. To better understand why so few bases are visited, we
want a theoretical analysis that supports this observation.

A major obstacle is that there are specially constructed inputs to the simplex
method on which it visits at least a subexponentially large number of vertices of
the feasible polyhedron. That means that the simplex method is slow in the worst
case. Such worst-case inputs depend on the pivot rule, but are known for every major
pivot rule that has been studied [6, 9,72, 81, 85, 86,94, 98, 113,125, 125, 149]. As
theoreticians, our task is thus to explain why difficult inputs do not appear in practice.
This is the subject of Chapter 2. We study the performance of a simplex method
under small perturbations of the input data by bounding the expected number of
bases visited if a small amount of random noise is added to the description of the LP.
The study of algorithms’ performance under small perturbations is called smoothed
analysis and was introduced by Spielman and Teng [179]. The simplex method is
provably fast in expectation after the input has been perturbed. This is considered to
imply that difficult inputs are very fragile, explaining why inputs from practice are
relatively easy. In Chapter 2, we give the best known upper bound on the smoothed
complexity of the simplex method, as summarized in the following theorem.

Theorem A (Theorem 2.5.12). There exists an explicit simplex method such that the
following holds. Assume that m > n > 3 and that the entries of A € R™" and
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Figure 1.2: The convex hull of points ay, . . . , ag is intersected with a two-dimensional
plane. The polygon at the intersection is marked in red.

b € R™ are independent Gaussian distributed random variables with variance 2.

If the rows of the expected matrix E[(A, b)] € R™ "D eqch have norm at most 1,
then this algorithm solves (LP) using O (n*\/logm o2 + n® log(m)3/?) pivot steps in
expectation.

The chapter is based on [50] and [51] and is an extension of my master’s the-
sis [109], which proved a complexity bound of O (n%+/log m =2 +n° log(m)3/?). The
improved additive term is the result of a new algorithm which we call the symmetric
random vertex algorithm. The analysis of the symmetric random vertex algorithm is
based on the following key geometric estimate which is illustrated in Figure 1.2:

Theorem B (Theorem 2.4.1). Let W C R" be a fixed two-dimensional subspace,
m >n > 3 andlet A € R™" be a matrix with rows ay,...,a, € R", such that
the entries of A are independent Gaussian random variables with variance o> and
such that ||E[a;]|| < 1 for everyi € [m]. Letting Q(A) :=conv(ay,...,dn) denote
the convex hull of the row vectors, we find that the expected number of edges of the

polygon Q(A) N'W is bounded as follows:
E[ledges(Q(A) N W)|] < O(n*logm o2 + n>3 logm o' + n*? log(m)>/?).

The above theorem is the main result in [109]. Bounding the complexity of the
symmetric random vertex algorithm requires this same upper bound to hold when the
rows di, . .., a, € R" can be correlated in a limited way. For the sake of readability,
we include the proof of Theorem 2.4.1 verbatim in Section 2.4 and point out the
necessary minor adaptations in Section 2.5.

The same techniques used to prove the geometric estimate can be used to study a
simpler question as well. Specifically, we study the expected number of vertices of a
random polygon, where this polygon is the convex hull of points aj, . . ., a,, € R? that
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are all independently Gaussian distributed with standard deviation o and satisfying
IE[a;]l| < 1 for each i € [m]. While the convex hull of m fixed points can have up
to m vertices, we prove that the convex hull of our random points will have at most

O (o' +4/log m) points in expectation.

Theorem C (Theorem 2.3.1). For independently distributed points ay, . . . a,, € R?,
each with independent Gaussian distributed entries of variance o* and ||E[a;]|| < 1
for all i € [m], the convex hull conv(ay,...,any) has O(o~" + [logm) edges in
expectation.

This result is based on [51] and did not appear in [109]. Its proof can be found in
Section 2.3 and can serve as a warm-up for the section following it. On a high level,
the two-dimensional bound arises from the fact that every edge has length Q(o) in
expectation, while the total perimeter is O (1 +o+/log m) in expectation. With a small
trick, we can divide these two bounds to prove Theorem 2.3.1.

1.2.2 Diameter Bounds

So far we have thought about the lengths of paths from vertex to vertex on polyhedra
generated according to the shadow vertex pivot rule. In Chapter 3, we set our eyes on a
quantity that is more difficult to analyze: the shortest paths between vertices. Given a
polyhedron, the smallest number k such that any two vertices are connected by a path
of at most k edges is called the (combinatorial) diameter. The diameter of the cube
in R3 for example is equal to 3, as illustrated in Figure 1.3. The polynomial Hirsch
conjecture posits that any polyhedron in R" with m facets can have combinatorial
diameter at most a polynomial in » and m. This conjecture remains wide open to this
day.

In Chapter 3, we study the combinatorial diameter for random polyhedra and
prove high-probability upper and lower bounds. Specifically, we sample a matrix A
whose rows come from a Poisson point process on the unit sphere and consider the
convex hull Q(A) of the rows as well as the polyhedron P(A) = {x € R" : Ax < T}.
Assuming that we expect A to have more than 2% rows, we find upper and lower
bounds on the diameter of Q(A) and P(A) with high probability. Chapter 3 is based
on [25] and proves the following result:

Theorem D. Suppose that n,m € N satisfy n > 2 and m > 2% Sample a matrix
AT = (ai,...,apm) € RP”M swhere M is Poisson distributed with E[M] = m,
and ay, . ..,ay are sampled independently and uniformly from S*~\. Then, with
probability at least 1 — m™", we have that

Q(nm%) < diameter(P(A)) < O(nzmﬁ +no4m).

Q(m Ll) < diameter(Q(A)) < O(nmﬁ +ntam.
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Figure 1.3: Any two vertices of the three-dimensional cube are connected by a path
consisting of at most 3 edges.

The bounds we find are polynomial in m. The upper bound contains an additive
term that is exponential in n, but this term does not depend on m. Compared to the
worst-case diameter bound of 2*~3m for a polyhedron P(A) with m linear constraints,
we find that our upper bound improves over this worst-case bound upper only when
m > Q(n°2"). In the regime when m > 29("2), our upper and lower bounds are tight
to within a factor n. Moreover, up to a constant factor the upper bound for P(A) is
equal to the length of an average shadow vertex method path induced by two random
objective functions. This means that improving the upper bound would require using
a different pivot rule to construct paths.

1.3 Interior Point Methods

Interior point methods are the other popular category of algorithms for solving linear
programs. For these, the algorithm maintains a point inside the relative interior of the
feasible set, and follows a curve inside the relative interior to find an optimal solution
of the linear program.

In this section and in Chapter 4, we consider linear programs that are written in
the following standard form:

maximize c'x

subject to Ax = b, LrP)

x> 0.
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Assuming we are given a suitable interior point to start from, a standard interior
point method can find an exact solution to (LP") in O(\/n - La ) iterations, each
iteration taking time polynomial in n and m [201]. Here, L4 ; . denotes the bit
description length of the input data, assuming that A € Q"*", b € Q™, ¢ € Q". After
obtaining the initial point, e.g., through constructing an extended LP, these algorithms
are scaling-invariant. To explain this term, let D € R be a diagonal matrix with
strictly positive entries on the diagonal. Then we can consider the linear program

maximize ¢' Dx
subject to ADx = b,

x > 0.

We consider this alternative linear program to be equivalent under a diagonal rescaling,
because its set of feasible solutions can be obtained by applying the linear transforma-
tion D! to the solutions of the first linear program. We say an interior point method is
scaling invariant if, when applying it to these two equivalent linear programs starting
at appropriate interior points xo and D~'x, the internally maintained interior points
are related by this same linear transformation.

In a separate line of research, people have found interior point methods whose
iteration count depends only on n and L 4, the bit-complexity of the constraint ma-
trix [129, 146, 147, 198]. So far, these algorithms have not been scaling-invariant,
and whether a scaling-invariant algorithm could exist was an open question posed in
[146].

Based on [52], Chapter 4 describes an interior point method that fills this gap,
for it is both scaling invariant and has running time depending on n,m and L 4. This
resolves the open question from [146] in the affirmative.

Theorem E (Theorem 4.3.16). There exists a scaling-invariant interior point method
that finds an optimal solution to (LP’) in

O (n* log(n) log(ta +n))

iterations, each iteration taking time polynomial in m and n.

In the above theorem statement, y4 is a condition number of the matrix A that
equals
4 =max{||B"'A| : B non-singular m X m-submatrix of A}

and was already used in the context of interior point methods in [198]. The above
theorem holds in the real model of computation where A, b, ¢ have entries in R. When
A € Q"™ a classic result states that y4 < 20(LA) where Ly is the bit-complexity
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of the matrix A. Moreover, if A is totally unimodular (every square non-singular
submatrix has determinant 0, 1, or —1) then y4 < n.

Since the algorithm is scaling-invariant, the bound can trivially be strengthened to
0 (n*? log(n) log(j}, +n)), where y’, :=infp ¥ ap is the infimum condition number
over all strictly positive diagonal matrices D. The chapter also describes the first
algorithm that can approximate j’4 and can compute a diagonal matrix D such that
XAp is approximately equal to the infimum value y7,.

Theorem F (Theorem 4.2.5). There is an O (n*m? + n’) time algorithm that for any
matrix A € R"™" computes an estimate t of y a such that

1< A <n(ih)’t
and a strictly positive diagonal matrix D such that
Xa < ¥ap <n(iy)’ .

In contrast to the above approximation result, it is known to be NP-hard to
approximate y 4 to within a factor 2poly(rank(A)) " gee [188].

1.4 The Separation Oracle Model

In the last chapter we look beyond linear programming and consider convex optimiza-
tion in the oracle model. Suppose there is some convex compact set K C R” and
that we know R > r > 0 such that such that K contains some ball of radius r as a
subset and such that K is contained inside the ball of radius R centered at the origin.
Furthermore, we assume there is an L-Lipschitz convex function f with known L > 0.
Our goal is to approximately minimize f(x) over x € K when given access to suitable
oracles for K and f. That means that K and f are not known in advance. Instead, we
can make queries about K and f which will be answered.

For K, we have access to a separation oracle. This means that we can query any
point x € R" and receive either the answer “x € K or we receive somea € R", b € R
such that (a,x) > b and such that (a,y) < b for every y € K. In the latter case,
the inequality defines a hyperplane that separates the queried point from the set K,
providing a “reason” or certificate for why x ¢ K. For f, we have access to a first-
order oracle. We can query any point x € R" and receive the value f(x) and a
(sub)gradient V f(x).

Convex optimization in the separation oracle model is a fundamental topic in
optimization, see, e.g., [103]. The model is quite general and covers a large variety
of problems, including problems where linear programming formulations are known
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Figure 1.4: Progression of the upper (primal) and lower (dual) bounds of the different
cutting plane algorithms for a maximum-cardinality matching problem consisting of
a graph with 500 vertices and 60 randomly planted triangles.

but too large to write out explicitly, e.g., the minimum cost matching problem on
general graphs.

One famous algorithm to solve convex optimization problems in the separation
oracle model is called the ellipsoid method. It maintains an ellipsoid in R" that
contains the optimal solutions, and after querying a point from the interior of the
ellipsoid, the algorithm will be able to find a new ellipsoid with smaller volume. The
ellipsoid method will identify a point x € K satisfying f(x) < mingex f(2) + &
after O(n*log(LR/(er))) queries to the oracles. This complexity depends only
logarithmically on L, R, r and &, but at the expense of the number of queries growing
with the dimension n. The ellipsoid method is, generally speaking, too slow for most
practical applications.

One popular approach to optimization in this model is the linear programming
based cutting plane method. It maintains an LP consisting of all known constraints
on the optimal solutions and queries an optimal solution to this linear program. If the
queried point is not feasible or optimal, the newly obtained constraint is added to the
linear program and the method repeats. This cutting plane method is often practical
but does not have any theoretical guarantees on its convergence rate.

In Chapter 5 we introduce a new algorithm that both has a convergence guarantee
and is competitive in experiments. The convergence guarantee is as follows:
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Theorem G (Theorem 5.2.6). There exists an explicit algorithm which, given a
separation oracle A for a convex body K C R" satisfying z +rB} € K € RB} and
a first-order oracle for an L-Lipschitz convex function f: R" — R, finds a feasible
solution y € K with f(y) = minyex f(x) > f(y) — € after

R? R?1?
o[ 5]

2 g2
oracle queries.

This convergence rate depends polynomially on the problem parameters, but
without a dependence on the dimension n of the problem.

We experimentally compare our algorithm to both methods named above as well
as an analytic center cutting plane method. Comparing these algorithms on a testbed
of combinatorial, semidefinite and machine learning problems, we find our algorithm
to be competitive in terms of number of oracle queries. Figure 1.4 is a comparison
of the algorithms on one of our combinatorial instances. The figure depicts for each
algorithm the best lower (primal) and upper (dual) bound on the size of a maximum
matching in a random graph. The vertical axis is scaled as a fraction of the gap
closed between the optimal value and the initial bound, and the horizontal axis
measures the number of oracle queries that have been made by the algorithms. Here,
“cutloop’ denotes the LP-based cutting plane method, which only produces upper
bounds, ’ellipsoid’ denotes the ellipsoid method, ’analytic’ stands for the analytic
center cutting plane method and ’our’ is the algorithm described in Chapter 5.

1.5 Notation

Here we define notation and basic concepts that will see use throughout this thesis.
Individual chapters may have their own section for notation as well.

* For functions f,g : R — R we write

— f(x) = O(g(x)) if there exist C > 0 and x¢ € R such that f(x) < Cg(x)
for every x > xg in the domain of both functions,

- f(x) = Q(g(x)) if there exist C > 0 and x¢ € R such that f(x) > Cg(x)
for every x > xp in the domain of both functions,

- f(x) =0(g(x)) if both f(x) = O(g(x)) and g(x) = Q(g(x))

- f(x) = O(g(x)) if there exists ¢ > Osuch that f(x) = O(g(x)log(g(x))°).
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Vector inequalities are defined coordinate-wise: v < w if and only if v; < w;
foralli < n.

We abbreviate [m] := {1,...,m} and ([’:]) ={I C [m]|]|I|=n}.
for a set K C R” and a scalar ¢, we write tK := {tx : x € K}.

For a, b € R we have intervals [a,b] ={r e R:a <r < b} and (a,b) ={r €
R:a<r<b}.

For x > 0, we define log x to be the logarithm base e of x.

For a set A, we use the notation 1[x € A] to denote the indicator function of
A,ie., 1[x € A] = 1 if x € A and 0 otherwise.

Depending on the context, the inner product of x and y is written with the
notation x"y = (x,y) = 3L, xiyi. We use the £r-norm [|x||> = VxTx and the
{1-norm ||x||; = X7, |x;|. Any norm without subscript is the £>-norm.

The standard basis of R” consists of the vectors ¢; = (0,...,0,1,0,...,0),i €
[n ] with the only non-zero entry being 1 on the ith locatlon The all-ones vector
is T and the all-zeroes vector is 0

The unit sphere in R” is denoted by S*~! = {x € R" : ||x|| = 1} and the unit
ballis B} = {x € R" : ||x|| < 1}.

We let R, denote the set of strictly positive reals, and R the set of nonnegative
reals.

A set V + p is an affine subspace if V € R" is a linear subspace. We say its
dimension dim(V + p) equals dim(V), the dimension of V as a vector space.

If S € R” then the affine hull aff(S) is the smallest affine subspace containing
S. We say dim(S) = k if dim(aff(S)) = k

For any linear or affine subspace V C R" the orthogonal projection onto V is
denoted by ry .

When vV ¢ R” is a linear subspace, its orthogonal complement is denoted
={xeR":v'x =0, Vv € V}. For v € R" we shorten v* := span(v)*.

We write voly (S) for the k-dimensional volume of S.

For A, B C R" we write the Minkowski sum A+ B ={a+b :a € A,b € B}.
For a vector v € R" we write A +v = A + {v}. For a set of scalars S C R we
write v - S = {sv:s € S}.
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* We say vectors ay,...,ay in R" are affinely independent if there is no (k —
2)-dimensional affine subspace containing all of ay,...,ay. Algebraically,
ai,...,ay are affinely independent if the system ;< 4;a; = 6 i<k di =0
has no non-trivial solution.

* For A € R™" a matrix and B C [m] we write Ag € RIBIX" for the submatrix
of A consisting of the rows indexed in B, and for b € R™ we write bp for the
restriction of b to the coordinates indexed in B.

* Foraset X and function f : X — R, we write arg min{ f(x) : x € X} to denote
an arbitrary but fixed x* € X such that f(x*) = minyex f(x).

Convexity A set.S C R”" is convex if for all points x, y € S and A € [0, 1] we have
Ax + (1 —A)y € S. We write conv(S) to denote the convex hull of S, which is the
intersection of all convex sets 7 O S. In an n-dimensional vector space, the convex
hull equals

n+l n+l

conv($) = {D Aisi 1 A1, Apet 20, D i =1,51,..., 541 € S}
i=1 i=1
For x,y € R” the line segment between x and y is [x, y] = conv({x, y}) and we say
it has length length([x, y]) = ||x — y|I.

A polyhedron is a set that can be written P = {x € R" : Ax < b} for A €
R™ " b € R™. We will only consider convex polyhedra. A face F C P is a convex
subset such that if x,y € P and A € (0, 1) satisfy Ax + (1 — )y € F, then x,y € F.
In particular, a set F is a face of the polyhedron P if and only if there exists I C [m]
such that F' coincides with P intersected with alTx = b;,Vi € I, where a;,i € I denote
rows of A. A zero-dimensional face is called a vertex, one-dimensional face is called
an edge, and a (dim(P) — 1)-dimensional face is called a facet. We use the notation
vertices(P) to denote the set of vertices of P and edges(P) for the set of edges of P.

For any polyhedron P C R", a path is a sequence v, vy, ..., Vv, € P of vertices,
such that each line segment [v;, v;41],i € [k—1], is an edge of P. A path is monotone
with respect to an inner product (w,-) if (w,v;11) > (w,v;) for every i € [k — 1].
The distance between vertices vi, v, € P is the minimum number k such that there
exists a path vi, v, V;<+1 with v; = vi and V;<+1 = vy. The diameter of P is the
maximal distance between any two of its vertices.

When considering polyhedra, if A is a matrix with rows ay,...,a, € R", we
write Q(A) = conv(ay,...,a,) and P(A) ={x e R" : Ax < T}. Given a right-hand
side b € R™ we write P(A,b) = {x €e R" : Ax < b}.

We will need the following classical comparison inequality for surface areas of
convex sets (see for example [24, Chapter 7]).
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Lemma 1.5.1 (Monotonicity of Surface Area). If K; C K>, C R" are compact full-
dimensional convex sets, then vol,_1(0K;) < vol,_1(0K;), where 0 denotes the
topological boundary of a body.

Although this fact holds generally, its primary use in this thesis will be to argue
that any compact polygon K C R? has perimeter (the sum of the lengths of its edges)
at most 27 max ek ||x]|.

Random Variables

For a random variable X € R, we denote its expectation (mean) by E[X] and its
variance by Var(X) := E[(X — E[X])?]. For a random vector Y € R", we define its
expectation (mean) E[Y] := (E[Y1],...,E[Y,]) and its variance (expected squared
distance from the mean) Var(Y) := E[||Y — E[Y]]|*].

If u is a probability density function, we write x ~ u to denote that x is a random
variable distributed with probability density y. For an event £ C € in a measure
space, we write E€ := Q \ E to denote its complement.

For jointly distributed X € Q1,Y € Q,, we will often minimize the expectation
of X over instantiations y € A C ,. For this, we use the notation

ifnelEE[X | Y] = rynellr;IE[X |Y =y].

Computational Model

We use the real model of computation, allowing basic arithmetic operations +,
—, X, /, comparisons, square root computations. Exact square root computations
could be omitted by using approximate square roots; we assume exact computations
for simplicity. In Chapter 2 we furthermore assume that we can sample from the
Gaussian distribution.
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Chapter 2

Smoothed Analysis of the Simplex Method

Explaining the excellent practical performance of the simplex method for linear
programming has been a major topic of research for over 50 years. One of the most
successful frameworks for understanding the simplex method was given by Spielman
and Teng [179], who developed the notion of smoothed analysis. Starting from
an arbitrary linear program with n variables and m constraints, Spielman and Teng
analyzed the expected runtime over random perturbations of the LP, known as the
smoothed LP, where variance o> Gaussian noise is added to the LP data. In particular,
they gave a two-stage shadow vertex simplex algorithm which uses an expected
O (n*m® 530 + n70,86) number of simplex pivots to solve the smoothed LP. Their
analysis and runtime was substantially improved by Deshpande and Spielman [66]
and later Vershynin [200]. The fastest current algorithm, due to Vershynin, solves
the smoothed LP using an expected 0(10g(m)2 -loglogm - (n*c™* + n’ log(m)* +
n’ log(n)4)) number of pivots, improving the dependence on n from polynomial to
poly-logarithmic.

In this chapter we present a new shadow vertex based simplex algorithm which
solves the smoothed LP using

O (n*\logm o2 +n? log(m)3/2)

pivot steps in expectation. The result uses a shadow bound from my master’s the-
sis [109] and whose proof is included as Section 2.4 for the sake of readability.
Furthermore, this chapter includes a new smoothed analysis of the number of edges
of a two-dimensional polygon.

2.1 Introduction

The simplex method for linear programming is one of the most important algorithms
of the 20th century. Invented by Dantzig in 1947 [58,59], it remains to this day

This chapter is based on [50] and [51], joint works with Daniel Dadush. The shadow bound
Theorem 2.4.1 and its application using the dimension-by-dimension algorithm also appeared in my
master’s thesis [109], whereas the symmetric random vertex algorithm and Theorem 2.3.1 are new.

15
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one of the fastest methods for solving LPs in practice. The simplex method is not
one algorithm however, but a class of LP algorithms, each differing in the choice
of pivot rule. At a high level, the simplex method moves from vertex to vertex
along edges of the feasible polyhedron, where the pivot rule decides which edges
to cross, until an optimal vertex or unbounded ray is found. Important examples
include Dantzig’s most negative reduced cost [59], the Gass and Saaty parametric
objective [88] and Goldfarb’s steepest edge [93] method. We note that for solving LPs
in the context of branch & bound and cutting plane methods for integer programming,
where the successive LPs are “close together”, the dual steepest edge method [82]
is the dominant algorithm in practice [21,22], due its observed ability to quickly
re-optimize.

The continued success of the simplex method in practice is remarkable for two
reasons. Firstly, there is no known polynomial time simplex method for LP. In-
deed, there are exponential examples for almost every major pivot rule starting with
constructions based on deformed products [6,9,94, 98,113,125, 149], such as the
Klee-Minty cube [125], which defeat most classical pivot rules, and more recently
based on Markov Decision Processes (MDP) [72, 81, 85, 86], which notably defeat
randomized and history dependent pivot rules. Furthermore, for an LP with n vari-
ables and m constraints, the fastest provable (randomized) simplex method requires

20(ynlog(m-n)) pivots [106, 117, 138], while the observed practical behavior is linear
O(n+m) [172]. Secondly, it remains the most popular way to solve LPs despite the
tremendous progress for polynomial time methods [122], most notably, interior point
methods [119, 132, 143,160]. How can we explain the simplex method’s excellent
practical performance?

This question has fascinated researchers for decades. An immediate question
is how to model instances in “practice”, or at least instances where the simplex
method should perform well? The research on this subject has, broadly speaking,
followed three different lines: the analysis of average case LP models, where natural
distributions of LPs are studied, the smoothed analysis of arbitrary LPs, where small
random perturbations are added to the LP data, and work on structured LPs, such
as totally unimodular systems and MDPs. We review the major results for the first
two lines in the next section, as they are the most relevant to the present work, and
defer additional discussion to the related work section. To formalize the model, we
consider LPs in n variables and m constraints of the following form:

max CTX

2.1
Ax < b. @D

We denote the feasible polyhedron by P = P(A, b) := {x € R" : Ax < b}. We now
introduce relevant details for the simplex methods of interest to this work.
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Parametric Simplex Algorithms While a variety of pivot rules have been studied,
the most successfully analyzed in theory are the so-called parametric simplex methods,
due to the useful geometric characterization of the paths they follow. The first such
method, and the main one used in the context of smoothed analysis, is the parametric
objective method of Gass and Saaty [88], dubbed the shadow (vertex) simplex method
by Borgwardt [26]. Starting at a known vertex v of P maximizing an objective ¢’,
the parametric objective method computes the path corresponding to the sequence of
maximizers for the objectives obtained by interpolating ¢’ — ¢. This path is well-
defined under mild non-degeneracy assumptions. The name shadow vertex method is
derived from the fact that the visited vertices are in correspondence with those on the
projection of P onto W := span(c, ¢’), the 2D convex polygon known as the shadow
of P on W (see figure 2.2 for an illustration). In particular, the number of vertices
traversed by the method is bounded by the number of vertices of the projection, known
as the size of the shadow.

An obvious problem, as with most simplex methods, is how to initialize the
method at a feasible vertex if one exists. This is generally referred to as the Phase I
problem, where Phase II then corresponds to finding an optimal solution. A common
Phase I adds artificial variable(s) to make feasibility trivial and applies the simplex
method to drive them to zero.

A more general method, popular in the context of average case analysis, is the self-
dual parametric simplex method of Dantzig [60]. In this method, one simultaneously
interpolates the objectives ¢’ — ¢ and right hand sides »* — b which has the effect
of combining Phase I and II. Here ¢’ and b’ are chosen to induce a known initial
maximizer. While the polyhedron is no longer fixed, the breakpoints in the path of
maximizers (now a piecewise linear curve) can be computed via certain primal and
dual pivots. This procedure was in fact generalized by Lemke [134] to solve linear
complementarity problems. We note that the self dual method can roughly speaking
be simulated in a higher dimensional space by adding an interpolation variable A,
ie. Ax < b+ (1 —A)b’,0 < A < 1, which has been the principal approach in
smoothed analysis.

2.1.1 Prior Work

Here we present the main works in both average case and smoothed analysis which
inform our main results, presented in the next section. A common theme in these
works, which all study parametric simplex methods, is to first obtain a bound on the
expected parametric path length, with respect to some distribution on interpolations
and LPs, and then find a way to use the bounds algorithmically. This second step
can be non-obvious, as it is often the case that one cannot directly find a starting
vertex on the path in question. We now present the main random LP models that have
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been studied, presenting path length bounds and algorithms. Lastly, as our results are
in the smoothed analysis setting, we explain the high level strategies used to prove
smoothed (shadow) path bounds.

Average case Models The first model, introduced in the seminal work of Borgwardt
[26-28, 30], examined LPs of the form maxc'x, Ax < T, possibly with x > 1
constraints (note that this model is always feasible at 6), where the rows of A € R"™*"
are drawn i.i.d. from a rotationally symmetric distribution (RSD) and ¢ € R" \ {6}
is fixed and non-zero. Borgwardt proved tight bounds on the expected shadow size
of the feasible polyhedron when projected onto any fixed plane. For general RSD, he
proved a sharp @(n>m!/("=1)) [28,30] bound, tight for rows drawn uniformly from
the sphere, and for Gaussians a sharp @(n'y/logm) bound [28], though this last
bound is only known when m is very large compared to n. On the algorithmic side,
Borgwardt [27] gave a dimension by dimension (DD) algorithm which solves a linear
program by traversing n — 2 different shadow vertex paths to iteratively solve the
restrictions max ¢'x, Ax < 1,x; = 0,i € {k+1,...,n}, for k > 2, which are all of
RSD type.

For the next class, Smale [173] analyzed the standard self dual method for LPs
where A and (¢, b) are chosen from independent RSD distributions, where Megiddo
[141] gave the best known bound of f(min{rn,m}) iterations, for some exponentially
large function f. Adler [1] and Haimovich [105] examined a much weaker model
where the data is fixed, but where the signs of all the inequalities, including non-
negativity constraints, are flipped uniformly at random. Using the combinatorics of
hyperplane arrangements, they achieved a remarkable bound of O (min{n, m}) for the
expected length of parametric paths. These results were made algorithmic shortly
thereafter [2,3,184], where it was shown that a lexicographic version of the parametric
self dual simplex method! requires ®(min{n, m}?) iterations, where tightness was
established in [3]. While these results are impressive, a notable criticism of the
symmetry model is that it results in infeasible LPs with overwhelming probability
once m is a bit larger than n.

Smoothed LP Models The smoothed analysis framework, introduced in the break-
through work of Spielman and Teng [179], helps explain the performance of algo-
rithms whose worst-case examples are in essence pathological, i.e., which arise from
very brittle structures in instance data. To get rid of these structures, the idea is to add
a small amount of noise to the data, quantified by a parameter o, where the general
goal is then to prove an expected running time bound over any smoothed instance that

1These works use seemingly different algorithms, though they were shown to be equivalent to a
lexicographic self-dual simplex method by Meggiddo [140].
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scales inverse polynomially with o. Beyond the simplex method, smoothed analysis
has been successfully applied to many other algorithms such as interior point meth-
ods [177], Gaussian elimination [166], Lloyd’s k-means algorithm [7], the 2-OPT
heuristic for the TSP [79], and much more.

The smoothed LP model, introduced by [179], starts with any base LP

max ¢'x, Ax < b, (Base LP)

A eR™n b e R™ ¢ € R"\ {0}, where the rows of (A, b) are normalized to have ¢,
norm at most 1. From the base LP, we generate the smoothed LP by adding Gaussian
perturbations to both the constraint matrix A and the right hand side b. Precisely, the
data of the smoothed LP is

A=A+A b=b+b, c,
and we wish to solve

max ch, Ax < b, (Smoothed LP)

where the perturbations A,lA) have i.i.d. mean 0, variance o> Gaussian entries. Note
that the objective is not perturbed in this model, though we require that ¢ # 0. An
LP algorithm is said to have polynomial smoothed complexity if for any base LP data
A, b, c as above, we have

E; 5[T(A,b,c)] = poly(m,n,1/0), (Smoothed Complexity)

where T'(A, b, ¢) is the running time of the algorithm on a given smoothed instance.
Crucially, this complexity measure allows for an inverse polynomial dependence on
o, the perturbation size. Focusing on the simplex method, T will measure the number
of simplex pivots used by the algorithm as a proxy for the running time.

In previous works, the complexity of the algorithms is reduced in a black box
manner to a shadow bound for smoothed unit LPs. In particular, a smoothed unit
LP has a base system Ax < 1, where A has row norms at most 1, and smoothing is
performed only to A. Here the goal is to obtain a bound on the expected shadow size
with respect to any fixed plane. Note that if A is the zero matrix, then this is exactly
Borgwardt’s Gaussian model, where he achieved the asymptotically tight bound of
O(n'->+/log m) when m is large compared to  [28]. For smoothed unit LPs, Spielman
and Teng [179] gave the first bound of O (n*mo° + n®mlog(m)3). Deshpande and
Spielman [66] derived a bound of O(nm?logmao =2 + n>m?log(m)?), substantially
improving the dependence on o while squaring the dependence on m. Lastly, Ver-
shynin [200] achieved a bound of O(nc~* + n°log(m)?), dramatically improving
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the dependence on m to poly-logarithmic, though still with a worse dependence on o
than [66].

Before discussing the high level ideas for how these bounds are proved, we
overview how they are used algorithmically. In this context, [179] and [200] provide
two different reductions to the unit LP analysis, each via an interpolation method.
Spielman and Teng first solve the smoothed LP with respect to an artificial “somewhat
uniform” right hand side b’, constructed to force a randomly chosen basis of A to
yield a vertex of the artificial system. From here they use the shadow vertex method
to compute a maximizer for the right hand side »’, and continue via interpolation
to derive an optimal solution for . Here the analysis is quite challenging, since
in both steps the LPs are not quite smoothed unit LPs and the used shadow planes
correlate with the perturbations. To circumvent these issues, Vershynin uses a random
vertex (RV) algorithm, which starts with b’ = 1 (i.e. a unit LP) and adds a random
additional set of n inequalities to the system to induce an “uncorrelated known vertex”.
From this random vertex, he proceeds similarly to Spielman and Teng, but now at
every step the LP is of smoothed unit type and the used shadow planes are (almost)
independent of the perturbations. In Vershynin’s approach, the main hurdle was to
give a simple shadow vertex algorithm to solve unit LPs, which correspond to the
Phase I problem. An extremely simple method for this was in fact already given in the
early work of Borgwardt [28], namely, the dimension by dimension (DD) algorithm.
The application of the DD algorithm in the smoothed analysis context was however
only discovered much later by Schnalzger [168]. As it is both simple and not widely
known, we will describe the DD algorithm and its analysis in Section 2.5.

We note that beyond the above model, smoothed analysis techniques have been
used to analyze the simplex method in other interesting settings. In [35], the successive
shortest path algorithm for min-cost flow, which is a shadow vertex algorithm, was
shown to be efficient when only the objective (i.e. edge costs) is perturbed. In [121],
Kelner and Spielman used smoothed analysis techniques to give a “simplex like”
algorithm which solves arbitrary LPs in polynomial time. Here they developed a
technique to analyze the expected shadow size when only the right hand side of an
LP is perturbed.

Shadow Bounds for Smoothed Unit LPs Let ay,...,a,;, € R",i € [m], denote
the rows of the constraint matrix of the smoothed unit LP Ax < 1. The goal is to
bound from above the expected number of vertices in the projection of the feasible
polyhedron P(A) = {x € R" : Ax < T} onto a fixed 2D plane W. As noticed by
Borgwardt, by a duality argument, this number of vertices is upper bounded by the
number of edges in the polar polygon (see Figure 2.2 for an illustration). Letting
Q(A) := conv(ay,...,a;), the convex hull of the rows, the polar polygon can be



2.1. Introduction 21

expressed as Q(A) N W.

We survey the different approaches used in [66, 179,200] to bound the number of
edges of Q(A) N W. Let ug, 8 € [0,2n], denote an angular parametrization of the
unit circle in W, and let rg = ug - R5o denote the corresponding ray. Spielman and
Teng [179] bounded the probability that any two nearby rays r¢ and rg.. intersect
different edges of Q(A) N W by a linear function of &. Summing this probability
over any fine enough discretization of the circle upper bounds the expected number
of edges of Q(A) N W.2 Their probability bound proceeds in two steps, first they
estimate the probability that the Euclidean distance between the intersection of r¢ with
its corresponding edge and the boundary of that edge is small (the distance lemma),
and second they estimate the probability that angular distance is small compared
to Euclidean distance (the angle of incidence bound). Vershynin [200] avoided the
use of the angle of incidence bound by measuring the intersection probabilities with
respect to the “best” of three different viewpoints, i.e. where the rays emanate from a
well-chosen set of three equally spaced viewpoints as opposed to just the origin. This
gave a much more efficient reduction to the distance lemma, and in particular allowed
Vershynin to reduce the dependence on n from linear to poly-logarithmic. Deshpande
and Spielman [66] bounded different probabilities to get their shadow bound. Namely,
they bounded the probability that nearby objectives ug and ug.. are maximized at
different vertices of Q(A) N W. The corresponding discretized sum over the circle
directly bounds the number of vertices of Q (A) N W, which is the same as the number
of edges.

Complexity in two dimensions In two dimensions, the shadow size reduces to the
complexity of the convex hull. The convex hull of random points on two dimensions
was studied before by [57,68, 168]. The best upper bound that can be found in the
mentioned references is O (1/log m + o~ !/log m), asymptotically slightly worse than
the bound O (y/log m + o) that we will prove in Theorem 2.3.1. The best available
lower bound is when E[a1], ..., E[a,,] are equally spaced on the unit circle, where

the convex hull has Q(min(m, y/logm + ‘i;);m)) vertices in expectation. That result
can be found in [68].

2.1.2 Results

While the original proof of Spielman and Teng has now been substantially simplified,
the resulting analyses are still complex and the parameter improvements have not been
uniform. In this chapter, we give a “best of all worlds” analysis, which is both much

20ne must be a bit more careful when Q(A) N W does not contain the origin, but the details are
similar.
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simpler and improves all prior parameter dependencies. The main novel contribution
is a new algorithm, which is analyzed using a shadow bound from my master’s thesis.
Since our algorithmic result requires a minor adaptation, the proof of this shadow
bound is included in full in this chapter.

Reference | Expected Number of Vertices Model

[30] O(n2m!/(n=1)) RSD

[28] on’/ 2\/@) Gaussian, m large
[179] O(n*mo=0 + nSmlog(m)3) Smooth

[66] O (nm*logm =% + n>m?log(m)?) Smooth

[200] O(no* +n’log(m)?) Smooth

[109] O(n?*\flogm o2 + n>>log(m)*>?*(1 + o)) | Smooth

Table 2.1: Shadow Bounds. Logarithmic factors are simplified. The “Gaussian, m
large” lower bound applies in the smoothed model as well.

We note that the bounds below hold for n > 3. Recalling the models, the results
in the Table 2.1 bound the expected number of vertices in the projection of a random
polytope Ax < 1, A € R™" onto any fixed two-dimensional plane. The models
differ in the class of distributions examined for A. In the RSD model, the rows of
A are distributed i.i.d. according to an arbitrary rotationally symmetric distribution.
In the Gaussian model, the rows of A are i.i.d. mean zero standard Gaussian vectors.
Note that this is a special case of the RSD model. In the smoothed model, the rows
of A are n-dimensional Gaussian random vectors with standard deviation o centered
at vectors of norm at most 1, i.e. the expected matrix E[ A] has rows of ¢, norm at
most 1. The “m large” in the table indicates that that bound only holds for m large
enough (compared to n). The Gaussian model is a special case of the smoothed
analysis model, and hence the applicable lower bound of Q(n*/?y/logm) also holds
in the smoothed model under the same assumption of m being large enough.

No interesting lower bounds for the small o regime are known for n > 3, though
the results of [28,67,68] suggest that the correct lower bound might be lower than
current upper bounds.

From the algorithmic perspective, we describe the two phase interpolation ap-
proach of Vershynin [200], which we instantiate using two different Phase I algo-
rithms to solve unit LPs. As a warmup, we first describe Schnalzger’s application of
the dimension by dimension (DD) algorithm [168], as it yields the simplest known
Phase I algorithm and is not widely known. Following this, we introduce a new,
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Reference Expected Number of Pivots Model | Algorithm
[28,168] n - max shadow size Multiple | DD + Int. LP
RSD,
[28,30,108] | O(n®>m!/(n=1)) DD
m large
[200] O (log(m)3(n3c=*+ n>log(m)? + n’ log(n)*)) | Smooth | RV + Int. LP
Symmetric RV
This chapter | O(n*+\/logm o2 + n’ log(m)3/?) Smooth | Y It Lp
+ Int.

Table 2.2: Running time bounds. Logarithmic factors are simplified.

symmetric variant of Vershynin’s random vertex (RV) algorithm which induces an
artificial (degenerate) random vertex by adding 2n — 2 inequalities placed symmet-
rically around a randomly chosen objective. The symmetry condition ensures that
this random vertex optimizes the chosen objective with probability 1. Vershynin’s
original approach added »n random inequalities, which only induce the optimal vertex
for the chosen objective if the noise is small. Via a more careful analysis of the
RV algorithm combined with the additional guarantees ensured by our variant, we
derive a substantially improved complexity estimate. Specifically, our Symmetric RV
algorithm takes O(n?ylogm o2 + n®log(m)3/?) pivot steps, which is faster than
both the original RV algorithm and Borgwardt’s dimension by dimension algorithm
in all parameter regimes. We defer further discussion of this to Section 2.5.

2.1.3 Techniques: Improved Shadow Bound

We now give a detailed sketch of the proof of the used shadow bound. Proofs of
all claims can be found in Section 2.4. The outline of the presentation is as follows.
To begin, we explain our general edge counting strategy, where we depart from the
previously discussed analyses. In particular, we adapt the approach of Kelner and
Spielman (KS) [121], who analyzed a smoothing model where only the right-hand
side is perturbed, to the present setting. Following this, we present a parametrized
shadow bound, which applies to any class of perturbations for which the relevant
parameters are bounded. The main motivation of the abstraction in the parametrized
model is to clearly identify the relevant properties of the perturbations we need to
obtain shadow bounds. Lastly, we give the high-level idea of how we estimate the
relevant quantities in the KS approach within the parametrized model.

Edge Counting Strategy The goal is to compute a bound on the expected number
of edges in the polygon Q(A) N W, where W is the two-dimensional shadow plane,
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Q(A) :=conv(ay,...,a,) and ay,...,a,; € R" are the smoothed constraints of a
unit LP. Recall that this is an upper bound on the shadow size.

In [121], Kelner and Spielman developed a very elegant and useful alternative
strategy to bound the expected number of edges, which can be applied to many
distributions over 2D convex polygons. Whereas they analyzed the geometry of the
primal shadow polygon, the projection of P(A) onto W, we will instead work with
the geometry of the polar polygon Q(A) N W. The analysis begins with the following
elementary identity:

E[perimeter(Q(A) N W)] = E[ Z length(e)] . (2.2)
ecedges(Q(A)NW)

Starting from the above identity, the approach first derives a good upper bound
on the perimeter and a lower bound on the right-hand side in terms of the number
of edges and the minimum edge length. The bound on the number of edges is then
derived as the ratio of the perimeter bound and the minimum edge length.

We focus first on the perimeter upper bound. Since Q(A) N W is convex, any
containing circle has larger perimeter. Furthermore, we clearly have Q(A) N W C
7w (Q(A)), where my is the orthogonal projection onto W. Combining these two
observations, we derive the first useful inequalities:

E[perimeter(Q(A) N W)] < E[2r max |x|]] < E[27n max ||7w (a;)|]] . (2.3)
x€Q(A)NW i€e[m]

To extract the expected number of edges from the right hand side of (2.2), we first
note that every edge of Q(A) N W is derived from a facet of Q(A) intersected with
W (see Figure 2.2 for an illustration). Assuming non-degeneracy, the possible facets
of Q(A) are Fy; := conv(a; : i € I), where I C [m] is any subset of size n. Let E;
denote the event that F; induces an edge of Q(A) N W, or more precisely, that Fy is
a facet of Q(A) and that F; N W # 0. From here, we get that

E[ Z length(e)] = Z E[length(F; N W) | E;] Pr[E/]
ecedges(Q(A)NW) |[I|=n

> |Iln|m E[length(F; N W) | Ef] - Z Pr[E;]
=n |I|=n

= |rlnll_n Ellength(Ff N W) | Ef] - E[|edges(Q(A) N W)]].
2.4)
Combining (2.2), (2.3), (2.4), we derive the following fundamental bound:

E[27 max;em)llmw (ai)l]

E[ledges(Q(A) nW)|] < min 7|, E[length(F; N W) | Ef]

(2.5)
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In the actual proof, we further restrict our attention to potential edges having
probability Pr[E;] > 2(’:)_1 of appearing, which helps control how extreme the
conditioning on E; can be. Note that the edges appearing with probability smaller
than 2(:7)_1 contribute at most 2 to the expected number of edges, and hence can
be ignored. Thus our task now directly reduces to showing that the maximum
perturbation is not too large on average, an easy condition, while ensuring that the
edges that are not too unlikely to appear are reasonably long on average, the more
difficult condition.

We note that applying the KS approach already improves the situation with respect
to the maximum perturbation size compared to earlier analyses, as [66, 179,200] all
require a bound to hold with high probability as opposed to on expectation. For this
purpose, they enforced the condition 1/ > +/nlogm (for Gaussian perturbations),
which we do not require here.

Bound for Parametrized Distributions We now present the parameters of the
pertubation distributions we use to obtain bounds on the numerator and denominator
of 2.5. We also discuss how these parameters behave for the Gaussian and Laplace
distribution.

Let us assume that ai,...,a,, € R" are independently distributed. As before
we assume that the centers a; := E[a;], i € [m], have norm at most 1. We denote
the perturbations by d; := a; — a;, i € [m]. We will assume for simplicity of the
presentation that all the perturbations dy, . . ., d,, are i.i.d. according to a distribution

with probability density u (in general, they could each have a distinct distribution).

At a high-level, the main properties we require of the distribution are that it be
smooth and that it have sufficiently strong tail bounds. We formalize these require-
ments via the following 4 parameters, where we let X ~ p below:

1. pis an L-log-Lipschitz probability density function, that is,
|log pu(x) —logu(y)| < Lllx = yl|, Vx,y € R™.

2. The variance of X, when restricted to any line / C R”, is at least 72,

3. The cutoff radius Ry, ,, > 0 is such that Pr[||X]|| > Ry,.»] < ﬁ
n n

4. The m-th deviation r,, is such that, for all 6 € R", ||0]| = 1, and X1, ..., X,
i.i.d., we have E[max;em[{(Xi, 0)|] < rp.

We refer the reader to subsection 2.4.1 for more formal definitions of these parameters.
We note that these parameters naturally arise from the proof strategy and directly
expose the relevant quantities for the shadow bound.
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The first two parameters are smoothness related while the last two relate to
tail bounds. Using these four parameters, we will derive appropriate bounds for
the numerator and denominator in (2.5). Assuming the above parameter bounds for
ai, . ..,am,the main “plug and play” bound on the expected shadow size is as follows
(see Theorem 2.4.10):

nl.SL

E[|edges(conv(ay,...,am) NW)|] = O( (1+Rpn)(1+71p)) . (2.6)

We can use this parametrized bound to prove the shadow bound for Gaussian
and Laplace distributed noise. For the variance o> Gaussian distribution in R”,
it is direct to verify that T = o for any line (since every line restriction results
in a 1D variance o> Gaussian), and from standard tail bounds for the Gaussian
distribution we get that R, , = O(c+/nlogm) and r,, = O(c+/logm). The only
parameter that cannot be bounded directly is the log-Lipschitz parameter L, since
lx/o||?/2, the log of the Gaussian density, is quadratic. For Laplace distributed
perturbations however, this last difficulty is completely avoided. Here a comparably
sized Laplace perturbation (i.e. same expected norm) has density proportional to
e~ (Wl )l which is by definition log-Lipshitz with L = 4/n/o. The other parameters
are somewhat worse, it can be shown that Ry, , = O(ovnlogm), rp,, = O(o logm)
and T > o /+/n, where in particular 7 is a \/n-factor smaller than the Gaussian. Thus,
for Laplace perturbations the parametrized bound applies directly and yields a bound
of O(n*>302) in the small o regime.

To apply this analysis to the Gaussian setting, we start with the fact, noted in
all prior analyses, that the Gaussian is locally smooth within any fixed radius. In
particular, within radius R,, , of the mean, the Gaussian density is O (+/nlogm/o)-

log-Lipschitz. As events that happen with probability <« (':)_1 have little effect on
the expected shadow bound (recall that the shadow is always bounded by (':)), one
can hope to condition on each perturbation living inside the R, , radius ball. This
is in fact the approach taken in the prior analyses [66,179,200]. This conditioning
however does not ensure full log-Lipshitzness and causes problems for points near
the boundary. Furthermore, the conditioning may also decrease line variances for
lines near the boundary.

To understand why this is problematic, we note that the main role of the smooth-
ness parameters L and 7 is to ensure enough “wiggle-room” to guarantee that edges
induced by any fixed basis are long on expectation. Using the above conditioning, it is
clear that edges induced by facets whose perturbations occur close to the R, ,, bound-
ary must be dealt with carefully. To avoid such difficulties altogether, we leverage the
local log-Lipshitzness of the Gaussian in a “smoother” way. Instead of conditioning,
we simply replace the Gaussian density with a globally O (+/nlog m/o)-log-Lipshitz
density which has statistical distance « (’:;‘)_1 to the Gaussian (thus preserving the
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shadow bound) and also yields nearly identical bounds for the other parameters. This
distribution will consist of an appropriate gluing of a Gaussian and Laplace density,
which we call the Laplace-Gaussian distribution (see Section 2.4.3 for details). Thus,
by slightly modifying the distribution, we are able to use the parametrized model to
obtain shadow bounds for Gaussian perturbations in a black box manner.

Bounding the Perimeter and Edge Length We now briefly describe how the
perimeter and minimum edge length in (2.5) are bounded in the parametrized pertur-
bation model to obtain (2.6). As this is the most technical part of the analysis, we
refer the reader to the proofs in Section 2.4 and give only a very rough discussion
here. As above, we will assume that the perturbations satisfy the bounds given by
L, 7, R n,"m-

For the perimeter bound, we immediately derive the bound

IE‘?[_Iéﬂ[ﬂlx]llﬂw(ai)ll] < 1+E[_Iél[ax] 7w (@)ll] < 1+ 2rmy,

by the triangle inequality. From here, we must bound the minimum expected edge
length, which requires the majority of the work. For this task, we provide a clean
analysis, which shares high-level similarities with the Spielman and Teng distance
lemma, though our task is simpler. Firstly, we only need to show that an edge is large
on average, whereas the distance lemma has the more difficult task of proving that an
edge is unlikely to be small. Second, the conditioning is much milder. Namely, the
distance lemma conditions a facet F; on intersecting a specified ray rg, whereas we
only condition Fj on intersecting W. This conditioning gives the edge much more
“wiggle room”, and is the main leverage we use to get the factor n improvement.
Letus fix F' := F[,} = conv(ayi, ..., a,) as the potential facet of interest, under the
assumption that E' := E|,, i.e., that F induces an edge of Q(A) N W, has probability

at least 2(':)_1 . The analysis of the edge length conditioned on E proceeds as follows:

1. Show that if F' induces an edge, then under this conditioning F' has small
diameter with good probability, namely its vertices are all at distance at most
O(1+Ry, ;) from each other (Lemma 2.4.17). This uses the tailbound defining
R, and the fact that E occurs with non-trivial probability.

2. Condition on F being a facet of Q (A) by fixing its containing affine hyperplane
H (Lemma 2.4.19). This is standard and is achieved using a change of variables
known as a Blaschke-Petkantschin formula (see Section 2.2 for details).

3. Let! := HNW denote the line which intersects F' to form an edge of Q(A)NW.
Show that on average the longest chord of F parallel to / is long. We achieve
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the bound Q(7/+/n) (Lemma 2.4.27) using that the vertices of F restricted to
lines parallel to [ have variance at least 72.

4. Show that on average F is pierced by [/ through a chord that is not too much
shorter than the longest one. Here we derive the final bound on the expected
edge length of

E[length(F N W) | E] = Q((t/vn) - 1/(nL(1 + Ry,.))) (Lemma 2.4.26)

using the fact that the distribution of the vertices is L-log-Lipschitz and that F
has diameter O(1 + Ry, ).

This concludes the high-level discussion of the proof.

2.1.4 Related work

Structured Polytopes An important line of work has been to study LPs with good
geometric or combinatorial properties. Much work has been done to analyze primal
and dual network simplex algorithms for fundamental combinatorial problems on
flow polyhedra such as bipartite matching [110], shortest path [70,97], maximum
flow [92,95] and minimum cost flow [96, 156, 157]. Generalizing on the purely com-
binatorial setting, LPs where the constraint matrix A € Z"" is totally unimodular
(TU), i.e. the determinant of any square submatrix of A is in {0, +1}, were analyzed
by Dyer and Frieze [75], who gave a random walk based simplex algorithm which
requires poly(n, m) pivots. Recently, an improved random walk approach was given
by Eisenbrand and Vempala [78], which works in the more general setting where
the subdeterminants are bounded in absolute value by A, who gave an O (poly(n, A))
bound on the number of Phase II pivots (note that there is no dependence on m).
Furthermore, randomized variants of the shadow vertex algorithm were analyzed in
this setting by [36,47], where in particular [47] gave an expected O (n° A% log(nA))
bound on the number of Phase I and II pivots. Another interesting class of struc-
tured polytopes comes from the LPs associated with MDP, where simplex rules such
as Dantzig’s most negative reduced cost correspond to variants of policy iteration.
Ye [205] gave polynomial bounds for Dantzig’s rule and Howard’s policy iteration for
MDPs with a fixed discount rate, and Ye and Post [159] showed that Dantzig’s rule
converges in strongly polynomial time for deterministic MDPs with variable discount
rates.
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2.1.5 Organization

Section 2.2 contains basic definitions and background material. We study the
smoothed complexity of the convex hull in two dimensions in Section 2.3. Fol-
lowing a similar strategy, the proofs of the shadow bound are given in Section 2.4.
The details regarding the two phase shadow vertex algorithm we use, which rely in
an almost black box way on the shadow bound, are presented in Section 2.5.

2.2 Preliminaries

Gaussian distribution

Definition 2.2.1. The Gaussian distribution or normal distribution N,(a,o) in n
variables with mean & and standard deviation o has density (27)~"/ 2p-llx-al?/2e?)
We abbreviate N,, (o) = N, (0, o).

Important facts about the Gaussian distribution include:

* Given a k-dimensional affine subspace W C R", if X is N, (a, o-)-distributed
then both the orthogonal projection 7w (X) and the restriction of X to W are
Ny (nw (a), o)-distributed in W.

e For X ~ Ny(a,o) we have E[X] = @ and E[((X —a)"6)?] = o2 for all
6 e S
* The expected squared distance to the mean is E[|| X — d||*] = no?.

+ The moment generating function of X ~ N1(0, o) is E[e*X] = et/ 2 for all
A € R, and that of X2 is E[eX"] = 1/¥1 - 240 for A < 1/(20).

We will need the following tail bound for Gaussian random variables. We include
a proof for completeness.

Lemma 2.2.2 (Gaussian tail bounds). For X € R” distributed as Nn(F), o), t>1,
Pr[||X]| = toVn] < e~ /DD 2.7)
For9eS" Yandt >0,
Pr|X76] > to] < 2712, 2.8)

Proof. By homogeneity, we may without loss of generality assume that o = 1.
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Proof of (2.7)

P X 2 t] = . P /l”XHZZ /llzn
Xl 2 Vil = min Pr{e!XI 2 1)

/l||X||2]e—/lt2n

< min Elfe (Markov’s inequality)

T 2€(0,1/2)

= mi E[e™]|e**  (Independence of coefficient
/161(1(1)3{1/2) !:1[ [e*ti]]e (Independence of coefficients)

2
= min b " e 'n
1€(0,1/2)\1 =24
< e (/D(P-2logr=1)  (getting 1 = %(1 —1/1))

< e~ (/D=1 (since logt <t —1fort > 1).

Proof of (2.8)
Pr[|X"6] > ] =2Pr[XT6 > 1]

. Ty -
< 2minE[e™X ?]e~ Y
>0

. 2 2 .
:21/11118& 224t < 26712 setting A = 1.
>

O

Laplace distribution Our shadow bounds will hold for a general class of distri-
butions with bounds on certain parameters. We illustrate this for the n-dimensional
Laplace distribution.

Definition 2.2.3. The Laplace distribution L, (a, o) or exponential distribution in
R"™ with mean vector a has probability density function

Vn o-Ix-allvii/o
(n—1)!o"vol,_ (S"1)

We abbreviate L, (o) = Ln((), o). We have normalized the distribution to have
expected norm vno. Additionally, the variance along any direction is o> (1 + %).

The norm of a Laplace distributed random variable follows a Gamma distribution.

Definition 2.2.4. The Gamma distributionI"(a, 8), @ € N, 8 € R, on the non-negative
real numbers has probability density %t“‘le‘ﬁt. The moment generating func-

tion of the Gamma distribution is Ex .r(q,g) [eX] = (1-2/B)~for A < B.
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One can generate a n-dimensional Laplace distribution L, (o) as the product of
an independent scalar and vector. The vector 8 is sampled uniformly from the sphere
S"1. The scalar s ~ I'(n,vn/o) is sampled from the Gamma distribution. The
product s6 has a L, (o)-distribution.

We will need the following tail bound for Laplace distributed random variables.
We include a proof for completeness.

Lemma 2.2.5 (Laplace tail bounds). For X € R", n > 2, distributed as (6, o)-

Laplace and t > 1,
Pr[||X|| = tovn] < e "7logi=1) (2.9)

In particular, for t > 2,
Pr[||X|| > tovn] < /7. (2.10)
For0e S >0,

271116 .0 <t <2

2.11
e Vil t > 2q/n 11

Pr[|XT0| > to] < {

Proof. By homogeneity, we may without loss of generality assume that o = 1.

Proof of (2.9)
Pr[||X|| > Vat] = min Pr[etIX] > V1)
A€(0,4/n)
< min E[e!X ”]e_/l‘/?” (Markov’s inequality)
A€(0,yn)
< min (1-2/vn) eV
A€(0,vn)

= 7102t “setting A = V(1 — 1/1).
For the case ¢ > 2, the desired inequality follows from the fact that z —logt — 1 > ¢/7
for ¢ > 2, noting that (¢ — log¢ — 1)/t is an increasing function on ¢ > 1.
Proof of (2.11) Fort > 2+/n, we directly apply equation (2.10):
Pr[|X76| > to] < Pr[||X|| = to] < e VI,
For t < 2+/n, express X = s - w for s ~ I'(n, \n/o), w € S"~! uniformly sampled.

Pr[|sw'6] > to] < Pr[|w'6] > 1/(2Vn)] + Pr[|s| > 2vno]
< Pr[|w'0] > 1/(2Vn)] + 4.
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/(2N |

Figure 2.1: The small sphere has at least as much surface area as combined surface
area of the enclosed sphere cap and the opposite cap together by the monotonicity of
surface area (Lemma 1.5.1).

For the first term we follow [12, Lemma 2.2], where the second line is illustrated
in Figure 2.1:
vol,-1({w € "' 1 [wT] 2 1/(2vn)})
vol,_; (S"~1)

Prl|w'6] > t/(2vn)]

vol, ({1 = £8"7)

Vol (Sn—l )

2 (=12
=(1- n=
( 4n)

< P (n=1)/@n) _ /16
The desired conclusion follows since e™/*/16 + e™/4 < 2¢7/16 for 0 < t < 24/n. O

Change of variables In Section 2.4 we make use of a change of variables that
known as a Blaschke—Petkantschin formula and is standard in the study of convex
hulls, see, e.g., [169].

Recall that a change of variables affects a probability distribution. Let the vector
y € R" be a random variable with density u. If y = ¢(x) and ¢ is invertible, then the
induced density on x is

Ip(x)
p(p(x))|det (8— )
X
where |det %N is the Jacobian of ¢. We describe a particular change of vari-

ables which has often been used for studying convex hulls, and, in particular, by
Borgwardt [28] and Spielman and Teng [179] for deriving shadow bounds.
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For affinely independent vectors ay,...,a, € R" we have the coordinate trans-
formation
(al,...,an) = (Q,t,bl,. ..,bn),

where 6 € S" ! and t+ > O satisfy 8"a; = ¢t for every i € [n] and the vectors
by,...,b, € R"! parametrize the positions of aj,...,a, within the hyperplane
{x € R" | 8"x = t}. We coordinatize the hyperplanes as follows:

Fix a reference vector v € S"~!, and pick an isometric embedding / : R"~! — y+,
For any unit vector § € S"~!, define the map R} : R" — R" as the unique map that
rotates v to 6 along span(v, ) and fixes the orthogonal subspace span(v, §)*. We
define Ry = R; o h. The change of variables from 8 € sl ¢t>0,by,...,b, c R"!

toai,...,ay, takes the form

(al,. . .,Cln) = (Rgbl +10,...,Rgb, +t9).

The change of variables as specified above is not uniquely defined when ay, ..., a,
are affinely dependent, when ¢ = O or when 6 = —v.

Theorem 2.2.6. Let 6 € S"! be a unitvector, t > 0and b, . . ., b, € R"!. Consider
the map

(Q,Z‘,bl,...,bn) 4 (al,...,a,,) = (Rgb1+t9,...,Rgbn+l‘9).

The Jacobian of this map equals

‘det (aga(x))‘ = (n - 1)!vol,,_1(conv(by, ..., b,)).
ox

2.2.1 Shadow vertex algorithm

We briefly introduce the shadow vertex algorithm. An alternative exposition about
the shadow vertex algorithm can be found in [28].

Let P(A,b) = {x € R" : Ax < b} be a polyhedron, and let ay,...,a, € R”
correspond to the rows of A. We call a set B C [m] a basis of Ax < b if Ag is
invertible. This implies that |B| = n. We say B is a feasible basis if xp = Az;lb B
satisfies Axp < b. Such a point xp is always a vertex of P(A, b). We say a feasible
basis B is optimal for an objective ¢ € R" if CTA_B1 > 0, which happens if and only if
maXyep CT.X = CT)CB.

The shadow vertex algorithm is a pivot rule for the simplex method. Given a
feasible basis B C [m], an objective d € R" for which B is optimal, and an objective
function ¢ € R to optimize, where ¢ and d are linearly independent, the shadow
vertex algorithm (Algorithm 1) specifies which pivot steps to take to reach an optimal
basis for c. We note that there are many possible choices for starting objective d.
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Algorithm 1 Shadow vertex algorithm for non-degenerate polyhedron and shadow.
Input: P(A,b) ={x e R": Ax < b}, ¢,d € R", feasible basis B C [m] optimal for
d.

Output: Return optimal basis B C [m] for ¢ or unbounded.

1: 9 <« 0.

2: 1« 0.

3: loop

: i —i+1.

4
5: A; := maximum A < 1 such that ¢ A5 > 0.

6: if 4; = 1 then return B.

7 k := k € B such that (CLA;)k =0.

8 XB = Agle.

9: s; := supremum s > 0 such that A(xp — sA;lek) <b.
10: if s; = oo then return unbounded.

11: j :=Jj € [m] — B such that ajT(xB - siAglek) =bj.
12: B~ BU{j}\{k}.

We parametrize ¢, := (1 — 1)d + Ac and start at A = 0. The shadow vertex rule
increases A until there are j # k € [m] such that a new feasible basis BU {j} \ {k}
is optimal for c,, and repeats with increased A and new basis B until 4 = 1.

The index k& € B is such that the coordinate for k in c/TlAEI first lowers to 0, and
j ¢ Bissuchthat BU{j}\{k}isafeasible basis: we follow the edge A;l bp —Agl exR:
until we hit the first constraint a}x < bj, and then replace k by j to get the new basis
BU {j}\ {k}.

Changing the current basis from Bto BU{j} \ {k} is called a pivot step. As soon
as 4 = 1 we have ¢, = ¢, at which moment the current basis is optimal for our ob-
jective c. If at some point no choice of j exists, then an unbounded ray has been found.

Definition 2.2.7. We say that the system Ax < b is non-degenerate it m > n, any
B e ([’Z]) is a basis, and every vertex of the corresponding polyhedron P(A, b) is
tight at exactly n linearly independent inequalities. When the description Ax < b is
clear, we say that P = P(A, b) is non-degenerate to mean that its describing system
is.

Definition 2.2.8. We say that the shadow of a polyhedron P on a two-dimensional
linear subspace W is non-degenerate if dim(myw (P)) = 2 and for every face F
of P such that myw (F) is a face of mw (P) and dim(zww (F)) < 1, we have that
dim(mrw (F)) = dim(F).
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Figure 2.2: On the left, a polytope and its shadow. On the right, the corresponding
polar polytope intersected with the plane. There are as many edges marked blue as
there are edges marked red.

If both the polyhedron and the shadow are non-degenerate, each pivot step can
be performed in O(mn) time (see the pseudo-code for Algorithm 1). Under the
distribution models we examine, degeneracy occurs with probability 0.

The shadow vertex rule is called as such because the visited vertices are in
correspondence with vertices on the relative boundary of the orthogonal projection
aw (P) of P onto W = span(d, c¢), where we denote mryw (P) as the shadow of P on W.
See the left half of Figure 2.2. We call the total number of vertices of the projection
the shadow size, and it is the key geometric estimate in our analysis of the simplex
method.

Lemma 2.2.9. For a polyhedron P having a non-degenerate shadow on W, the
vertices of P optimizing objectives in W \ {0} are in one-to-one correspondence with
the vertices of mw (P) under the map my .

Proof. For every vertex y € mw (P) of the shadow, there is some 6 € W — {6} that
is uniquely optimized by y over my (P), i.e., y is optimal for #, and 8Ty > 67y’ for
all y’ € mw (P),y” # y. Let F C P be the face of optimizers of 6. It must satisfy
aw (F) =y, and by non-degeneracy of the shadow, F is a vertex.

For a vertex x € P optimizing 6 € W — {6}, its projection my (x) optimizes 6
over the projection 7w (P), and hence it lies on the relative boundary of the shadow.
If 7w (x) is a vertex of mw (P), we are done, so suppose not. Then my (x) must lie
in the relative interior of an edge e of my (P). We can lift e to F' = n;vl (e) N P, the
largest face of P satisfying mw (F) = e. As the shadow is non-degenerate, F is an
edge of P. Since dim(F) = 1 and mw (x) is in the relative interior of e, we see that x
is in the relative interior of F', contradicting our assumption that x is a vertex of P.

From the above arguments, we see that the map my, yields a bijection from the
set of vertices of P optimizing some objective in W — {6} and the set of vertices of
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7w (P). The lemma thus follows. |

We will con51der non-degenerate polyhedra of the form P(A) = {x e R" : Ax <
l} in which case 0 is always contained in the polyhedron. The problem thus has
a known feasible solution. We will look at the geometry of shadow paths on such
polyhedra from a polar perspective. For any non-degenerate polyhedron P(A), we
look at the polar polytope, defined as the convex hull Q(A) := conv(ay,...,a,) of
the rows of A. For any index-set [ € ([':L’]), if the (unique) solution x; to the equations

a,-Tx =1 Viel

is a vertex of the original polyhedron P(A), then the set conv(a; : i € I) forms
a facet of the polytope Q(A). Conversely, if conv(a; : i € I) induces a facet of
Q= conv(O ai,...,am) (note the inclusion of 0) then x; is a vertex of P(A). The
addition of 0 to the polar of P(A) allows us to detect unboundedness. Precisely, the
facets of the extended polar Q’ containing 0 are in one to one correspondence with
unbounded edges of P(A). Moreover, P(A) is bounded, i.e. a polytope, if and only if
0 is in the interior of Q(A). In this case Q(A) = Q’, and hence every facet of Q(A)
is associated to a vertex of P(A).

In the polar perspective, a pivot step moves from one facet of Q' to a neighboring
facet. The shadow vertex algorithm moves the objective ¢, along the line segment
[d, c] and keeps track of which facet of Q’ is intersected by the ray ¢ ;R*. If we move
to a facet of Q' containing 0, we may conclude that the LP with objective c is in fact
unbounded. Since we can only visit such facets at the end of a shadow path, we will
be able to control the length of shadow paths using only the geometry of Q (A), which
will help simplify our analyses. The main bound on the size of the shadow we will
use is given in the following lemma.

Lemma 2.2.10. Let P(A) be a non-degenerate polyhedron with a non-degenerate
shadow on W. Then

|vertices(mw (P(A)))| < |ledges(Q(A) N W)|.

Proof. Letx’beavertex of my (P). To prove the statement, we will associate x” with a
unique edge of Q(A) NW. By non-degeneracy of the shadow and Lemma 2.2.9, there
exists a unique vertex x of P(A) such that 7w (x) = x’. By non-degeneracy of P(A),
there exists a unique basis I € ([m]) such thatx = x; := A} 17 1. By virtue of x belng a
vertex of 7y (P(A)), since dim(zrw (P(A))) = 2 there must an objective § € W — {O}
that is uniquely maximized by x” on 7w (P(A)). Consequently, by construction x
also uniquely maximizes 6 over P(A). We now show that QTA I'> 0. Flrstly, since

x; maximizes 6, by non-degeneracy of P(A), we must have that 6T A 11 > 0. Now
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assume for the sake of contradiction that (HTAEI),- = ( for some i € [n]. In this
case, by non-degeneracy of P(A), we can pivot such that i leaves the basis and find
an edge of P(A) that is optimal for 8, and thus that also projects to x’. This violates
non-degeneracy of the shadow, and so we must have GTAI‘I > 0 as claimed.

The condition that 6?TA171 > 0 is equivalent to the existence of y; > 0, fori € I,

and a > 0, such that
D viai =9, Dlri=a,
iel iel

which is equivalent to

> yila)ai =a'e, D vila=1.

iel iel
The ray 6R, intersects conv(a;);e;. Since the inequalities are strict, there is a
neighborhood around 6 in which every vector 8’ induces a ray intersecting conv(a; );ey -
In particular, we get that R, intersects the relative interior of conv(a;);e;y.

Recalling that x; is a vertex of a non-degenerate polytope P(A) and that b = 1,
we have that ;"x; < 1 for all i < m, where equality holds iff i € I. Therefore the
points in conv(a;);c; are the maximizers of x;, when maximizing over Q(A). This
means that conv(a;);c; forms a facet of Q(A). As conv(a;);¢; is intersected by R,
in its relative interior, the intersection conv(a;);c; N W can not be zero-dimensional.
If conv(a;)iey N W were two-dimensional, the origin would be contained in the
affine hull of conv(a;);c; and hence 0 = 6Tx1 = 1. Thus conv(a;)ie; N W must be
one-dimensional and hence an edge of Q(A) N W.

For a feasible basis 7, the facet conv(a;); <y uniquely determines x; and hence x’. If
two facets conv(a;);c; and conv(a;) ey of Q, where I and J are feasible bases, induce
the same edge e of O N W, then e passes through the relative interior of both facets by
the argument in the previous paragraph. If two faces intersect in their relative interior,
they must be equal. For suppose not. Then we could, without loss of generality, find
somex € conv(a;);cs and y in the relative interior of conv(a;);e;Nconv(a;)jes. Then
there is some 0 < A < 1 such that Ax + (1 — )y € conv(a;);es, s0 x € conv(a;)jecy.
Since x was arbitrary, conv(a;);e; = conv(a;)jecs. By non-degeneracy of P(A),
equality of conv(a;);c; and conv(a;),e; implies that / = J. We thus conclude that
the above mapping from vertices of 7w (P(A)) to edges of Q N W is injective. m]

The number of pivot steps taken in a shadow path is bounded from above by the
number of edges in the intersection Q(A) N span(d, ¢). Hence it suffices that we
prove an upper bound on this geometric quantity. The following theorem summarizes
the properties we will use of the shadow vertex algorithm.

Theorem 2.2.11. Let P(A, b) denote a non-degenerate polyhedron. Let c,d € R" de-
note two objectives inducing a non-degenerate shadow and let W = span(d, c). Given
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a feasible basis I € ([’:]) for Ax < b which is optimal for d, Algorithm 1 (shadow
vertex) finds a feasible basis J € (['Z]) optimal for ¢ or declares unboundedness in a
number of pivot steps bounded by |vertices(rw (P(A)))|, where my is the orthogonal
projection onto W. In particular, when b = 1, the number of pivots is at most

ledges(Q(A) NW)].

Proof. We first establish that A; and s; are well-defined. We know that the setof 4 < 1
such that c/TlA;1 > 0 is non-empty, because A;_j satisfies this property. The set of
s > Osuchthat A(xg— sA;lek) < b is non-empty because if A(xp — sAl‘;lek) £ b for
all s > O then the vertex xg would be tight at more than d inequalities, contradicting
non-degeneracy of P(A).

To show correctness, we prove that, in every iteration of the loop, the basis B is
feasible, that the algorithm terminates, and that the output is correct. For this we first
prove that in every iteration xg is a shadow vertex.

If A; # 1, there must be some index k such that (CLA;] )& = 0. Since each of the
points (xg — sAl‘glek) with s < s; is feasible, if the index j exists then BU{j} —{k} is
a feasible basis. We know that c,, is a non-negative combination of rows of Ap_(x),
so it is also a non-negative combination of rows of Apyy;}-(x}. Thus BU {j} — {k}
is optimal for c,,, and hence xpy(;}-(k} is a shadow vertex by Lemma 2.2.9, using
the non-degeneracy of the shadow.

From our non-degeneracy conditions it follows that & is unique. Suppose it were
not. The set P(A) N {x : Ap_{x 1'}X = bp_{k i’} } would be a two-dimensional face
of P(A) optimizing the objective c,,, and hence this face would project to an at most
one-dimensional face of wy (P(A)). This contradicts non-degeneracy of the shadow,
S0 k is unique.

Now we prove that the algorithm has the runtime that was claimed. We do this
by proving that no shadow vertex is visited by the algorithm twice.

Since at the start of a loop c}[Agl > 6, we know from maximality of A;4; that
Aiv1 = A;. Suppose that A;11 = A; < 1 fori > 1. This implies that

max{A : CEAI}I > 6} = max{4 : c;Aglu{j}_{k} > 6}
Either one of the two sets is a singleton set or we find linearly independent objectives
6,6’ € W — {0} that are both optimized by both xz and XBu{j}-{k}- One of the
two sets being a singleton set contradicts non-degeneracy of the shadow, because
otherwise one of the shadow vertices xp, xpu(;)-(k} wWould not have an objective
in W that it uniquely optimizes, contradicting mw (xp) and mw (xpu{;}-{k}) being
vertices of wy (P(A)). If linearly independent objectives 6,60 € W — {6} are both
optimized by distinct vertices xp and xpy{;}-{k}» the two vertices must project to the
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same point in W, contradicting non-degeneracy of the shadow. Hence 1;,1 # A; and
Ais1 > A;. .

Since for any A > A;41, c/TIAE;1 Z 0, no shadow vertex can be visited twice. This
implies no basis is visited twice, and hence the algorithm terminates.

Every pivot step taken by the algorithm starts at a shadow vertex, and no two
pivot steps start at the same vertex. The number of pivot steps is hence bounded by
the number of shadow vertices. Using non-degeneracy of the shadow, this is bounded
by |vertices(mw (P(A)))|. By Lemma 2.2.10, if b = 1 then the number of pivot steps
is bounded by |edges(Q(A) N W)]|.

Now we show that the output is correct. Suppose that the algorithm returns a
basis B. From the above we know that B is feasible. The choice of A; is such that
c/TliA;g1 > 0, so when A; = 1 the basis B is indeed optimal for ¢; = c.

Now suppose the algorithm returns unbounded, so the ray xg + (—Azglek)]RJr is
feasible. We want to show that c(—A;lek) > 0. Since c; = d+ A(c — d) and A;
is max{A : CﬂAl_al > 0}, we have (¢ — d)TAl‘;lek < 0 from uniqueness of k, for
otherwise A; would not be maximal. Since 4; < 1 we get

c(=Ag'er) = (ca, + (1= ) (c - d))(-Ag'er) = (1 = i) (c = d)(-Az'ex) > O,

so the algorithm correctly returns unbounded. O

2.3 Smoothed Complexity of the Convex Hull

The convex hull of m points in R? is a polygon and can have up to m vertices. If
each point is randomly distributed, the expected number of vertices can be smaller.
In this chapter we prove that if points ai,...,a, € R2, each of norm at most 1, are
perturbed with independent Gaussian random noise of standard deviation o, then the
convex hull of the perturbed points has O (o~! ++/log m) vertices in expectation. The
general proof strategy will be used and extended in the next chapter as well.

Theorem 2.3.1. For independently distributed points ay,...a, € R2, each with
independent Gaussian distributed entries of variance o* and ||E[a;]|| < 1 for all
i € [m], the convex hull Q := conv(ay,...,a,) has O(c~" + \/logm) edges in

expectation.
To prove the above theorem, we first need a small lemma.

Lemma 2.3.2. Let X € R be a random variable with E [X] = p and Var(X) = 72.
Then X satisfies
E [X?]

E [1X1]

2 (lul+7)/2.
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Proof. By definition one has E [Xz] = u? + 72, We will show that E [|X|] < |u| +7
so that we can use the fact that u? + 72 > 2|u|7 to derive that u” + 72 > (Ju| + 7)%/2.
It then follows that E [X?] /E [|X]] > (|ul +7)/2.

The expected absolute value E[|X]|] satisfies

E[IX]] < lul +E[1X ~ ul] < |ul + E [(X - p)*]"?

by Cauchy-Schwarz, hence E [|X]|] < |u| + 7. |

Proof of Theorem 2.3.1. We will prove that, on average, the edges of Q are long and
the perimeter of Q is small. This is sufficient to bound the expected number of edges.

Fori, j € [m],i # j,let E; ; denote the event that a; and a; are the end points of
an edge of Q. By linearity of expectation we have the following equality:

E[perimeter(Q)] = Z Ellla; — ajll | E; ;] Pr[E; ;].

1<i<j<m

We lower bound the right-hand side by taking the minimum over all conditional
expectations and get

> Elllai —ajll | Ei j1Pr[E; ;] = r{l;it?E[llak —alll | Exil > PrlEq ]

1<i<j<m 1<i<j<m
Dividing on both sides, we can estimate the expected number of edges

E[perimeter(Q)]
mingy; Elllax — aill | Ex]’

Efledges(Q)ll = >, Pr[Ei;] <

1<i<j<m

(2.12)

We are left to bound the numerator and denominator on the right-hand side. For
the first, we observe that Q is convex and thus has perimeter at most that of any
containing disc. This yields the bound

E[perimeter(Q)] < E[27 max||a;||] < 27(1 + 60+/logm), (2.13)

using the traingle inequality and standard Gaussian tail bounds.
We are left to lower bound the denominator. Fix k = 1,/ = 2 without loss of
generality and write E = E ». The quantity of interest is

E[llas - a] | E] = Joo Jeollar = aol| Pr[E] 1 (ar)pz(az) day das 2.14)

Je Je PrlElpi (a1 pa(az) day das

where y; is the probability density of a; and the probability of E = Ey2(ay, ..., an)
is taken over the randomness in as,as, ..., a,. To get control on the event E, we
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perform a change of coordinates from aj,a; € R%tot € [0,00],0 € S, hy, hy € R
satisfying

ay =t0+ Rgy(hy)
ap =t + Rg(hz)

where Ry : R — 6+ is the isometric linear embedding of R into the linear subspace
orthogonal to 6 with Ry (1) having positive first coordinate. This transformation is
uniquely defined and continuous whenever a; and a, are linearly independent and 6
has non-zero first coordinate, which happens with probability 1. The Jacobian of this
transformation is |4 — hy| and we can rewrite the above fraction (2.14) as

o S [ [oulh = ha PrlEui (16 + Ro(hi) 2 (16 + Ro(h)) dhy dhy d6 de
B [ [ 1y = ha| Pr[E1u1 (16 + Rg (1)) p2 (10 + Rg (h2)) dhy dhy d6 dt -

The event E is equivalent to asking that either 0Ta; < tforalli =3,4,...,m or
0Ta; > t for alli = 3,4,...,m. This makes E a function of only as,...,a, and 0

and ¢, i.e. its value does not depend on A, h;.
[ g(p)h(p) dp

Now, we use that
[g(p) dp

find

> inf,, h(p) for any positive integrable g, 4 and

- L2 [ Ihy = haPui (16 + R (h1)) pa (10 + Rg (1)) dhy dhy

n (o8] [ee]

0 [7 [T by = halpi (10 + Rg(hy)) 2 (10 + Rg(ha)) dhy dhy
o2 (/_O; H1(Ro(h1))p2(Ro(h1 = 2)) dhl) dz

= inf

L0 7 el (/_(: H1(Rg(h1))pa(Re(hy — 2)) dhl) dz

Ellla; — az|| |E] =

—

~

substituting z = hj — h, and simplifying. For fixed #, 6, we can reinterpret the last frac-
tion as E[Z%]/E[|Z|] for Z a random variable with probability density proportional
to o

[ RomaRo( = 2) din.

(%)

This is the same probability density as that of the difference of two independent
Gaussian random variables each of variance o2, which means that Z has variance
202, If we apply Lemma 2.3.2 to Z, we deduce E[|la; — as|| | E] = o/V2. We

conclude that the expected total number of edges is bounded from above by

1 +60+/1
E[edges(Q)] < 271'% <907 +54/logm. m|
o
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2.4 Shadow Bounds

In this section, we derive our new and improved shadow bounds for Laplace and
Gaussian distributed perturbations. We achieve these results by first proving a shadow
bound for parametrized distributions as described in the next section, and then spe-
cializing to the case of Laplace and Gaussian perturbations. The bounds we obtain
are described below.

Theorem 2.4.1. Let W C R" be a fixed two-dimensional subspace, m > n > 3 and
let A € R"™" be a matrix with rows ay, . .., a,, € R", such that the entries of A are
independent Gaussian random variables with variance o> and such that |E[a;]|| < 1
foreveryi=1,...,m. Writing Q(A) := conv(ay,...,a,) for the convex hull of the
row vectors, we find that the expected number of edges is bounded by

E[ledges(Q(A) N W)|] < Dg(n,m, o)
where Dg(n, m, o) is defined as
De(n,m, o) = O (n*logm o2 + n*3logm o' + n?>3 log(m)').

Our bound applies more generally for distributions satisfying certain parameters.
We illustrate this with a shadow bound for perturbations distributed according to the
Laplace distribution. This will serve as a good warm-up exercise for the slightly more
involved analysis of the Gaussian distribution.

Theorem 2.4.2. Let W C R" be a fixed two-dimensional subspace, m > n > 3 and
let A € R™" be a matrix with rows ay, . .., a, € R", such that the entries of A are
independent Laplace random variables with parameter o and such that ||E[a;]|| < 1
for every i = [m]. Writing Q(A) :=conv(ay,...,a,) for the convex hull of the row
vectors, we find that the expected number of edges is bounded by

E[ledges(Q(A) N W)|] < O(n* 072 +n*logm o' + n’ log(m)?).

The proofs of Theorems 2.4.1 and 2.4.2 are given in respectively subsections 2.4.3
and 2.4.2.

2.4.1 Parametrized Shadow Bound

In this section, we prove a shadow bound theorem for any noise distribution that has
non-trivial bounds on certain parameters. The parameters we will use are defined
below.
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Distribution parameters

Definition 2.4.3. A distribution with density g on R" is L-log-Lipschitz if for all
x,y € R" we have |log(u(x)) —log(u(y))| < L||x — y||. Equivalently, y is L-log-
Lipschitz if u(x)/u(y) < exp(L||lx — y||) for all x,y € R".

Definition 2.4.4. Given a probability distribution with density u on R”, we define
the line variance 2 as the infimum of the variances when restricted to any fixed line
[ CR™
2= inf Var(X ~u| X €l).
line I € R"

Both the log-Lipschitz constant and the minimal line variance relate to how
“spread out” the probability mass is. The log-Lipschitzness of a random variable
gives a lower bound on the line variance, which we prove in Lemma 2.4.7.

Definition 2.4.5. Given a distribution with probability density u on R" with expecta-
tion Ex.,[X] = y we define the m"-th deviation r,, to be the smallest number such
that for any unit vector 8 € R",

/ Pr [[(X - y)"0] > 1] dt < rp/m.
rm XM

Note that as r,, increases to oo, the left-hand side goes to 0 and the right-hand side
goes to co. We see that there must exist a number satisfying this inequality, so 7, is
well-defined.

The n-th deviation will allow us to give bounds on the expected maximum size
E[max; <,,|x;"6|] of m separate perturbations in a given direction §. We formalize
this in Lemma 2.4.8.

Definition 2.4.6. Given a distribution with probability density u on R" with expecta-
tion Ey.,[x] = y, we define, for all 1 > p > 0, the cutoff radius R(p) as the smallest
number satisfying

xligl[llx -yl = R(p)] < p.

The cutoff radius of interest is Ry, , = R(ﬁ). The cutoff radius tells us

how concentrated the probability mass of the random variable is, while the log-
Lipschitzness tells us how spread out the probability mass is. These quantities
cannot both be arbitrarily good (small) at the same time. We formalize this notion in
Lemma 2.4.9.

Lemma 2.4.7. If a distribution with probability density u is L-log-Lipschitz, then its
line variance satisfies T > 1/(y/eL).
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Proof. Let v + wR be a line and assume that E[x | x € v+ wR] = v and ||w| = 1.
We show that with probability at least 1/e, x has distance at least 1/L from v.
Conditioning on x € v + wR, the induced probability mass is proportional to u(x).
We can bound the fraction of the induced probability mass that is far away from the
expectation by the following calculation:

o 0 0
[M(V‘H’W)d)’:/ #(V‘*‘)’W)d)""/o p(v+yw) dy

(o) —00

_]/L 00
=/ W+ (y + 1/L)w) dy+/ v+ (y — 1/L)w) dy
_ 1/L

(o)

-1/L 00
Se/ ,u(v+yw)dy+e/ u(v+yw) dy.
—0c0 1/L

The integral on the first line exists because it is the integral of a continuous non-
negative function, and, if the integral were infinite, then the integral along every
parallel line would be infinite by log-Lipschitzness, contradicting the fact that u has
integral 1 over R".

Hence,

-1/L 00
L @ yw) dy + [ (v +yw) dy
Prjlx=v|| = 1/L | x ev+wR] = > 1/e,

5 uv+yw) dy

and we can lower bound the variance
1
Var(x | x € v+ wR) > = (1/L)>.
e

Since the line v + wR was arbitrary, it follows that 7 > 1/(y/eL). O

Lemma 2.4.8. If xy,...,x,, are each distributed with mean 0 and m-th deviation at
Most ryy,, then for any 6 € s

E[ max |6"x;|] < 2r,.
i€[m]

Proof. We rewrite the expectation as

E[ max |07 x;|] :/ Pr[ max |0 x;| > ¢] dr.
0 i€[m]

ie[m]

We separately bound the integral up to r,, and from r,, to co. Since a probability is
at most 1 we have

m
Pr[ max |0Tx,~| >t] dt <y,
0 iE[m]
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and by definition of the n-th deviation and the union bound:

/ Pr[maxl@Txll >t]dr < Z / Pr[|07x;| > 1]
m

ie[m

<Tm.

Together these estimates yield the desired inequality,

E[max|6"x;|] < 2rp,. m|
1<m

Lemma 2.4.9. For a n-dimensional distribution with probability density u, where
n > 3, with parameters L, R as described above, we have LR(1/2) > n/3.

Proof. Let R := R(1/2). If LR > n, we are already done, so we may assume that

LR < n. Also, without loss of generality, we may assume that u has mean 0. For
a > 1 to be chosen later we know

1> / u(x) dx
aRBY

= a/"/ u(ax) dx
RB}
> ane—((t—l)LR/ u(x) dx
RBY

a” 5
—(a-1)LR
- e .

Taking logarithms, we find
0 > nlog(a) — (e — 1)LR —log(2).

We choose a = ﬁ > 1 and look at the resulting inequality:

n _
0>nlog(—=) —n+ LR -1log(2).
g(7 %) g(2)
For n > 3, this inequality can only hold if LR > n/3, as needed. O

Proving a shadow bound for parametrized distributions

The main result of this subsection is the following parametrized shadow bound.
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Theorem 2.4.10 (Parametrized Shadow Bound). Let ay,...,a,, € R", where m >
n > 3, be independently distributed according to L-log-Lipschitz distributions with
centers of norm at most 1, line variances at least 72, cutoff radii at most Ry, ,, and
m-th deviations at most r,,. For any fixed two-dimensional linear subspace W C R",
the expected number of edges satisfies

1.5

E[ledges(Q(A) N W)[] < O (1 + Ryn) (1 + ).

T

The proof is given at the end of the subsection. It will be derived from the
sequence of lemmas given below. We refer the reader to section 2.1.3 for a high-level
overview of the proof.

In the rest of the subsection, ayp,...,a,, € R", where m > n > 3, will be as in
Theorem 2.4.10. We use Q(A) := conv(ay,...,a,) to denote the convex hull of
the rows ay, ..., a,, of the constraint matrix A and W to denote the two-dimensional
shadow plane.

The following non-degeneracy conditions onay, . . . , a,, will hold with probability
1, because ay, . . ., a,, are independently distributed with continuous distributions.

1. Every n+1 vectors fromay, . . ., a,, are affinely independent. Thus, every facet
of Q(A) is the convex hull of exactly n vectors from ay, . .., a,,.

2. Any n distinct vectors a;,, . .., a;,, i1, .. .,in € [m], have a unique hyperplane
through them. This hyperplane intersects W in a one-dimensional line, does
not contain the origin 0, and its unit normal vector pointing away from the
origin is not —e;. Note that the last two conditions imply that the coordinate
transformation on a;,, . . ., a;, is uniquely defined with e; as reference vector.

3. For every edge ¢ C Q(A) N W there is a unique facet F of Q(A) such that
e=FnNnW.

In what follows we will always assume the above conditions hold.

For our first lemma, in which we bound the number of edges in terms of two
different expected lengths, we make a distinction between possible edges with high
probability of appearing versus edges with low probability of appearing. The sets
with probability at most 2(’:[‘)_1 to form an edge, together contribute at most 2 to the
expected number of edges, as there are only (’:l’) bases.

For a basis with probability at least 2('::)_1 of forming an edge, we can safely
condition on it forming an edge without forcing very unlikely events to happen.
Because of this, we will later be able to condition on the vertices not being too far
apart.
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Definition 2.4.11. For I € ([ZL])’ let E; denote the event that conv(a; : i € I) N W
forms an edge of Q(A) N W.

Definition 2.4.12. We define the set B C ([’::]) to be the set of those I C [m]

. -1
satisfying |/| = n and Pr[E;] > 2(") .

The next lemma is inspired by Theorem 3.2 of [121].
Lemma 2.4.13. The expected number of edges in Q(A) N W satisfies

E[perimeter(Q(A) N W)]
ming ¢ E[length(conv(a; :i € 1) N W) | Ef]

E[ledges(Q(A) NnW)|] <2+

Proof. We give a lower bound on the perimeter of the intersection Q(A) N W in
terms of the number of edges. By our non-degeneracy assumption, every edge can
be uniquely represented as conv(a; :i € [) N W, for [ € ([’:11]). From this we derive
the first equality, and we continue from that:

E[perimeter(Q(A) N W)] = Z E[length(conv(a; : i € I) " W) | E;] Pr[E[]

1e(t)
> > E[length(conv(a; : i € ) N W) | Ef] Pr[E/]

IeB
> mi i1l .
> IlnelgE[length(conv(a, iel)nW)| Ef] Z Pr[E/]

JeB

The first line holds because whenever E; holds, conv(a; : i € I) N W is an edge of
Q(A) N W, and every edge of Q(A) N W is formed by exactly one face F, by the
non-degeneracy conditions we have assumed. By construction of B and linearity of
expectation, X, jcg Pr[E;] > ZJG([:,:]) Pr[E;] -2 = E[|edges(Q(A) NW)|] - 2. By
dividing on both sides of the inequality, we can now conclude

E[perimeter(Q(A) N W)]

Elledges(Q(A) nW)[] < 2+ min; g E[length(conv(a; :i € ) NW) | Ef]’

Given the above, we may now restrict our task to proving an upper bound on the
expected perimeter and a lower bound on the minimum expected edge length, which
will be the focus on the remainder of the subsection.

The perimeter is bounded using a standard convexity argument. A convex shape
has perimeter no more than that of any circle containing it. We exploit the fact that
all centers have norm at most 1 and the expected perturbation sizes are not too big
along any fixed axis.

Lemma 2.4.14. The expected perimeter of Q(A) N'W is bounded by

E[perimeter(Q(A) N W)] < 2x(1 +4rp,),
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where r,, is the m-deviation bound for ay, ..., a,,.

Proof. By convexity, the perimeter is bounded from above by 2 times the norm of
the maximum norm point. Let d; := a; — E[a;] denote the perturbation of a; from
the center of its distribution, recalling that ||E[a;]|| < 1 by assumption. We can now
derive the bound

E[perimet A)NW)] < 27K
[perimeter(Q(4) N W)] < 27E[ _max |l

=2nE
7E[_max | flmw (0]

<27E[ max ||zw (x)|[]
x€Q(A)

= 2nE[ max ||7w (a;)||]
i€[m]
<27 (1 +E[max|lzw (a:)|l]] .
iI<m

where the last inequality follows since a, . . . , a,, have centers of norm at most 1. Pick
an orthogonal basis v, v, of W. By the triangle inequality the expected perturbation
size satisfies

E[max|lzw (@)ll] < > E[max|v,;"a].
i<m je(l.2) i<n

Each of the two expectations satisfies, by Lemma 2.4.8, E[max; <, |v de,-|] < 2rpm,
thereby concluding the proof. O

The rest of this subsection will be devoted to finding a suitable lower bound on
the denominator E[length(conv(a; : i € I) N W) | E;] uniformly over all choices of
I € B. Without loss of generality we assume that / = [n] and write E := E|,.

Definition 2.4.15 (Containing hyperplane). Define H = aff(ay,...,a,) = t0 + 6~,
where @ € S*!, ¢ > 0 to be the hyperplane containing a1, . .., a,. Definel = HNW.
From our non-degeneracy conditions we know that / is a line. Express [ = p + w - R,
where w € S* ! and p € w*.

To lower bound the length E[length(conv(ay,...,a,) N W) | E] we will need
the pairwise distances between the different a;’s for i € [n] to be small along w*.
This will allow us to get “wiggle room” around each vertex of conv(ay, ..., a,) that
is proportional to the size of the facet.

Definition 2.4.16 (Bounded diameter event). We define the event D to hold exactly
when ||, (a;) —myo(a;)|| <2+ 2Ry, foralli, j € [n].
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We will condition on the event D. This will not change the expected length

by much, because the probability that D does not occur is small compared to the

probability of E by our assumption that Pr[E] > - (Zm) .

Lemma 2.4.17. The expected edge length satisfies
E[length(conv(ai,...,a,)NW) | E] = E[length(conv(ay,...,a,)NW) | D,E]/2.

Proof. Let the vector d; denote the perturbation a; — E[a;]. Since distances can only
decrease when projecting, the complementary event D¢ satisfies

Pr[D¢] = Pr[max||me(a; —aj)ll = 2+ 2R ]
i,J<n
< Pr[max|la; —a;|| > 2+ 2R, 5],
1,j<n

by the triangle inequality and the bound of 1 on the norms of the centers, the line
above is at most

< Pr[max|a;|| = 1 + Ry.nl
i<n

< Pr[max||d;|| > Ry.n]
i<n

-1
m
< .
f
By our assumption that [n] € B, we know that Pr[E] > 2(’;’)_1. In particular, it
follows that Pr[E N D] > Pr[E] — Pr[D€] = Pr[E]/2. Thus, we may conclude that

E[length(conv(ai,...,a,)NW) | E] > E[length(conv(ay,...,a,)NW) | D,E]/2.
i

For the rest of this section, we use a change of variables on ay,...,a,. The
non-degeneracy conditions we have assumed at the start of this section make the
change of variables well-defined.

Recall the change of variables mapping (ai,...,a,) — (0,t,b1,...,by,) for
0eS" ' t>0,by,...,b, € R"! from Theorem 2.2.6. We abbreviate 1;(0,t,b;) =
1i(Rg(b;) +10) and we write f1;(b;) when the values of 6, ¢ are clear.

By Theorem 2.2.6 we know that for any fixed values of 6, t the vectors by, ..., b,
have joint probability density proportional to

vol,,_i(conv(by,...,b,)) ﬁﬂi(bi) . (2.15)
i=1
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N/

Figure 2.3: ay, ..., a, are conditioned for conv(ay, ..., a,) to intersect W and lie in
H. The red line corresponds to induced edge. The blue line represents the longest
chord parallel to ¢.

We assumed that ay, . . ., a, are affinely independent, so by, ..., b, are affinely
independent as well.

In the next lemma, we condition on the hyperplane H = 60 + §* and from then on
we restrict our attention to what happens inside H. Conditioned on ay, . .., a, lying
in H, the set conv(ay,...,a,) is a facet of Q(A) if and only if all of a,41,...,am
lie on one side of H. This means that the shape of conv(ay,...,a,) in H does not
influence the event that it forms a facet, so in studying this convex hull we can then
1gNOre dpils ..., Am.

We identify the hyperplane H with R"~! and define / = p+ @ -R < R"!
corresponding to/ = p+w-Rby p = R;l(p —10), & = R;l(a)). We define E as
the event that conv(by,...,b,) N1 # @. Notice that E holds if and only if E and
conv(ay,...,ay,) is a facet of Q(A). See Figure 2.3.

We will condition on the shape of the projected simplex.

Definition 2.4.18 (Projected shape). We define the projected shift variable by x :=
X (by) = w51 (by) and shape variable S := S, (b1,...,b,) by

Sw(bl,- 7bn) = (6a7T(DJ‘(b2) - X,. --77T(Z)J-(bn) _x) .

We index S = (s1,...,5,), S0 s; € @ is the i-th vector in S, and furthermore define
the diameter function diam(S) = max; je[nlls; —s;||. We will condition on the shape
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being in the set of allowed shapes
S :={(s1,...,sn) € (@9 : 51 = 0, diam(S) <2 + 2R, n, rank(sa, . . ., $n) =1 — 2},

Observe that § € S if and only if the event D holds. To justify the rank condition
on §, ..., Sy, note that by our non-degeneracy conditions, we have that by,..., b,
are affinely independent. In particular, they do not all lie in an (n — 2)-dimensional
affine subspace. This means that si,...,s, do not all lie in a (n — 3)-dimensional
affine subspace, from which it follows that rank(s», ..., s,) = n — 2 (recalling that
S1 = 6)
Lemma2.4.19. Let0 € S" 1t > 0,b4,...,b, € R" ! denote the change of variables
ofay,...,a, € R" as discussed above. Then, the expected length satisfies

E[length(conv(ay,...,a,) "W) | D, E]
> inf E[length(conv(by,...,b,) NI)|6,t,S,E].
0,t,SeS

Proof. To derive the desired inequality, we first understand the effect of conditioning
on E. Let Ej denote the event that F := conv(ay,...,a,) induces a facet of Q(A).
Note that E is equivalent to Eg N E, where E is as above. We now perform the change
of variables from ay,...,a, € R"to 6 € S" 't e Ry, by,...,b, € R"!. The set
F is a facet of Q(A) if and only if 7a,,; <t foralli € [m —n] or 87a,,; > t for all
i € [m — n]. Given this, we see that

E[length(conv(ay,...,a,) NW) | D, E]
= E[length(conv(by,...,b,) N1) | D, Eg, E]
E[ 1[Eo] - length(conv(by,...,b,)NI) | D, E]

= - (2.16)
Pr(Ey | D, E]
_Eg [ E[1[Eo] - length(conv(Dy,...,b,) N )| 6,t,D,E]]
B Eo.[ Pr[Eo | 6,1,D,E] ]
Since ay, . . . , a,, are independent, conditioned on 6, ¢, the random vectors by, ..., b,
are independent of 0"aus1,...,0"a,,. Since the events D and E only depend on

by, ...,by, continuing from (2.16), we get that

Eg [ E[1[Eo] - length(conv(by,...,b,) N1)|6,t,D,E] ]
Eg,.[ Pr[Ey | 6,1,D,E] ]
Eg:[Pr[Eo | 6,1] - E[length(conv(by,...,b,) NI) | 6,t,D,E] ]
Eg,:[ Pr[Eo | 6,1]]

inf  E[length(conv(by,...,b,)NI)|6,t,D, E].
0eSn-1 >0

\
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The last inequality uses the general fact that if f, g are functions then

[ g dx
———— >infg(x)
J F(x) dx
when f is non-negative and has finite integral.
Lastly, since the event D is equivalent to S := S, (b1,...,b,) € S as in Defini-

tion 2.4.18, we have that
E[length(conv(ay,...,a,) "NW) | D, E]
> inf E[length(conv(by,...,b,) NI)|6,t,S,E]. O
0,t,SeS

Definition 2.4.20 (Kernel combination). For § € S, define the combination z := z(S)
to be the unique (up to sign) z = (21, . .., 2n) € R” satisfying

n N n
Szsi=0, D1z =0, |lzll; = 1.
i=1 i=1

To justify the above definition, it suffices to show that the system of equations

n n
Dlzisi=0,>,2,=0 (2.17)
i=1 i=1

has a one-dimensional solution space. Since sy, ..., s, live in a (n — 2) dimensional
space, the solution space has dimension at least 1 by dimension counting. Next, note
that z is a solution to (2.17) if and only if z; = - X7 , z; and

n -
> zsi=0 (2.18)
i=2

(since 51 = 6). Thus, the solution space of (2.17) and (2.18) have the same dimension.
Given our assumption that rank (s, . .., s,) = n— 2, it follows that the solution space
of (2.18) is one-dimensional, exactly what is needed for the kernel combination z(S)
to be unique up to sign.

Observe that for § := S, (b1, ..., bn), z satisfies g (X zib;) = 0.

The vector z provides us with a unit to measure lengths in “convex combination
space”. We make this formal with the next definition:

Definition 2.4.21 (Chord combinations). We define the set of convex combinations
of the shape S = (s1,...,s,) € S that equal g € @+ by

n n
Cs(q) = {(A1,- ., A0) 20+ D74 =1, 37 Aisi =q} CR™.
i=1 i=1

When S is clear we drop the subscript.
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Observe that C(q) is a line segment of the form C(q) = 4, +2z- [0, d,]. We write
IC(g)ll1 for the £;-diameter of C(q). Since C(q) is a line segment, ||C(q)|l1 = dg.
We prove two basic properties of ||C(g)||1 as a function of g.

Lemma 2.4.22 (Properties of chord combinations). Lety := y(S) = X1, |zi|s;, with
z := z(S) as in Definition 2.4.21. Then the following holds:

* [|C(q)|l1 is a concave function for q € conv(S).

° maneconv(S)”C(q)Hl = ||C()’)||1 =2.

Proof. For the first claim, take x,y € conv(S). Let @ € C(x) and 8 € C(y). Then
we see that, for all vy € [0, 1],

n n

ya+(1-y)B 20, Dlyai+(1-y)Bi=1, D (yai+(1-y)Bi)si = yx+(1-y)y,
i=1 i=1

from which we derive that

yC(x) + (1 =y)C(y) € C(yx+ (1 -7y)y),

and hence

ICrx+ (T =)Vl =2 lyCx) + (1L =nCW I =yIICE) 1 + (A =NICMI1-

For the second claim, we look at the combination y := X [z;[s; € conv(S).
For all y € [-1,1], we have 37" (|z:| + yzi)si = y, 21, lzil + yzi = |lzlli = 1 and
|zi| +vz; = 0, Vi € [n]. Hence, [|C(y)||1 = 2. Now suppose there is some y’ with
IC(y")||1 > 2. That means there is some convex combination A = (Ay,...,4,) > 0,
|[All1 = 1, with 2", A;5; = y’ such that coordinatewise A + z > Oand A —z > 0. Let
I U J be a partition of [n] such that z; > O fori € / and z; < 0 for j € J. We know
that 37 | z; = 0,80 X;e7 zi = — Xjes zj- This makes

l
L=zl =Dz - DLz =22z

iel jeJ iel

SO X;es zi = 1/2. The combination A satisfies

D> D =12, D> > -z =1/2,

i€l iel jeJ jeJ

from which we conclude ||4||; > 1. As this is a contradiction, we must have
maXgeconv(S) |IC(Q)”1 =2. a
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The ¢;-diameter ||C(q)||1 specified by g € conv(S(by,...,b,)) directly relates
to the length of the chord (¢ +x + & - R) nconv(by, ..., b,), which projects to g + x
under 7 ;.. Specifically, ||C(g)||; measures how long the chord is compared to the
longest chord through the simplex. The exact relation is given below.
Lemma 2.4.23. Let (hy,...,hy) = (@'by,...,@"by,), (s1,...,8,) =S(b1,...,by),
x =ng5L(by). Forany g € conv(S) the following equality holds:

n
length((x + g +@ - R) Nconv(by, ..., by)) = 1C(@)l1 - D] zehil-
i=1
Proof. By construction there is a convex combination Ay,...,4, > 0, Z?:l Ai =1
satisfying X" | A;s; = ¢ such that C(gq) = [1,4+[|C(q)ll1z] and hence

n n
(x+q+@-R) nconv(bi,....ba) = [ D) Aibi, (A +IC(@) iz0)bil.
i=1 i=1
From this we deduce

length((x + ¢ + @ - R) Nnconv(by,...,b,)) =

D (i +IC(@hizi)bi = D Aib;
i=1 i=1

DIC(@hzibi
i=1

n
=IC(@ll - 1D zihil.
i=1
The third equality follows from the definition of zi,...,z,: as ﬂ@L(Zl’le zib;) = 6,
we must have | X1, z;b;|| = [| 21, zihi@dl| = |25, zihil. |

1 1

We can view the terms in the above product as follows: the length of the longest
chord of conv(by, ..., b,) parallel to [ is 2|3, zihi|, and the ratio of the length of
the chord conv(by, ..., b,) N[ to the length of the longest chord parallel to / equals
[|C(q)||1/2. This follows from Lemma 2.4.22 since ||C(q)||; achieves a maximum
value of 2 at ¢ = y. As discussed in the high-level description, we will bound the
expected values of these two quantities separately.

The term | X | z;h;| can also be used to simplify the volume term in the probability
density of by, ..., b, after we condition on the shape S. We prove this in the next
lemma.

Lemma 2.4.24. For fixed 0 € S ',t > 0,8 € S, define x € @+, hy,...,h, € R
conditioned on 0,t, S to have joint probability density function proportional to

n n
1> zihil - | ] i (x + i + hi),
i=1 i=1
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where 7 := z(S) is as in Definition 2.4.20. Then for by, ..., b, € R distributed as
in Lemma 2.4.19, conditioned on 0,t and the shape S = (si,...,S,), where s; = 0,
we have equivalence of the distributions

(b1,...,bp) 10,6, S=(x+s1+Md,...,x+5,+h,0)|6,t,8S.

Proof. The variables by, ..., b, conditioned on 6, t have density proportional to
n
vol,—i(conv(by, ..., bn)) [ | ai(bi).
i=1

We make a change of variables from by, ..., b, t0x,52,...,5, € @+, hy,..., h, € R,
defined by

(b1,...,by) =(x+hio,x+5s0+ h,,...,x+ 5, +h,0).

Recall that any invertible linear transformation has constant Jacobian. We observe
that

vol,,_1(conv(by,...,by,)) = / length((x + g + @ - R) N conv(by,...,b,)) dq.

conv(S)

By Lemma 2.4.23 we find

n
voly_i(conv(by, ..., by)) =1 zihil IC(g)ll1 dg.
i=1

conv(S)

The integral of ||C(q)||1 over conv(S) is independent of x, &y, . .., h,. Thus, for fixed
0 eSSt >0,8 eS8, the random variables x, ki, ..., h, have joint probability
density proportional to

n n
1D zihal - | ] ix + 5i + hi@). a
i=1 i=1

Recall that [ = p + @ - R. The event E that conv(by,...,b,) NI # 0 occurs if
and only if p € x + conv(S), hence if and only if p — x € conv(S).

Lemma 2.4.25. Forfixed € S*',t>0,5S€ S, letby,...,b, e R" VL hy,... h, €
R, x € w* be random variables distributed as in Lemma 2.4.24. Define q := p — x.
Then, the expected edge length satisfies

E[length(conv(by,...,b,) N1) | 6,t,S,E] >E[||C(q)|l1 | 6,1, S, E]
n
zihil | 6,1, S, x].

- inf E[|
XEMm* 1

4
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Proof. We start with the assertion of Lemma 2.4.23:
n
length((x + g + @ - R) Nnconv(by,...,b,)) = |IC(PI - |Z zihil.
i=1
We take expectation on both sides to derive the equality

E[length(conv(by,...,b,) N1I) | 6,t,S,E] =E[||C(q)|] - |Z zihi| ] 6,t,8,E].

i=1

Since [|C(g)ll1 and [Z, z;h;| do not share any of their variables, we separate the
two expectations:

.....

We will first bound the expected ¢;-diameter of C(g), where ¢ = p — x, which
depends on where p — x intersects the projected simplex conv(S): where this quantity
tends to get smaller as we approach the boundary of conv(S). We recall that £ occurs
if and only if g € conv(S).

Lemma 2.4.26 (Chord combination bound). Let @ € S"!,t > 0 and S € S be fixed.
Let g = p — x be distributed as in Lemma 2.4.25. Then, the expected {|-diameter of
C(q) satisfies

8_2

R
EIC@ 1 6.1, E] = -

Proof. To get alower bound on the expected value of ||C(q)||1, we will use the concav-
ity of ||C(q)l|1 over conv(S) = conv(sy,...,s,) and that max,cconv(s)[IC(g)[l1 = 2.
These facts are proven in Lemma 2.4.22. We show that shifting the projected simplex
does not change the probability density too much (using log-Lipschitzness), and use
the properties of ||C(g)||; mentioned above.

Let /i denote the probability density of g conditioned on 6, ¢, S, E. Note that /i is
supported on conv(S) and has density proportional to

n n
/"'/|Zzihi|l_[ﬂi(ﬁ—CI+Si+hi¢D) dhy--- dhy.
i=1 i=1



2.4. Shadow Bounds 57

We claim that [ is nL-log-Lipschitz. To see this, note that since fy,..., i, are
L-log-Lipschitz, for v, v’ € conv(S) we have that

n n
/"‘/|Zzihi|I—[ﬂi(ﬁ—v+si+hi0_)) dhy .-+ dhy,
i=1 i=1
n n ,
< /---/IZzihill_[eL”V_V”ﬂ,-(ﬁ—v’+s,-+hl~a’)) dhy --- dh,
i=i i=1
, n n
=e"L”V_V”/"'/|Zzihi|r[ﬁi(ﬁ—v'+si+hia_)) dhy -+ dhy,
P i=1

as needed.

Let @ € (0, 1) be a scale factor to be chosen later, and let y = y(S) € conv(S) be
as in Lemma 2.4.22. Now we can write

E[IC(9)Il | 6.1, E] =/ IC(@)Il14(q) dg

conv(S)

> [ IC(@hi(q) da. @.19)
aconv(S)+(1-a)y
because the integrand is non-negative. By concavity of ||C(q)||; we have the lower

bound ||C(ag+ (1 -a)y)|| = 2(1 —a) forall g € conv(S). Therefore, (2.19) is lower
bounded by

> [ 2(1 - a)(g) dg
aconv(S)+(1-a)y

=2a"(1-a) flag +(1-a)y) dg
conv(S)
> 20" (1 — @)~ ™aceon(s) (1-a) lg=y L / 4(q) dg.
conv(S)
=2a"(1 - a)e_maxie[n](1_a)||si_y||'nL, (2.20)

where we used a change of variables in the first equality, the nL-log-Lipschitzness of
/i in the second inequality, and the convexity of the £, norm in the last equality. Using
the diameter bound of 2 + 2R,,, ,, for conv(S), (2.20) is lower bounded by

> 20" (1 — @)e” 17 ONLQ2Rmn) (2.21)

Settinga = 1— m > 1-1/n (by Lemma 2.4.9) gives a lower bound for (2.21)

of

2
nL(1+ Rypp)
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Recall that we have now fixed the position x and shape S of the projected simplex.
The randomness we have left is in the positions Ay, ..., k, of by, ..., b, along lines
parallel to the vector @. As 6 and ¢ are also fixed, restricting b; to lie on a line is the
same as restricting a; to lie on a line.

Lemma 2.4.27 (Height of simplex bound). Ler @ € S",t >0, S € S,x € &* be
fixed and let 7 := z(S) be as in Definition 2.4.20. Then for hy, . .., h, € R distributed
as in Lemma 2.4.25, the expected inner product satisfies

n
inf E[1>zihl | 6.1,8,x] > 7/(2vh).
xewt im1

Proof. For fixed 0,¢, S, x, let g1,...,g, € R be independent random variables with
respective probability densities [, ..., i, Where f;, i € [n], is defined by

Ai(gi) = fi(x +5; + gi@) = (Ro(x +5; + g;@w) +16) .

Note that, by assumption, the variables gy, ..., g, each have variance at least 72,
We recall from Lemma 2.4.24 that the joint probability density of Ai,...,h, is
proportional to |27, z;h;| [T, fi;(h;). Thus, we may rewrite the above expectation
as

[ RIE zihiP T AiCh) dhy - dhy
[ I zihil T, fi(hi) dhy -+ dhy,
C Rzl
E[IZ, zigill

n
E[>] zihil | 6,1, 8, x]
i=1

where g1, ..., g, are distributed independently with densities fy,...,d,. By the
additivity of variance for independent random variables, we see that

n
Var(3 zign) = D Var(g) = 2l 2 2l /n = /.

n
i=1 i=1

We reach the desired conclusion by applying Lemma 2.3.2:

E[|Z2, zigil?]  [E[Z7, zigi]| +/Var(Zr, zigi)
" = = = > 7/(2vn).
E[IZL, zigill 2 7/(2Vn)

Using the bounds from the preceding lemmas, the proof of our main theorem is
now given below.
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Proof of Theorem 2.4.10 (Parametrized Shadow Bound). By Lemma 2.4.13, we de-
rive the shadow bound by combining an upper bound on E[perimeter(Q(A) N W)]
and a uniform lower bound on E[length(conv(a; : i € I) N W) | Ef] forall I € B.
For the perimeter upper bound, by Lemma 2.4.14 we have that

E[perimeter(Q(A) N W)] < 2x(1 +4ry,). (2.22)

For the edge length bound, we assume w.l.0.g. as above that I = [n]. Combining
prior lemmas, we have that

E[length(conv(ay,...,a,) N W) | E]

1
> 3 - E[length(conv(ai,...,a,) "W) | D,E] (Lemma?2.4.17)
1 - _
> 3 infﬁl E[length(conv(by,...,b,)N1)|0,t,S € S,E] (Lemma?2.4.19)
n
> inf [E[IC(HF-x)i|6,2,S,E]- inf E[|>]zihil|6,1,8,x]
geSn-1 xewt 01
t>0,SeS
(Lemma 2.4.25)
> 1 e’ T (Lemma 2.4.26 and Lemma 2.4.27 )
> = . emma 2.4.26 and Lemma 2.4. .
2 nL(1+Run) 2vn
(2.23)
The theorem now follows by taking the ratio of (2.22) and (2.23). O

2.4.2 Shadow bound for Laplace perturbations

Theorem 2.4.10 is most naturally used to prove shadow bounds or distributions
where all parameters are bounded, which we illustrate here for Laplace-distributed
perturbations. The Laplace distribution is defined in section 2.2. To achieve the
shadow bound, we use the abstract shadow bound as a black box, and we bound the
necessary parameters of the Laplace distribution below.

Lemma 2.4.28. For m > n > 3, the Laplace distribution L,(a, o), satisfies the
Jollowing properties:

1. The density is \/n/o-log-Lipschitz.
2. Its cutoff radius satisfies Ry, ,, < 140-+/nlogm.
3. The n-th deviation satisfies r,,, < 7o log m.

4. The variance after restricting to any line satisfies T > o [/ne.
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Proof. By shift invariance of the parameters, we may assume w.l.o.g. that @ = 0. Let
X be distributed as L, (0, o) for use below.

1 The density of the Laplace distribution is proportional to ¢~ /I* INn/o for x € R™,
and thus the logarithm of the density differs an additive constant from —||x||+/n/o,
which is clearly vn/o-Lipschitz.

2 The second property follows from Lemma 2.2.5:

Pr[||X|| > l40vVnlogm] < e 2nlogm — p=2n

1
<

3 Again from Lemma 2.2.5. If 7log m > 2+/n, we get that

/ Pr[|X"0| > t] dr < / e~ Vnt/(10) 4y
7

ologm To logm
To 7o logm
m—\/n logm < g )

= < —

If 7logm < 2+/n, then

00 20vVn 00
/ Pr[|X70] > t] dr = / Pr[|XT6| > ¢] dt +/ Pr[|X"6| > t] dt
To logm Tologm 204n

2oVi o
< / T a6 gy / eVt (10) 4
To logm 204n

< oo (Tloem?/16 | 7_0—6—2d/7

\Vn
7o 1
< dovn/m? + 7o | (NamV) < fooem
m

4 This follows from the y/n/o-log-Lipschitzness and Lemma 2.4.7. m|

Proof of Theorem 2.4.2 (Shadow bound for Laplace perturbations). We get the de-
sired result by plugging in the bounds from Lemma 2.4.28 for L, Ry, », 7 and 7
into the upper bound O ((n'>L/7)(1 + R,,.,)(1 +r,,)) from Theorem 2.4.10. O



2.4. Shadow Bounds 61

2.4.3 Shadow bound for Gaussian perturbations

In this subsection, we prove our shadow bound for Gaussian perturbations.

The Gaussian distribution is not log-Lipschitz, so we can not directly apply
Theorem 2.4.10. We will define a smoothed out version of the Gaussian distribution
to remedy this problem, which we call the Laplace-Gaussian distribution. The
Laplace-Gaussian distribution, defined below, matches the Gaussian distribution in
every meaningful parameter, while also being log-Lipschitz. We will first bound the
shadow size for Laplace-Gaussian perturbations, and then show that the expected
number of edges of Q(A) N W for Gaussian perturbations is at most 1 larger.

Definition 2.4.29. We define a random variable X € R” to be (o, r)-Laplace-
Gaussian distributed with mean a, or X ~ LG, (a, o, r), if its density is proportional
to fia,o,r) : R" — Ry given by

e~ llx=all*/(20?)

) )= if ||x —al|| <ro
faon()= o-llx=alir/o+r?/2

if ||x —al| = ro.

Note that at ||x — a|| = ro, both cases give the density e‘r2/2, and hence f(a, o)
is well-defined and continuous on R”. For distributions with mean 0, we abbreviate

flor) = f(6,a,r) and LG, (o,r) = LGn(f),a,r).

Just like for the shadow size bound for Laplace perturbations, we need strong
enough tail bounds. We state these tail bounds here, and defer their proofs till the end
of the section.

Lemma 2.4.30 (Laplace-Gaussian tail bounds). Let X € R" be (o, r)-Laplace-
Gaussian distributed with mean 0, where r := c\/nlogm, ¢ > 4. Then fort > r,

Pr[||X]|| = 1] < e W/Hrt (2.24)
For9eS" 1 >0,
-(1/Hre .
e t>r
Pr[|XT0| > o1] < - 2.25
rll = 1] {3(3"2/4 :0<t<r. ( )

Lemma 2.4.31. For m > n > 3, the (0,4+/nlogm)-Laplace-Gaussian distribution
in R™ with mean a satisfies the following properties:

1. The density is 40~ \/nlog m-log-Lipschitz.

2. Its cutoff radius satisfies Ry, , < 40+/nlogm.
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3. The n-th deviation is ry,, < 40 +/logm.
4. The variance after restricting to any line satisfies T > o [4.
Proof. As before, by shift invariance, we may assume w.l.o.g that @ = 0. Let

X ~ LG, (0,44/nlogm) and let r := 4+/nlogm.

1 The gradient of the function log( f( ) (x)) has norm bounded by 40~ '\/nlogm
wherever it is defined, which by continuity implies f(s ) is 40~1\/nlog m-log-
Lipschitz.

2 Applying the tail bound from Lemma 2.4.30, we get that

PI'[”X” > 40'\/@] < e—4nlogm <

n(y)
3 Again using Lemma 2.4.30,

o0 ro o0
/ Pr[|XT0| > 1] dr = / Pr[|X70] > 1] dr +/ Pr[|XT6| > 1] dt
4o+/logm 4o\/logm ro

< /ra 31} /(40?) dt+/me_V"1°gmt/‘7 dr
4o logm ro

<d4o+nlogm(3m™) + S ——
\nlogm
< 4o+/logm/m.

4 For the line variance, by rotational symmetry, we may without loss of generality
assume that [ := (y,0) + ¢, R, where y € R""!, and so (y, 0) is the point on / closest
to the origin. Since f( ) ((v,4)) = f(o,r)((y,—A)) forevery A € R, the expectation
E[X | X €] = (y,0). Thus, Var(X | X € I) = E[X2 | X €].
Let[ = (y,0) + [-0, 0] - e,. Since |X,]| is larger on [ \ [ than on I, we clearly
have E[X?2 | X €[] > E[X? | X €[], so it suffices to lower bound the latter quantity.
For each y with ||y|| < or we have for all A € [—0, o] the inequality

“N>,DN?/ o2
, Jon (G ) IO o2 (20%)

= > e 12, 2.26
" fon((3,0)) T e IG:01P/(20?) =¢ (2:20)
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Given the above, we have that

E[Xp | X €1] 2 (07 [4) Prl|Xa| 2 0/2 | X €1]
S Feon (v,0) dr
I fiom (y,1) di
L Fir (3, 0))e™ 2 de

B Fon((,0)) de
- (0—2/4)(8_1/2/2) 2 0'2/16 , as needed .

= (0?/4)
(2.27)
> (0% /4)

(by (2.26))

For y with ||y|| = or, A € [-0, 0], we similarly have

1 DI = A/lIyI1Z + 22

2 2

< Iyl + 2=
<y .
211 2

< Iyl +

In particular, we get that

— A r
N f(g,r)((y,/l)) e Iy, DN(r/o) . e—/lz/(Zcrz) > o 12 (2.28)

= Fon((3:0) e IOl e) =

The desired lower bound now follows by combining (2.27), (2.28). O

Given any unperturbed unit LP given by c,ay,...,d,, we denote by En, ()
the expectation when its vertices are perturbed with noise distributed according to
the Gaussian distribution of standard deviation o and we write E; g, (o) for the
expectation when its vertices are perturbed by (o, r)-Laplace-Gaussian noise. The
same applies for Pry,, () and Pryg, (o r)-

In the next lemma we prove that, for r := 4+/nlogm, the expected number of
edges for Gaussian distributed perturbations is not much bigger than the expected
number for Laplace-Gaussian perturbations. We use the strong tail bounds we have
on the two distributions along with the knowledge that restricted to a ball of radius ro
the probability densities are equal. Recall that we use d; to denote the perturbation
a; — E[a i] .

Lemma 2.4.32. For n > 3, the number of edges in Q(A) N W satisfies

En, (o) [ledges(Q(A) N W)]]
<1 +ELG,,(0-,4W) [ledges(Q(A) N W)]].
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Proof. Let us abbreviate the edge count C(A, W) := |edges(Q(A) N W)| and let
r := 44/nlog m. We make use of the fact that N,, (o) and LG, (o, r) are equal when
restricted to distance at most o7 from their centers.

En (o) [C(A,W)] (2.29)
= NP(r )[31’ € [m] |la;ll > or]En, (o) [C(A, W) | Ti € [m] ||a;|| > o]
(o
+ NP(r )[Vi € [m] |la:l| < or]En, (o) [C(A, W) | Vi € [m] ||ld;]| < or].
(2.30)

By Lemma 2.4.30, the first probability is at most m~*" < m~" /4, so we upper bound
the first number of edges by ('r':) making a total contribution of less than 1/4. Now

we use the fact that within radius 40+/n log m we have equality of densities between
N, (o) and LG, (0, r). Continuing from (2.30),
< 1/4+EN,1(0') [C(A,W) | Vi€ [m] ||d;]|| € or]
=1/4+ELG, (0. [C(A, W) | Vi € [m] ||4;]| < o]
<1/4+ErG, (o) [C(AW)]/  Pr [Vie[m]|d] <or]. (2.31)
LG, (o,r)

The inequality above is true by non-negativity of the number of edges. Next we lower
bound the denominator and continue (2.31),

<1/4+ELG,(on [C(A,W)]/(1 =m™"[4)
<1/4+(1+m™/2)ErG, (o) [C(A,W)]. (2.32)
The last inequality we deduce from the fact that (1 — &) (1 +2¢) = 1 + & — 2&?, which

is bigger than 1 for 0 < & < 1/2. Again using the trivial upper bound of (") edges,
we arrive at our desired conclusion that

EN,,(O’) [C(A, W)] < 1+ELGn(0,r)[C(Aa W)] O

We now have all the ingredients to prove our bound on the expected number of
edges for Gaussian perturbations.

Proof of Theorem 2.4.1 (Shadow bound for Gaussian perturbations).
By Lemma 2.4.32, we know that
EN,. (o) [ledges(Q(A) N W)]]
<1+ ELGn(0'74W) [|6dg€S(Q(A) N W)l] .
We now derive the shadow bound for Laplace-Gaussian perturbations by combining

the parameter bounds in Lemma 2.4.31 with the parameterized shadow bound in
Theorem 2.4.10. |
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We now prove the tail bounds for Laplace-Gaussian distributions. Recall that we

set r := cy/nlogm with ¢ > 4.

Proof of Lemma 2.4.30 (Tail bound for Laplace-Gaussian distribution). By homoge-
neity, we may w.l.o.g. assume that o = 1. Define auxiliary random variables ¥ € R"
distributed as (0, 1/(c+/logm))-Laplace and Z € R" be distributed as N, (0, 1).

Since X has density proportional to f{; ) (x), which equals e IXIP/2 for x|l <7
and e~ IXI+7%/2 for |[x|| = r, we immediately see that

Zzl<r = X|lXII<r
(2.33)
YIIIY[[zr = XX 2r
Proof of (2.24) By the above, for any ¢ > r, we have that
Pr|IX|| > r]
Pr(||X|| = ¢] =Pr[||Y)| =2 ] - =——F— . (2.34)
Pr[|[Y]l > r]
For the first term, by the Laplace tail bound (2.9), we get that
PellY]| > 1] < o7 (2.35)
For the second term,
Pr(IXI| 2] _ 2po o €11 dx o o e 131 dx
Pr(||Y]l > r] Jon Florry (x) dx fow €172 dx
<o 17" nvol, (BY) < onelonm)/2 Ve " (2.36)

\/ﬂn c/logm

2] 2
Se(nc ogm)/ ,

where we have used the upper bound vol, (B}) < (2me/n)"?, r = c+fnlogm and
¢ > v/e. Combining (2.35), (2.36) and that > r, ¢ > 4, we get

—rt—nlog(< lOgW”)_n 2
Pr[||X|| > ¢t] <e A . p(nclogm)/2
c\/logmt
< e—rt/Z—nlOg( N )-n _ e‘"(%-bg(%)—l) (2.37)
S e—n(%) — e—rt/4’

where the last inequality follows from x/2 —log(x) —1 > x/4, forx > rt/n > ¢ > 16.
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Proof of (2.25) For ¢t > r, using the bound (2.24), we get
Pr[|XT0] > 1] < Pr[||X]| > 1] < e ¢Vnlogmt/4 (2.38)

For ¢t < r, we see that

Pr[|X70] > ¢] <Pr[|X"0] > ¢, ||X|| < r] +Pr[||X]| = r]

(2.39)
<Pr[|XTO| > 1, |X|| < r]+e 4.

By the identity (2.33), for the first term, using the Gaussian tail bound (2.8), we have
that

Pr(||X]|| < r]
Pr[|Z]| < r]

_ 272
Jon P25 4)
Jon fi1r) (x) dx
<Pr[|Z70] > 1] < 2¢7712

Pr(|XT0| > ¢, |X|| < r] =Pr[|Z70| >, (|1Z|| < r] -

=Pr[|Z70] > 1,||Z|| < r] -

The desired inequality (2.25) now follows directly by combining (2.38), (2.39), (2.40),
noting that 2¢ ™" /2 + e /4 < 3" /4 for0 < t < r. m]

2.5 Analyzing Simplex Algorithms

In this section, we describe how to use the shadow bound to bound the complexity
of a complete shadow vertex simplex based algorithm. We will follow the two-stage
interpolation strategy given by Vershynin in [200], and describe its usage with the
dimension-by-dimension algorithm [28] as well as a faster variant of the Random
Vertex algorithm from [200].

We will say that (Smoothed LP) is unbounded if the system c'x > 0, Ax < 0
is feasible, and bounded if this system is infeasible. Note that, under this definition,
(Smoothed LP) can be simultaneously unbounded and infeasible under this definition.
In that case, we are satisfied if an algorithm reports that the program is unbounded. If
(Smoothed LP) is both bounded and feasible, then it has an optimal feasible solution.

For the execution of the algorithms as stated, we assume the non-degeneracy
conditions listed in Theorem 2.2.11. That is, we assume both the feasible polyhedron
and shadows to be non-degenerate. These conditions hold with probability 1.
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2.5.1 Two-Phase Interpolation Method

We wish to apply the shadow vertex method to LP’s with b = 1. To reduce solving
any LP to this case, first define the Phase I Unit LP:

max ¢'x (Unit LP)

Ax <1
and the Phase II interpolation LP with parametric objective for 6§ € (- /2, 7/2):

max cos(6)cx + sin(6)A (Int. LP)
Ax+(T-b)2<1
0<a<l.

The above form of interpolation was first introduced in the context of smoothed
analysis by Vershynin [200].

Let us assume for the moment that (Smoothed LP) is bounded and feasible (i.e., has
an optimal solution). Since boundedness is a property of A and not b, note that this
implies that (Unit LP) is also bounded (and clearly always feasible).

To understand the Phase II interpolation LP, the key observation is that for 6
sufficiently close to —x/2, the maximizer will be the optimal solution to (Unit LP),
i.e., will satisfy A = 0, and for 8 sufficiently close to /2 the maximizer will be the
optimal solution to (Smoothed LP), i.e., will satisfy 4 = 1. Thus given an optimal
solution to the Phase I unit LP one can initialize a run of shadow vertex starting at 6
just above —m /2, moving towards /2 until the optimal solution to (Smoothed LP) is
found. The corresponding shadow plane is generated by (c, 0) and (6, 1) (associating
A with the last coordinate), and as usual the size of the shadow bounds the number of
pivots.

If (Smoothed LP) is unbounded (i.e., the system c’x > 0,Ax < 0 is feasible),
this will be detected during Phase I as (Unit LP) is also unbounded. If (Smoothed
LP) is infeasible but bounded, then the shadow vertex run will terminate at a vertex
having 4 < 1. Thus, all cases can be detected by the two-phase procedure (see [200,
Proposition 4.1] for a formal proof).

We bound the number of pivot steps taken to solve (Int. LP) given a solution to
(Unit LP), and after that we describe how to solve (Unit LP).

Consider polyhedron P’ = {(x,1) € R™! : Ax + (T -b)d < T}, the slab
H={(x,2) e R™!:0 <A< 1}andlet W = span(c, ¢**!). In this notation, P’ N H
is the feasible set of (Int. LP) and W is the shadow plane of (Int. LP). We know that
it suffices to bound the number of vertices of 7y (P’ N H) of (Int. LP), which we do
by relating it to 7y (P’).
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The constraints defining P’ are of smoothed unit type. Namely, the rows of
(A, = b) are variance o-> Gaussians centered at means of norm at most 2. We derive
this from the triangle inequality. Thus, we know 7w (P’) has atmost Dy (n+1,m, 0 /2)
expected vertices, where we denote by Dy (-, -, -) the upper bound from Theorem 2.4.1.
We divided o by 2 because to apply the shadow bound we first scale down the data
such that the expected rows have norm at most 1.

Since the shadow plane contains the normal vector (6, 1) to the inequalities
0 < A < 1, these constraints intersect the shadow plane W at right angles. It
follows that 7y (P’ N H) = 7w (P’) N H. Adding 2 constraints to a 2D polyhedron
can add at most 2 new edges, hence the constraints on A can add at most 4 new
vertices. By combining these observations, we directly derive the following lemma
of Vershynin [200].

Lemma 2.5.1. [f (Unit LP) is unbounded, then (Smooth LP) is unbounded. If (Unit
LP) is bounded, then given an optimal solution to (Unit LP) one can solve (Smoothed

LP) using at most an expected Dg(n + 1,m, o [2) + 4 shadow vertex pivots over
(Int. LP).

Given the above, our main task is now to solve (Unit LP), i.e., either to find
an optimal solution or to determine unboundedness. The simplest algorithm is
Borgwardt’s dimension-by-dimension (DD) algorithm, which was first used in the
context of smoothed analysis by Schnalzger [168].

2.5.2 DD algorithm

As outlined in the introduction, the DD algorithm solves (Unit LP) by iteratively
solving the restrictions:

max (cX) x (Unit LPy)
Ax < 1
x;=0,Vie{k+1,...,n},

where k € [n] and ¢* := (c1,...,cx,0,...,0). The main idea here is that the
solution of (Unit LPy), k € [n — 1], is generically on an edge of the shadow of (Unit
LP.+1) on the span of ck and ey, which is sufficient to initialize the shadow simplex
path in the next step. We note that Borgwardt’s algorithm can be applied to any LP
with a known feasible point as long as appropriate non-degeneracy conditions hold
(which occur with probability 1 for smoothed LPs). To avoid degeneracy, we will
assume that c* # 0 for all k € [n], which can always be achieved by permuting the
coordinates. Note that (Unit LP;) can be trivially solved, as the feasible region is an
interval whose endpoints are easy to compute.
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Theorem 2.5.2 ([27]). Let Wy, k € {2,...,n}, denote the shadow of (Unit LPy)
on the span of c* " and ex. Then, if each (Unit LPy) and shadow Wy is non-
degenerate, for k € {2,...,n}, the DD algorithm solves (Unit LP) using at most
2h_,|vertices(Wy) | number of pivots.

Using the shadow bound of Theorem 2.4.1 for n > 3 and the O(1/0 + \/logm)
bound for n = 2 (Chapter 2) we immediately derive the following corollary.

Corollary 2.5.3. The smoothed (Unit LP) can be solved by the DD algorithm using
an expected 37 _, Dg(k,m, o) = O(n*\logm o2 + n33logm + n3 log(m)'-)
number of shadow vertex pivots.

Combining Lemma 2.5.1 and Corollary 2.5.3 we find the conclusion of this
subsection:

Theorem 2.5.4. (Smoothed LP) can be solved by a two-phase shadow simplex
method using an expected number of pivots of O(n3\logm o2 + 330~ logm +
n3 log(m)').

2.5.3 Random vertex method

Another procedure for solving (Unit LP) can be found in [200]. In that reference, the
approach for initializing the shadow simplex method on (Unit LP) is to add a random
smoothed system of n linear constraints to its description. These constraints are
meant to induce a known random vertex v and corresponding maximizing objective d
which are effectively uncorrelated with the original system. Starting at this vertex v,
we then follow the shadow path induced by rotating d towards c. The main difficulty
with this approach is to guarantee that the randomly generated system:

(i) adds a vertex
(ii) which is optimized at d, and
(iii) does not cut off the optimal solution or all unbounded rays.

Fortunately, each of these conditions is easily checkable, and hence if they fail (which
will occur with constant probability), the process can be attempted again.

One restriction imposed by this approach is that the perturbation size needs to be
rather small, namely

oo

1
<o =
max{+/nlogm,n!-3logm}

in [200] for some c¢; > 0. A more careful analysis can relax the restriction to

C2

- max{/nlogm, Vnlogn}

ooy
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for some ¢, > 0. This restriction is necessary due to the fact that we wish to predict
the effect of smoothing the added constraints. In particular, the smoothing operation
should not negate (i), (ii), or (iii). Recall that one can always artificially decrease
o by scaling down the matrix A as this does not change the structure of (Unit LP).
The assumption on o is thus without loss of generality. When stating running time
bounds however, this restriction will be reflected by a larger additive term that does
not depend on o.

We adapt the Random Vertex algorithm to make (ii) guaranteed to hold, allowing
us to relax the constraint on the perturbation size to

1
36+/nlogm

Instead of adding n constraints, each with their own perturbation, we add n — 1 pairs
of constraints with mirrored perturbations. This forces the desired objective to be
maximized at the random vertex whenever this vertex exists.

Our algorithm is printed as Algorithm 2. We begin with some preliminary
remarks. First, the goal of defining V is to create a new artificial LP, (Unit LP")
max ¢"x, Ax < 1, Vx < 1, such that Xp is a vertex of the corresponding system which
maximizes d. On line 9 and 10, the algorithm checks if x is feasible and whether it is
not the optimizer of ¢ on (Unit LP*). Having passed these checks, (Unit LP’) is solved
via shadow vertex initialized at vertex xo with objective d. An unbounded solution to
(Unit LP’) is always an unbounded solution to (Unit LP). Lastly, it is checked on line
13 whether the bounded solution (if it exists) to (Unit LP’) is a solution to (Unit LP).
Correctness of the algorithm’s output is thus straightforward. We do have to make
sure that every step of the algorithm can be executed as described.

Lemma 2.5.5. In (Unit LP’) as defined on lines 3-11 of Algorithm 2, with probability
1, xg is well-defined, and, when entering the shadow simplex routine, the point xq is a
shadow vertex and the edge defined by By is a shadow edge on (Unit LP’). Moreover,
Xo is the only degenerate vertex.

oL 0=

(2.41)

Proof. Without loss of generality, we assume R = I,x,. With probability 1, the
coefficients Ay, ..., 4, exist and are uniquely defined.

We now show that xq is well-defined. Let x; be the solution to the following
system of n equalities

VTTx(J; = 1,v§Tx3 =1,... ,v;_lTxg =1, Se"Txg =2. (2.42)
This system of equations almost surely has a single solution. We claim that Vx§ = 1.
By writing v; = 8¢”" — v}, we find that v;Tx} = 1 for all i € [n — 1]. Therefore,
xo = x; is indeed well-defined.
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Algorithm 2 Symmetric Random Vertex algorithm

Input: ¢ € R\ {6}, A € R™" A is standard deviation o < ¢ Gaussian with rows
having centers of norm at most 1.
Output: Decide whether (Unit LP) max c'x, Ax < 1 is unbounded or return an
optimal solution.
1: If some row of A has norm greater than 2, solve max c'x, st. Ax < 1 using any
simplex method that takes at most (") pivot steps.

2: loop

3: Let I = 1/64/logn.

4 Sample a rotation matrix R € O(n) uniformly at random.

5: Sample g1,...,8n-1 ~ N((), o2I) independently.

6 Setvi = R(4e™ + le' +gi), vy = R(4e" - le' —g;) foralli e [n—1].
7 PutV = (v’lf,vl_,v;,...,l/:’l_l,v;_l)T,d:Re”.

8 Find xq such that Vxg = 1.

9 If not Axg < T, restart the loop.

10 Solve Z;‘z‘ll AiR(lef +g) =c+A,d. If A, + Z:?z‘ll 4]2;] < 0, restart the loop.
(This corresponds to xg being optimal for c.)
11: Follow the shadow path from d to ¢ on

maxc Tx

Ax
Vx

(Unit LP*)

IA
o S ]

IA

]

starting from the vertex xg. For the first pivot, follow the edge which is tight at
sign(y) Vsign(/l

) e Voo, "’1)). All other pivot steps are as in

the constraints in By = (v
Algorithm 1.

12: If (Unit LP’) is unbounded, return “unbounded”.

13: If (Unit LP’) is bounded and the optimal vertex x* satisfies Vx* < T return
x* as the optimal solution to (Unit LP).

14: Otherwise, restart the loop.
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By definition, upon entering the shadow simplex routine, x( satisfies Ax < 1,
Vx < 1 and is thus a vertex.

For all 7 > 0, define x, to be the solution to 8¢"'x;, = 2 — ¢, Box; = 1. For any
vi ¢ By, we have vaxt =1-1 < 1. As the x; lie on a line and Axy < T, there exists
some £ > 0 such that x; is feasible for all + < &. Hence the constraints in B define
an edge of the feasible set.

The point x is tight at the inequalities Vx < 1, and Snl_s Zlf‘:‘ll(vf +v;) =d
certifies that d lies in the normal cone at xp, so we know that xq is optimal for
objective d and thus a shadow vertex.

Assume that xg is not optimal for objective ¢. One outgoing edge of x is tight at
the inequalities v? Tx < 1forall v} € By and that edge is on the shadow path exactly if
the cone spanned by B intersects cone(c, d) outside {0}. This intersection is exactly
the ray spanned by

n—1 . n—1 )
SUATEE = ST R(le + g7) +41A:1d
i=1 i=1
n—1
=c+Aad+ > 4|Ald,
i=1

and we know that A, + Z:.“:‘ll 4|4;| > 0 as otherwise we could rewrite the above
equation to certify that ¢ € cone(V A : A € R), which would contradict xo not being
optimal for objective ¢. We conclude that 377! |/1,-|v?1gn(’l") is a non-negative linear
combination of ¢, d and hence our description of the first shadow vertex pivot step is
correct.

Lastly, we show that any vertex other than x is tight at exactly » independently
distributed constraint vectors. Fix any basis B such that there exists ani € [n—1] with
v;r, v; € B and which does not define the vertex xo. Let xp be such that a'xg =1 for
all a € B. There exists some j € [n — 1] such that both v}f, vy ¢ B, for otherwise we
would have xp = x9. We show that, almost surely, v;foB > 1or vj_.TxB > 1, which

T

implies that xg is almost surely not feasible. We know that v;rTxB =v;xg =1,

and hence 4d"xp = 1. It follows that v}TTxB =2- vJ‘.TxB, The only way to have

both v;TxB < 1 and v>'xg < 1 would be if v;TxB = 1. However, xp and v;“. are

independently distributed and v}f has a continuous probability distribution, so xp is a
vertex with probability 0. |

To bound the expected running time of Algorithm 2, we bound the expected
number of pivot steps per iteration of the loop, and the expected number of iterations
of the loop.
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First, we bound the expected shadow size in a single iteration. Because the
constraint vectors v}, v; are not independently distributed for any i € [n — 1], we are
unable to apply Theorem 2.4.1 in a completely black-box way. As we show below,
in this new setting, the proof of Theorem 2.4.1 still goes through essentially without
modification.

In the rest of this section, we abbreviate

conv(A,V) :=conv(ai, ..., dm, Vi, ..., Vy [, V],eous Vo ).

Lemma 2.5.6. Let A have independent standard deviation o Gaussian rows with
centers of norm at most 1 and let V be sampled, independently from A, as in lines 4-7
of Algorithm 2 with | < 1. The shadow size E[|edges(conv(A, V) N span(c, d))|] is
bounded by Dy(n,m +2n — 2, min(c,0)/5) + 1.

Proof. We fix the choice of R. The distribution of constraint vectors is now indepen-
dent of the two-dimensional plane by the following formula:

E[ledges(conv(A, V)Nspan(c, d))|] < mIgXE[ledges(conV(A,V)ﬂspan(c, d))| |R].

The rows of A have centers of norm at most 1 and the rows of V have centers of
norm at most 4 + [ < 5. After an appropriate rescaling, we can assume all n +2d — 2
constraints have expectations of norm at most 1 and standard deviation o= < 7 /5.

To get the desired bound, we bound the number of edges other than the one
induced by xo, WN {y € R" : yTxo = 1}, which yields the +1 in the final bound. The
proof is essentially identical to that of Theorem 2.4.1, i.e. we bound the ratio of the
expected perimeter divided by the minimum expected edge of the polar polygon. We
sketch the key points below. Firstly, notice that the perimeter bound in Lemma 2.4.14
does not require independence of the perturbations, so it still holds. For the minimum
edge length, we restrict to the bases B as in Lemma 2.4.13 (which also does not require
independence) after removing those which induce xg as a vertex (it has already been
counted). By Lemma 2.5.5, the remaining bases in B contain at most one of each pair
{v;.vI},i € [n— 1], since bases containing two such vectors correspond to an edge
different from the one induced by xo with probability 0. In particular, every basis we
need to consider consists of only independent random vectors.

From here, the only remaining detail for the bound to go through is to to check
that the conclusion of Lemma 2.4.19 still holds, i.e., that the position of vectors within
their containing hyperplane does not affect the probability that these vectors form a
facet of the convex hull. Without loss of generality, we consider the vectors a1, ..., a;,
vi,...,viwithi+j =n. Defined € S""',1 > 0by 6Tay =t forall k € [i], 0Tv} =1
for all k € [j]. The set conv(ay,...,a;,v},..., v}'.) is a facet of the convex hull of
the constraint vectors when either (1) Tay < ¢ for all k > i, 9Tv; < tforall k € [J]
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and 0Tvi < rforall k > j or (2) when §ay >t forall k > i,6Tv; > tforall k € [/]
and QTvi > tforall k£ > j. The only one of these properties that is not independent of
atr,...,a;vi,...,v}is whether 0Tv; <tor@Tv, >1fork € [j], but we know that
GTvz =80"d- QTVZ =80"d—tforall k € [j], and so the value QTvz does not depend
on the positions of ai, ..., a;,v],..., v}f within their containing hyperplane. Hence
the proof of Theorem 2.4.1 still goes through and we conclude that the expected

number of edges is bounded by D, (n, m +2n — 2, min(c, 0)/5) + 1. |

All that is left, is to show that the success probability of each loop is lower
bounded by a constant.

Definition 2.5.7. For a matrix M € R™", we define its operator norm by

|| Mx]|

M| = 3
xern\ (o) lxll

and its maximum and minimum singular values by

[ Mx]|

xerm\ (o) Xl

Smax(M) = “MH, smin(M) =

Using the Gaussian tailbound (2.7) together with a 1/2-net on the sphere we
immediately obtain the following tail bound for the operator norm of random Gaussian
matrices.

Lemma 2.5.8. For a random n X n matrix G with independent standard normal
entries, one has
2
Pr[||G|| > 2tv/n] < 8" "V7/2,

Proof. Let N C S""! be a 1/2-net of minimal size, which has size at most 8", see
e.g., [136], page 314. For each v € N we observe that Gv € R" is distributed as
N,(0,0). By (2.7) and the union bound, we find that ||Gv|| > t+/n with probability
at most 8" ~"(1=D?/2,
Now let w € S"! satisfy ||Gw|| = ||G|| and pick v € N such that ||v — w| < 1/2.
We get
IGI =1IGwll < IGvII + IGllllw = vIl < t¥n + (|G /2

with probability at least 1 — 8"¢ (! -D?/2 The result follows after rearranging. O

Lemma 2.5.9. Let A € R™" have rows of norm at most 2 and o < #ﬁ. For x¢

sampled as in lines 4-8 of Algorithm 2, with probability at least 0.98, the point xg
satisfies Axg < 1.
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Proof. Without loss of generality, we assume R = [I,x,. We claim that, with suffi-
cient probability, ||xo — e"/4|| < 1/4. Together with the triangle inequality and the
assumption that ||a;|| < 2 for all i € [n], this suffices to show Axg < 1.

Elementary calculations show that xo — " /4 satisfies e (xo — ¢”/4) = 0 and,
foreveryi € [n—1], (le' + gi)T(xo —e"/4) = —g;Te" /4. Let G be the matrix with

rows consisting of the first n — 1 entries of each of gy, ..., g,-1, and g be the vector
consisting of the n't entries of g1, .,8&n—1. From the above equalites we derive
p1+G g n 1 (-g
— /4 = —

(l It # @ ‘f) (x0 - ¢"/4) = (‘Og)

— (1 +G) ' g
. .

&1

1
xo—e"/4=Z(

Note that the matrix is almost surely invertible. We abbreviate M = [I,,_; + G and
bound ||xo — /4| < ||M~'||||g||/4. Using that o < #ﬁ, we apply (2.7) to get
llgll < 1/2 with probability at least 0.99.

The operator norm of the inverse matrix satisfies [|[M~!|| =
triangle inequality we derive

—Smin(lll Gy and by the

smin(ll + G) = smin(ll) - Smax(G) =1~ smax(G)-

By Lemma 2.5.8, we have |G|| < 3v/no < /2 with probability at least 0.99. Putting
the pieces together, we conclude that

1 _1 1

—\M < - — . _<1/4.

A gl < 3 7= 5 <Y
We take the union bound over the two bad events and thus conclude that a; xy <
lla;||||lxo]l < 1 for alli € [m] with probability at least 0.98. O

Lastly, we need to prove that the conditionals on lines 10, 12 and 13 of Algorithm 2
succeeds with sufficient probability.

Lemma 2.5.10 (Adapted from [200]). Let [ < 1/6+/logn and o < 1/8+/nlogn. For
fixed A and 'V sampled as in lines 4-7 of Algorithm 2, let x* be the optimal solution
to (Unit LP’) if it exists. With probability at least 0.24, (Unit LP) being unbounded
implies that (Unit LP’) is unbounded and (Unit LP) being bounded implies Vx* < 1.

Proof. Let x be the maximizer of (Unit LP) if it exists, or otherwise a generator for
an unbounded ray in (Unit LP), and let w = x/||x||. We aim to prove that Vw < 0 with
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probability at least 0.24 over the randomness in V, which is sufficient for the lemma
to hold.
We fix A, and hence w as well. We decompose

vl.+Tw =4d"w + (lRei)Ta) +(Rg) w, (2.43)

foralli € [n—1] and similarly for v, and we will bound the different terms separately.

-3
The inner product d'w has probability density proportional to V1 — 2" , as
it is the one-dimensional marginal distribution over the sphere S"~! (see e.g., [80],

equation 1.26). which can differ over the interval [—, /n%, A /%] by at most a factor
1/e. We lower bound the probability that dw is far from being positive:

1 2 1
Prid'w < —~ = -Pr[d'w < -~ d'w<0
ldiw <=3y =71 =21l \Nopop ! de=0l
1 2
> —Pr[d' —= d’ -\ —
zpbrldw< gy oy ldeel -0
1 3
> —. 346 1
2 q+s
> 0.26.
Hence, for d arandomly chosen unit vector independent of w, we have 4d"w < — %

with probability at least 0.26. Now we will give an upper bound on the second and
third terms in (2.43) with sufficient probability.

By the same measure concentration argument as in the proof of (2.11) we know
that Pr[|(¢!)"RTw| > t/Vn—-1] < e 2. We apply the above statement with
t = 34/logn and find that

|(1e)"RTw| < tl/Nn=1<1/2Vn -1

with probability at least 1 — 221,

For the last part, fix R = I without loss of generality. The inner product g;"w is
N(0, o?) distributed, hence Pr[|g;Tw| < 40+/logn] > 1 — % by standard Gaussian
tail bounds. Recall that 40+/logn < 1/2Vn — 1.

Putting it all together, we take the union bound over the three terms in (2.43) and
all vi,v; withi € [n — 1] and find that v;'Ta) < 0 and vl.‘Tw <Oforalli € [n—1]
with probability at least 0.26 — (n — I)O% —(n—- 1)% > 0.24. O

Theorem 2.5.11. For o < &, Algorithm 2 solves (Unit LP) in at most an expected
6+ 5Dy (n,m+2n — 2, 0 [5) number of shadow vertex pivots.
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Proof. Letay,...,a, € R" denote the rows of A, where we recall that the centers
a; := E[a;], i € [m], have norm at most 1. We let L denote the event that the rows
of ay, ..., a, all have norm at most 2, and L€ denotes the complement of L.

Pivots from line 1 Noting that each a;, i € [m], is a variance o> Gaussian and
1/o0 > 5y/nlogm, by Lemma 2.2.2 (Gaussian concentration), we have that

Pr[L] = Pr[3i € [m] : llail| = 2] < mPr[fla; — @] > 1]
<mPr[|la; - ai|| > 5vnlogmo] < =26 Viegm=1)* ) =n_

Therefore, the simplex run on line 1 is executed with probability at most m ™" incurring
at most m ™" (") < 1 pivots on expectation.

Pivots from the mainloop LetVy,V,,... beindependent samples of V as described
in lines 3-7 of Algorithm 2. Define the random variable N = N(A,V; :i e N) > O as
the number of iterations of the main loop if Algorithm 2 were run on input A, ¢ and
the value of V in iteration i equals V;. Note that N = 0 exactly if L. Note that the
value of V; unique specifies the value of d;. Define the event F; that the checks on
lines 9 and 10 would pass on data V;. Lastly, let C(A, V;) denote the number of pivot
steps that an iteration of the main loop would perform on the data A, V;. In particular,
C(A,V;) > O exactly when L and F;.
The total number of pivot steps is given by the expectation

ZC(A Vol = B[ C(A V1IN > k1]

k=1
= > E[C(A, Vi) 1[N > k]].
k=1
For any k, the event N > k depends solely on Vi, ..., Vi_1, hence we get

DIE[C(A,VI)LIN 2 k]] = D Ea v, [C(A, VW)Ey,,..v,, [LIN > k | A]]
k=1

E[C(A, Vi) Pr[N > k | A]]

Ms 105

E[C(A, Vi) Pr[N > 1| A]*1],

~
Il
—_

where the last line follows from the observation that the separate trials are independent
when A is fixed. When A is such that L€ holds, then Pr[N > 1 | A] = 0. Now we
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appeal to Lemma 2.5.9 and Lemma 2.5.10. The first shows that the Algorithm 2
does not restart on line 9 with probability at least 0.98 and the second shows that the
algorithm does not restart on lines 10 and 14 with probability at least 0.24. By the
union bound, this implies that Pr[N > 1|A] < 1 — 0.22 for any A such that L holds.
Hence we get

Z]EA vi [C(A, Vi) Pr[N > 1| A]* 1) iE [C(A, Vi)(1-0.22)%1
k=1 k:1
= EE[C(A Vi)l.

The number of pivot steps C(A, V}) is nonzero exactly when L and F; hold, and is
always bounded by the shadow size according to Theorem 2.2.11. We bound this
quantity using Lemma 2.5.6 and get

EE[C(A V)] < SE[1F; n Lledges(conv(A, V1) Nspan(c,di))|]
< SE[|edges(conv(A, V) N span(c, dy))|]

< 5Dg(n,m+2n—2,min(c,0)/5) +5.

Final Bound Combining the results from the above paragraphs, we get that the total
expected number of simplex pivots in Algorithm 2 is bounded by:

N

Pr[L¢] (’Z‘) +E[D) C(A,Vi)] < 6+5Dg(n,m+2n-2,0/5),
k=1

as needed. o

This finishes up the analysis of the symmetric RV algorithm.

Theorem 2.5.12. (Smoothed LP) can be solved by a two-phase shadow simplex
method using an expected number of pivots of O(n*\/logm o2 + n®log(m)'-).

Proof. Combining Lemma2.5.1 and Theorem 2.5.11, the expected number of simplex
pivots is bounded by

10+ Dy(n+1,m,0/2) + 5Dgy(n,m +2n - 2, min{o, 5}/5) ,

where & is as defined in (2.41). Noting that 1/ = O(+/nlogm), by the smoothed
Gaussian shadow bound (Theorem 2.4.1), the above is bounded by

O(Dg(n,m, o) + Dg(n,m, (\nlogm)™1)) = 0(n*\logmo=2 + n*log(m)*~)

as needed. O



Chapter 3

Asymptotic Bounds on the Combinatorial Diameter of
Random Polytopes

The combinatorial diameter diam(P) of a polytope P is the maximum shortest path
distance between any pair of vertices. In this chapter, we provide upper and lower
bounds on the combinatorial diameter of a random “spherical” polytope, which is
tight to within one factor of dimension when the number of inequalities is large
compared to the dimension. More precisely, for an n-dimensional polytope P defined
by the intersection of m i.i.d. half-spaces whose normals are chosen uniformly from
the sphere, we show that diam(P) is Q(nmﬁ) and O(nzmﬁ + n°4") with high
probability when m > 290",

For the upper bound, we first prove that the number of vertices in any fixed two-
dimensional projection sharply concentrates around its expectation when m is large,
where we rely on the @(anﬁ) bound on the expectation due to Borgwardt [29].
To obtain the diameter upper bound, we stitch these “shadows paths” together over
a suitable net using worst-case diameter bounds to connect vertices to the nearest
shadow. For the lower bound, we first reduce to lower bounding the diameter of the
dual polytope P°, corresponding to a random convex hull, by showing the relation
diam(P) > (n— 1)(diam(P°) —2). We then prove that the shortest path between any
“nearly” antipodal pair vertices of P° has length Q(mﬁ).

3.1 Introduction

When does a polyhedron have small (combinatorial) diameter? This question has
fascinated mathematicians, operation researchers and computer scientists for more
than half a century. In a letter to Dantzig in 1957, motivated by the study of the
simplex method for linear programming, Hirsch conjectured that any n-dimensional
polytope with m facets has diameter at most m — n. While recently disproved by
Santos [167] (for unbounded polyhedra, counter-examples were already given by

This chapter is based on [25], a joint work with Gilles Bonnet, Daniel Dadush, Uri Grupel and
Galyna Livshyts.

79
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Klee and Walkup [126]), the question of whether the diameter is bounded from above
by a polynomial in n» and m, known as the polynomial Hirsch conjecture, remains
wide open. In fact, the current counter-examples violate the conjectured m — n bound
by at most 25 percent.

The best known general upper bounds on the combinatorial diameter of polyhedra
are the 2" 3m bound by Barnette and Larman [14, 15, 130], which is exponential in
n and linear in m, and the quasi-polynomial m'*2"*! bound by Kalai and Kleitman
[118]. The Kalai-Kleitman bound was recently improved to (m —n)logn by Todd [186]
and (m — n)'°20(/logn) by Sukegawa [181]. Similar diameter bounds have been
established for graphs induced by certain classes of simplicial complexes, which vastly
generalize 1-skeleta of polyhedra. In particular, Eisenbrand et al. [77] proved both
Barnette-Larman and Kalai-Kleitman bounds for so-called connected-layer families
(see Theorem 3.3.15), and Labbé et al. [128] extended the Barnette-Larman bound to
pure, normal, pseudo-manifolds without boundary.

Moving beyond the worst-case bounds, one may ask for which families of poly-
hedra does the Hirsch conjecture hold, or more optimistically, are there families for
which we can significantly beat the Hirsch conjecture? Many interesting classes
induced by combinatorial optimization problems are known to satisfy the Hirsch
conjecture, including the class of polytopes with vertices in {0, 1}"* [150], Leontief
substitution systems [102], transportation polyhedra and their duals [11,32,34], as
well as the fractional stable-set and perfect matching polytopes [144, 165].

Relatedly, there has been progress on obtaining diameter bounds for classes of
“well-conditioned” polyhedra. If P is a polytope defined by an integral constraint
matrix A € Z"*" with all square submatrices having determinant of absolute value
at most A, then diameter bounds polynomial in m, n and A have been obtained [23,47,
75,151]. The best current bound is O (n3A%log(A)), due to Dadush and Hihnle [47].
Extending on the result of Naddef [150], strong diameter bounds have been proved
for polytopes with vertices in {0, 1, ..., k}"" [64,69, 127]. In particular, [127] proved
that the diameter is at most nk, which was improved to nk — [n/2] for k > 2 [64] and
to nk — [2n/3] — (k — 2) for k > 4 [69].

3.1.1 Diameter of Random Polytopes

With a view of beating the Hirsch bound, the main focus of this chapter will be to
analyze the diameter of random polytopes, which one may think of as well-conditioned
on “average”. Coming both from the average case and smoothed analysis literature
that was mentioned in Chapter 2, there is tantilizing evidence that important classes
of random polytopes may have very small diameters.

In the average-case context, Borgwardt [28,29] proved that for P(A) := {x € R" :
Ax < T}, A € R™" where the rows of A are drawn from any rotational symmetric
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distribution (RSD), that the expected number of edges in any fixed two-dimensional
projection of P(A) — the so-called shadow bound — is O(nzmﬁ). Borgwardt also
showed that this bound is tight up to constant factors when the rows of A are drawn
uniformly from the sphere, that is, the expected shadow size is @(nzmﬁ). In the
smoothed analysis context, A has the form A + oG, where A is a fixed matrix with
rows of £, norm at most 1 and G has i.i.d. standard normally distributed entries and
o > 0. Bounds on the expected size of the shadow in this context were first studied by
Spielman and Teng [179], later improved by [50,200], where the best current bound

: 2 2 <« 1 :
is O(n“+/logm/o~) when o < Ny as seen in Chapter 2.

From the perspective of short paths, these results imply that if one samples
objectives v, w uniformly from the sphere, then there is a path between the vertices

maximizing v and w in P(A) of expected length O(nzmﬁ) in the RSD model, and
expected length O (n?+/logm/o?) in the smoothed model. That is, “most pairs” of
vertices (with respect to the distribution in the last sentence), are linked by short
expected length paths. Note that both of these bounds scale either sublinearly or
logarithmically in m, which is far better than m — n. While these bounds provide
evidence, they do not directly upper bound the diameter, since this would need to
work for all pairs of vertices rather than most pairs.

A natural question is thus whether the shadow bound is close to the true diameter.
In this chapter, we show that this is indeed the case, in the setting where the rows of A
are drawn uniformly from the sphere and when m is (exponentially) large compared
to n. More formally, our main result is as follows:

Theorem 3.1.1. Suppose that n,m € N satisfy n > 2 and m > 29", Let
AT = (ay,...,am) € R™M where M is Poisson distributed with E[M] = m,
and ay, ..., ay are sampled independently and uniformly from S"~'. Then, letting
P(A) ={xeR": Ax < T}, with probability at least 1 — m™", we have that

Q(nmT) < diam(P(A)) < O(n>maT + nd4™).

In the above, we note that the number of constraints M is chosen according to
a Poisson distribution with expectation m. This is only for technical convenience
(it ensures useful independence properties, see Proposition 3.2.5), and with small
modifications, our arguments also work in the case where M := m deterministically.
Also, since the constraints are chosen from the sphere, M is almost surely equal to
the number of facets of P(A) above (i.e., there are no redundant inequalities).

From the bounds, we see that diam(P(A)) < 0(n2mr£1) with high probability
as long as m > 29(n") " This shows that the shadow bound is indeed close to an
upper bound for the expected diameter when m is sufficiently large. Furthermore, the
shadow bound is tight to within one factor of dimension in this regime.
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Figure 3.1: A shortest path between a diameter-achieving pair of vertices, on arandom
spherical polytope with 100 constraints.

We note that the upper bound is already non-trivial when m > Q(n°4"), since then
O(nzmﬁ +n°4") <m—n.

While our bounds are only interesting when m is exponential, the bounds are
nearly tight asymptotically, and as far as we are aware, they represent the first non-
trivial improvements over worst-case upper bounds for a natural class of polytopes
defined by random halfspaces.

Our work naturally leaves two interesting open problems. The first is whether the
shadow bound upper bounds the diameter when m is polynomial in n. The second is
to close the factor n gap between upper and lower bound in the large m regime.

3.1.2 Prior work

Lower bounds on the diameter of P(A), AT = (ay, ..., a,) € R™™, were studied by
Borgwardt and Huhn [31]. They examined the case where each row of A is sampled
from a RSD with radial distribution

"(1 - 2814y
5«
fol(l —2Bm-lqr

Pr[flallz < r] =
a

for r € [0, 1], B € (-1, o). Restricting their results to the case 8 — —1, correspond-
ing to the uniform distribution on the sphere (where the bound is easier to state), they
show that

E[diam(P(A))] = Q(m" 7e7),
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We improve their lower bound to Q(nm!/ 1) when m > 29" noting that
m'/ (=D = (1) for m =20,

In terms of upper bounds, the diameter of a random convex hull of points, instead
of a random intersection of halfspaces, has been implicitly studied. Given a matrix
AT =(ay,...,am) € R™™ let us define

Q(A) :=conv({ai,...,am}) 3.1

to be the convex hull of the rows of A. When the rows of A are sampled uniformly
from the unit ball BY, the question of when the diameter of Q(A) is exactly 1 (i.e.,
every pair of distinct vertices is connected by an edge) was studied by Bardny and
Fiiredi [13]. They proved that with probability approaching 1, diam(Q(A)) = 1 if
m < 1.125" and diam(Q(A)) > 1 if m > 1.4".

In dimension 3, letting ay,...,ap € S? be chosen independently and uniformly
from the 2-sphere, where M is Poisson distributed with E[M] = m, Glisse, Lazard,
Michel and Pouget [89] proved that with high probability the maximum number of
edges in any two-dimensional projection of Q(A) is ®(+/m). This in particular proves
that the combinatorial diameter is at most O (y/m) with high probability.

It is important to note that the geometry of P(A) and Q(A) are strongly related.
Indeed, as long as m = Q(n) and the rows of A are drawn from a symmetric
distribution, P(A) and Q(A) are polars of each other. To be precise, it always holds
that

Q(A)° ={xeR": (x,y) £ 1,Vy e Q(A)} = P(A)

and if 0 € Q(A) then also
P(A)° ={xeR":{(x,y) < 1,Vy e P(A)} = Q(A)

As a direct consequence of Wendel’s theorem [169, Theorem 8.2.1], 0 € 0(A)
happens with probability approaching 1 when m > cn for any fixed ¢ > 2. In general
P(A)° =conv(AU {6}) holds.

As we will see, our proof of Theorem 3.1.1 will in fact imply similarly tight
diameter bounds for diam(Q(A)) as for diam(P(A)), yielding analogues and general-
izations of the above results, when AT = (ay, ..., ap) € R™M and M is Poisson with
E[M] = m. More precisely, we will show that for m > 22" with high probability

1

Q(ma1) < diam(Q(A)) < O(nmaT +n>4™).

In essence, for m large enough, our bounds for diam(Q(A)) are a factor ®(n) smaller
than our bounds for diam(P(A)). This relation will be explained in Section 3.4.
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3.1.3 Proof Overview

In this section, we give the high level overview of our approach for both the upper
and lower bound in Theorem 3.1.1.

The Upper Bound

In this overview, we will say that an event holds with high probability if it holds
with probability 1 — m =% To prove the upper bound on the diameter of P(A), we
proceed as follows. For simplicity, we will only describe the high level strategy for
achieving a O(anﬁ +29M) bound. To begin, we first show that the vertices of
P(A) maximizing objectives in a suitable net N of the sphere S"*~!, are all connected
to the vertex maximizing e!, with a path of length O(n2mﬁ +29) with high
probability. Second, we will show that with high probability, for all v € S"~!, there
is a path between the vertex of P(A) maximizing v and the corresponding maximizer
of closest objective v’ € N of length at most 22" logm. Since every vertex of P(A)
maximizes some objective in S*~!, by stitching at most 4 paths together, we get that
the diameter of P(A) is at most O(nzmﬁ +200 Jogm) = O(nzmﬁ +20M) with
high probability.

We only explain the strategy for the first part, as the second part follows easily
from the same techniques. The key estimate here is the sharp ®(n2mﬁ) bound
on the expected number of vertices in a fixed two-dimensional projection due to
Borgwardt [28, 29], the so-called shadow bound, which allows one to bound the
expected length of paths between vertices maximizing any two fixed objectives (see
Section 3.3 for a more detailed discussion). We first strengthen this result by proving
that the size of the shadow sharply concentrates around its expectation when m is large
(Theorem 3.3.4), allowing us to apply a union bound on a suitable net of shadows,
each corresponding to a two-dimensional plane spanned by ¢! and some element of N
above. To obtain such concentration, we show that the shadow decomposes into a sum
of nearly independent “local shadows”, corresponding to the vertices maximizing a
small slice of the objectives in the plane, allowing us to apply concentration results
on sums of nearly independent random variables.

Independence via Density We now explain the local independence structure in
more detail. For this purpose, we examine the smallest £ > 0 such that rows of A
are e-dense on S"!, that is, such that every point in S"~! is at distance at most &
from some row of A. Using standard estimates on the measure of spherical caps and
the union bound, one can show with high probability that & := @((log m/m)'/™) and
that any spherical cap of radius r& contains at most O (! log m) rows of A for any
fixed t > 1 (see Lemma 3.2.3 and Corollary 3.2.7).
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We derive local independence from the fact that the vertex v of P(A) maximizing
a unit norm objective w is defined by constraints @ € A which are distance at most
2¢ from w (see Lemma 3.3.10 for a more general statement). This locality implies
that the number of vertices in a projection of P(A) onto a two-dimensional subspace
W > w maximizing objectives at distance £ from w (i.e., the slice of objectives)
depends only on the constraints in A at distance at most O(¢g) from w. In particular,
the number of relevant constraints for all objectives at distance € from w is at most
29 Jog m by the estimate in the last paragraph. By the independence properties of
Poisson processes (see Proposition 3.2.5), one can in fact conclude that this local part
of the shadow on W is independent of the constraints in A at distance more than O (&)
from w.

Given the above, we decompose the shadow onto W into k = O(1/&) pieces,
by placing k equally spaced objectives wy, ..., wi_1,wx = wo on "' N W, so
that ||[w; — w1l <6, 0 <i < k-1, and defining K; > 0,0 <i < k-1, to
be the number of vertices maximizing objectives in [w;, w;+1]. This subdivision
partitions the set of shadow vertices, so Borgwardt’s bound applies to the expected
sum: E[Z{.‘:‘Ol K;] = O(n?>m"/"=D). Furthermore, as argued above, each K; is
(essentially) independent of all K;’s with [i — j mod k| = Q(1). This allows us to
apply a Bernstein-type concentration bound for sums of nearly-independent bounded
random variables to Zf.‘:‘ol K; (see Lemma 3.2.8).

Unfortunately, the worst-case upper bounds we have for each K;, 0 <i < k — 1,
are rather weak. Namely, we only know that in the worst-case, K; is bounded by
the total number of vertices induced by constraints relevant to the interval [w;, w;y1],
where ||w; — wiiq|| < €. As mentioned above, the number of relevant constraints
is 2 Jogm and hence the number of vertices is at most (22 logm)". With
these estimates, we can show high probability concentration of the shadow size
around its mean when m > 22", One important technical aspect ignored above
is that both the independence properties and the worst-case upper bounds on each
K; crucially relies only on conditioning A to be “locally” e-dense around [w;, w;41]
(see Definition 3.3.11 and Lemma 3.3.14 for more details).

Abstract Diameter Bounds to the Rescue To allow tight concentration of the
diameter to occur for m = 29(”2), we adapt the above strategy by successively
following shortest paths instead of the shadow path on W. More precisely, between
the maximizer v; of w; and v;4; of wiy, 0 < i < k — 1, we follow the shortest
path from v; to v;4; in the subgraph induced by the vertices v of P(A) satisfying
Wowiz1) = (vi,wir1). We now let K;, 0 < i < k — 1, denote the length of the
corresponding shortest path. For such local paths, one can apply the abstract Barnette—
Larman style bound of [77] to obtain much better worst-case bounds. Namely, we can
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show K; < 290 logm, 0 < i < k —1, instead of (22 logm)" (see Lemma 3.3.16).
Crucially, the exact same independence and locality properties hold for these paths as
for the shadow paths, due to the generality of our main locality lemma (Lemma 3.3.10).
Furthermore, as these paths are only shorter than the corresponding shadow paths,
their expected sum is again upper bounded by Borgwardt’s bound. With the improved
worst-case bounds, our concentration estimates are sufficient to show that all paths
indexed by planes in the net N have length O(nzmﬁ +29(M) with high probability.

The Lower Bound

For the lower bound, we first reduce to lower bounding the diameter of the polar
polytope P(A)° = Q(A), where we show that diam(P(A)) > (n—1)(diam(Q(A))-2)
(see Lemma 3.4.1). Thisrelation holds as long as P(A) is a simple polytope containing
the origin in its interior (which holds with probability 1 — 2720 To prove it, we
show that given any path between vertices v, v, of P(A) of length D, respectively
incident to distinct facets Fy, F, of P(A), one can extract a facet path, where adjacent
facets share an (n — 2)-dimensional intersection (i.e., a ridge), of length at most
D/(n—1)+2. Such facet paths exactly correspond to paths between vertices in Q (A),
yielding the desired lower bound.

For m > 29" proving that diam(P(A)) > Q(nm'/*~D) reduces to showing
that diam(Q(A)) > m'/ ("1 with high probability. For the Q(A) lower bound,
we examine the length of paths between vertices of Q(A) maximizing antipodal
objectives, e.g., —e! and e!. From here, one can easily derive an Q((m/log m)ﬁ)
lower bound on the length of such a path, by showing that every edge of Q(A) has
length ¢ := ©((logm /m)ﬁ) and that the vertices in consideration are at distance
Q(1). This is a straightforward consequence of Q(A) being tightly sandwiched by
Euclidean balls, namely (1 — &2 /2)BS € Q(A) € B} (Lemma 3.3.6) with high
probability. This sandwiching property is itself a consequence of the rows of A being
g-dense on S"~!, as mentioned in the previous section.

Removing the extraneous logarithmic factor (which makes the multiplicative gap
between our lower and upper bound go to infinity as m — o), requires a much more
involved argument as we cannot rely on a worst-case upper bound on the length of
edges. Instead, we first associate any antipodal path above to a continuous curve on
the sphere from —e' to e! (Lemma 3.4.6), corresponding to objectives maximized
by vertices along the path. From here, we decompose any such curve into Q(mnlfl)
segments whose endpoints are at distance ®(m~"/*=1) on the sphere. Finally,
by appropriately bucketing the breakpoints (Lemma 3.4.7) and applying a careful
union bound, we show that for any such curve, an Q(1) fraction of the segments
induce at least 1 edge on the corresponding path with overwhelming probability
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(Theorem 3.4.2). For further details on the lower bound, including how we discretize
the set of curves, we refer the reader to Section 3.4.

3.1.4 Organization

In Section 3.2, we introduce some basic notation as well as background materials on
Poisson processes, the measure of spherical caps, and concentration inequalities for
independent random variables. In Section 3.3, we prove the upper bound. Halfway
into that section, we also prove Theorem 3.3.4, a tail bound on the shadow size that
is of independent interest. We prove the lower bound in Section 3.4.

3.2 Preliminaries

For notational simplicity in the remainder of this chapter, it will be convenient to
treat A as a subset of S"~! instead of a matrix. For A C S"~!, we will slightly abuse
notation and let P(A) := {x €e R" : (x,a) < 1,Ya € A} and Q(A) := conv(A).

3.2.1 Cap Volumes

For a subset C C S"!, we write o (C) := 0,,—1(C) to denote the measure of C with
respect to the uniform measure on S"~!. In particular, o-(S*™!) = 1.

Definition 3.2.1. For w € S"~! and r > 0, we denote the spherical cap of radius r
centered at w by C(w,r) = {x € S" ' : ||w —x|| < r}.

We say A C S"! is e-dense in the sphere for & > 0 if for every w € S"~! there
exists a € A such that a € C(w, &).

We will need relatively tight estimates on the measure of spherical caps. The
following lemma gives useful upper and lower bounds on the ratio of cap volumes.

Lemma 3.2.2. Forany s,& > 0 and v € S"™! we have

o(C(v, (1 +s)e)) a(C(v, (1 -1xs)e))
(1+s)7-1 (1-s)n!

<o(C(v,e)) <

assuming for the first inequality that (1 + s)e < 2 and for the second that s < 1 and
<2

Proof. First we write the area of the cap as the following integral, for any r € [0, 2]

r2/2 n-3
o(C(v,r)) = cp1 / V2t -2 dt,
0
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where c¢,_1 := vol,_»(S"2)/vol,_1(S™!). Note that V2r — 2 is the radius of the
slice S" ' n{x € "' : (x,v) = 1=t} = (1 =)v+ V2t — t2(S" ' nv+). The scaling
of the volume of the central slice by V2t — t2n_3 instead of V2¢ — t2n_2 is to account
for the curvature of the sphere. With this integral in our toolbox, we can prove our
desired inequalities. We start with the first one, assuming that (1 + 5)?72/2 < 2 so
that we only take square roots of positive numbers.

(1+s)2r2/2 ne3
o(C(v, (1 +5)e)) =cn_1 / V2t —12  dt
0

V2/2 ”_3
=cn_1(1+s)2/ V2(1+9)2u — (1 +5)*u2 du
0

r2/2 ne3
< cn_1(1+s)2/ V2(1+9)2u — (1+5)2u2 du
0

r2/2 n-3
=(1+S)n_lcn—1/ V2u-u? du
0

=(1+s)"lo(Cv,¢)).

The second inequality is proven in a similar fashion, assuming that 1 — s > 0:

(1-5)2r2)2 n-3
o(C(v,(1=15)€g)) = cp_y / 2t —12  dt
0

r2/2 ne3
=cpi(1 —s)2/ V2(1 = )2 = (1 —9)*2 “dt
0

r2/2 n—3
> cpoq(1 - s)2/ V2(1 - )2 = (1-9)22 dt
0

r2/2 n-3
=(1- s)"_lcn_l / 2t — 12 dt
0
=(1-s)"'o(C(v,e)). O

We now give absolute estimates on cap volume measure that can be found in [33].
We note that [33] parametrize spherical caps with respect to the distance of their
defining halfspace to the origin. The following lemma is derived using the fact that
the cap C(v,¢), € € [0, \/5], v € S*! is induced by intersecting S"~! with the
halfspace (v,x) > 1 — £%/2, whose distance to the origin is exactly 1 — £%/2.

Lemma 3.2.3. [33, Lemma 2.1] Forn > 2, € € [0, \/5], v e S L the following
estimates holds:

e Ifee [ ]2(1 - %), V2], then o(C(v, €)) € [1/12,1/2].
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e Ifee [0, [2(1 - v%)], then

1 - 1
—6(1 - 82/2)\/%(8\/1 -&2/H" ' <o (C(v,e)) < —2(1 ~ 2V

(V1 — g2/4)" 1.

3.2.2 Poisson Processes

The Poisson distribution Pois(1) with parameter A > 0 has probability mass function
f(x,2) = e"”}c—f, x € Z.. We note that Pois(0) is the random variable taking value

0 with probability 1. Recall that E[Pois(1)] = 2. We will rely on the following
standard tail-estimate (see [38, Theorem 1]):

Lemma 3.2.4. Let X ~ Pois(A). Then for x > 0, we have that

2

max{Pr[X > A+x],Pr[X <A1-x]} < e T (3.2)

We define a random subset A to be distributed as Pois(S*7!,1), 4 > 0, if
A ={ay,...,ay}, where |A| = M ~ Pois(2) and ay,...,ap are uniformly and
independently distributed on S"*~!. Note that E[|A|] = A. In standard terminology, A
is called a homogeneous Poisson point process on S”~! with intensity A > 0.

A basic fact about such a Poisson process is that the number of samples landing
in disjoint subsets are independent Poisson random variables. This property is known
as “complete randomness”, see, e.g., [56].

Proposition 3.2.5. Let A ~ Pois(S"!,1). Let C,...,Cx C S™ ! be pairwise dis-
Jjoint measurable sets. Then, the random variables |A N C;|, i € [k], are independent
and |A N C;| ~ Pois(1o(Cy)), i € [k].

3.2.3 Density Estimates

In this section, we give bounds on the fineness of the net induced by a Poisson
distributed subset of S"~!. Roughly speaking, if A is Pois(S"~!,m) distributed then
A will be @((logm/m)""=D)-dense, see Definition 3.2.1. While this estimate
is standard in the stochastic geometry, it is not so easy to find a reference giving
quantitative probabilistic bounds, as more attention has been given to establishing
exact asymptotics as m — oo (see [163]). We provide a simple proof of this fact here,
together with the probabilistic estimates that we will need.

Lemma 3.2.6. Form > n > 2 and 0 < p < m™, have € = €(m,n, p) > 0 satisfy
o (C(v,&)) =3elog(1/p)/m < 1/12. Then, for A ~ Pois(S""!, m),

Pr[3veS*!: Cv,e)nA=0]<p
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and for every t > 1,
Pr[3v e S |C(v,te) N A| = 45Tog(1/p)t" '] < p.

Proof. Let N € S"~! denote the centers of a maximal packing of spherical caps of
radius £/(2n). By maximality, N is €/n-dense, i.e., an £/n net. Comparing volumes,
by Lemma 3.2.2, we see that

1> |N|o(C(v,&/(2n)) = IN|(2n)~ " Ve (C(v, &)),

so [N| < 2n)"" /o (C(v,&)) < (2n)*'m. By way of a net argument, using that
|C(v, (1 = 1/n)e) N A| ~ Pois(ma (C(v, (1 = 1/n)g)), YVv € S*!, we analyze our
first probability
Pr[aveS*!: Cv,e)NA=0] <Pr[IveN: C(v,(1-1/n)e)N A = 0]
< |N|maxPr[C(v, (1 =1/n)e) N A = 0]
veN

< (2n)n71mefm0'(C(v,(lfl/n).9))

< (zn)n—lme—(l—l/n)”_lmO'(C(v,s))

< (2n)n—lme—310g(1/p) < p.
We now prove the second estimate. Using the cap size estimate from Lemma 3.2.2,

we have mo (C(v, (1+1/n)te)) < (1+1/n)" 1" lmo (C(v,&)) < 3e?t" 'log(1/p).
Write A := 3e?t"~'log(1/p). By a similar net argument as above, we see that

Pr[3v e S |C(v,te) NA] > 21] < |N|mz}\)](Pr[|C(v, (1+1/n)te) N A| > 21]
ve

<IN| Pr [X3>21]
X ~Pois(2)

< |N|ef(2/lfm0'(C(v,(1+1/n)t£)))2/4/l
( by the Poisson tailbound, Lemma 3.2.4 )

< |N|e_% < 2n)"'me3l0e/P) <
The proof is complete when we observe that 21 < 45:"~ ! log(1/p). O

We now give effective bounds on the density estimate & above. Note that taking
the (n — 1) root of the bounds for £"~! below yields & = ©((logm/m)"/ =1 for
m =n?M and p = 1/m™". The stated bounds follow directly from the cap measure
estimates in Lemma 3.2.3.
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Corollary 3.2.7. Let € > 0 be as in Lemma 3.2.6, i.e., satisfying o(C(v,¢g)) =

3elog(1/p)/m < 1/12. Then & € [0, [2(1 - %)],
el > 12elog(1/p)/m

and

(.s/«/i)"_1 < (8\/1 —82/4)"_l < 18vmlog(1/p)/m.

Proof. The claim & € [0, [2(1 - \/%)] follows by Lemma 3.2.3 part 1 and our

assumption that o (C(v,&)) < 1/12. The lower bound on "' follows from the
upper bound from Lemma 3.2.3 part 2

n—1

(eV1-g2/4)" ! < £ ,

4

361%(1/1)) =0(C(v,¢e)) < 3

1
(1-&2/2)yn

where the last inequality follows since € € [0, ,/2(1 — %)]. For the upper bound on

g, we rely on the corresponding estimate in Lemma 3.2.3 part 2:

3elog(1/p) (Clv.8)) > (ey1 - g2/4)n"! . (ey1 - g2/4)n! . (g/N2)"!
—— = =0(C(v,¢)) 2 > > ,
m 6(1 —&2/2)\/n 6+/n 6Vn
where the last inequality follows from & € [0, V2]. The desired inequalities now
follow by rearranging. O

3.2.4 Concentration for Nearly-Independent Random Variables

We will use the following variant on Bernstein’s inequality that is a direct consequence
of [112, Theorem 2.3], which proves a more general result using the fractional
chromatic number of the dependency graph.

Lemma 3.2.8. Suppose thatYy, ..., Yy are random variables taking values in [0, M|
and Var(Y;) < o? for each i € [k]. Assume furthermore that there exists a partition
LULU---Ul, ={Y1,...,Y} such that the random variables in any one set I ; are
mutually independent. Then for any t > 0 we get

>t <2ex ~8r?
=1 = 2P\ 254 (ko2 + M1/3)

k k

D Yi—E[> Y]

i=1 i=1

Pr

When we use the above lemma, we will bound the variance of the random variables
using the following inequality:
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Lemma 3.2.9. Let Y € [0, M] be a random variable and E[Y] = u. Then Var(Y) <

H(M = p).
Proof. The inequality follows from Var(Y) = E[Y?]-pu? < ME[Y] - p? = u(M —p),
where we have used that Y> < MY for Y € [0, M]. m|

3.3 Shadow size and upper bounding the diameter

In the first part of this section, we prove a concentration result on the number of
shadow vertices of P(A). This addresses an open problem from [28]. In the second
part, we use the resulting tools to prove Theorem 3.3.5, our high-probability upper
bound on the diameter of P(A).

We start by defining a useful set of paths for which we know their expected lengths.

Definition 3.3.1. Let P C R” be a polyhedron and W C R" be a two-dimensional
linear subspace. We denote by S(P, W) the set of shadow vertices: the vertices of P
that maximize a non-zero objective function (w, -) with w € W.

From standard polyhedral theory, we get a characterization of shadow vertices:

Lemma 3.3.2. Let P(A) be a polyhedron given by A C R" and w € R" \ {6} A
vertex v € P(A) maximizes (w,-) if and only if wR, Nconv{a € A : {(a,v) =1} # 0.

Hence for W C R" a two-dimensional linear subspace, a vertex v € P(A) is a
shadow vertexv € S(P(A), W) ifand only if conv{a € A : {(a,v) = 1} OW\{G} # 0.

The set of shadow vertices for a fixed plane W induces a connected subgraph in
the graph consisting of vertices and edges of P, and so any two shadow vertices are
connected by a path of length at most |S(P, W)|. As such, for nonzero wi,w, € W,
we might speak of a shadow path from w; to w; to denote a path from a maximizer
of (wy, -) to a maximizer of (w5, -) that stays inside S(P, W) and is monotonous with
respect to (wy, -). The shadow path was studied by Borgwardt:

Theorem 3.3.3 ([28,29]). Let m > n and fix a two-dimensional linear subspace
W C R". Pick any probability distribution on R" that is invariant under rotations and
let the entries of A C R",|A| = m, be independently sampled from this distribution.
Then, almost surely, for any linearly independent wi,wo € W there is a unique
shadow path from w| to wy. Moreover, the vertices in S(P(A), W) are in one-to-one
correspondence to the vertices of mw (P(A)), the orthogonal projection of P(A) onto
W. The expected length of the shadow path from w1 to w; is at most

E[|S(P(A), W)|] = O(n*m#T).
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This upper bound is tight up to constant factors for the uniform distribution on S

We prove a tail bound for the shadow size when A ~ Pois(S™*~!, m). This result
answers a question of Borgwardt in the asymptotic regime, regarding whether bounds
on higher moments of the shadow size can be given. To obtain such concentration,
we show that the shadow decomposes into a sum of nearly independent “local shad-
ows”, using that A will be e-dense per Lemma 3.2.6, allowing us to apply standard
concentration results for sums of nearly independent random variables.

Theorem 3.3.4 (Shadow Size Concentration). Let e $vn06V2" T < b < ;=" qnd let

f, := max (\/O(Uannl-1 log(1/p)), O(Ulog(l/p)))

for U := 0(”2n2 (log(1/p)™). If A ~ Pois(S"~!, m) then the shadow size satisfies
Pe [[|S(PA). )| ~ E[IS(P(A). W) > 1,] < 4p.

In the second part of this section, we extend the resulting tools to obtain our upper
bound on the diameter.

Theorem 3.3.5 (Diameter Upper Bound). Let e TR < p<m IfA =
{ai,...,apm} € S"', where M is Poisson with E[M] = m, and a,,...,ap are
uniformly and independently distributed in S"~'. Then, we have that

1

Pr[diam(P(A)) > O(n*m7T +nd"log(1/p)*)] < O(\p).

3.3.1 Only ‘nearby’ constraints are relevant

We will start by showing that, with very high probability, constraints that are ‘far
away’ from a given point on the sphere will not have any impact on the local shape
of paths. That will result in a degree of independence between different parts of the
sphere, which will be essential in getting concentration bounds on key quantities.

Lemma 3.3.6. If A C S" ! is e-dense for € € [0, V2) then
e\
B) C P(A) C (1 - ?) BS.

Proof. The first inclusion follows immediately from the construction of P(A). We
now show the second inclusion. Taking x € P(A) \ {6}, we must show that ||x|| <
(1—¢2/2)~". For this purpose, choose a € A such that ||a —x/||x|||| < &, which exists
by our assumption that A is e-dense. Since &? > ||a—x/||x||||*> = 2(1—{a, x/||x||)), we
have that (a, x/||x||) > 1—-&2/2. Sincex € P(A), wehave 1 > (a,x) > (1-£2/2)||x|l,
and the bound follows by rearranging. O
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Figure 3.2: Illustration of the proof of Lemma 3.3.8. The inner (resp. outer dotted)
curve represents part of the sphere S*~! (resp. (1 — £2/2)~'S""!). The horizontal
dashed line represents the hyperplane {x € R4 : (x,ws) = (vi,ws)}. The two
oblique dashed line segments represent parts of the hyperplanes tangent to the unit
sphere at the points a and w;. The grey area represents the set B.

Lemma 3.3.7. Ifw € S", @ < L, vl < (1 - @)™ and (v,w) > 1 then we get
Iv/Ivll = wil? < 2a.

Proof. We have 1 < (v,w) = |[v]| - (W/IvI,w) < (1 =a) " (v/||v|l,w). Hence
L=|v/lIvIl-wlI?/2 = (v/||vIl, w) = 1—a, which exactly implies that ||v/||v||—w]||* <
2a as required. i

We will use the above lemmas to prove the main technical estimate of this sub-
section: if A € S" ! is e-dense and wyi,w, € S"! satisfy ||w; — wa|| < 2g/n
then any vertex on any path on P(A) starting at a maximizer of (wji, -) that is non-
decreasing with respect to (w», -) can only be tight at constraints {a, x) = 1 induced
by a € AN C(wy, (2 +2/n)e). All other constraints are strictly satisfied by every
vertex on such a monotone path.

Lemma 3.3.8. Let € € [0, 1] and assume that wi,w, € S ! satisfy ||w1 — wa| <
(1 =&2/2). Let vi,v € R" satisfy (w1, v1) > 1 and (w2, v) > (w2, Vv1), and assume
vill, VIl < (1 = &2/2)7Y. Last, let a € S*' satisfy (a,v) > 1. Then we have
w2 —all < 2e+ |lwi —wa|.

Proof. By Lemma 3.3.7, since (w,vy), {(a,v) = 1 and ||w;|| = ||a|| = 1, we get that
lwi =vi/llvillll, lla = v/IvIlIl < &.

If w; = wy, then by assumption (v,w;) > (vi,wz) = (vi,w;) > 1. Thus,
Lemma 3.3.7 implies that |[w, —v/||v|||| £ €. By the triangle inequality, we conclude
that [|wy — a|| < |lwa = Vv/|[vIll| + |[v/IIv]l — a|| £ 2¢, as needed.

Now assume that wi # wy. To prove the lemma, we show that it suffices to find
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a point v such that the following two inequalities hold:

’
Vi Vi

vill vill

Indeed, given v| as above, the triangle inequality and the first inequality of (3.3) imply
that

’

< wo -—wi|| L e. 3.3)

>

1%
vl

1 y
[lwa —all < ’wz——H+ ——aH
vl vl
< |lwa — + |l —a
vl vl
’
v
< lwa = will +|w1 = — ‘+ ——aH.
Vil vl

From here, by the second inequality of (3.3) and ||a — v/||v]||| < &, we get that
lwa —all < |lwa—will +e+e,

which is the claim of the lemma. To construct v;, let

2\ —1
B::{xe]Rd:(wl,x)zl, ||x||§(1—%) }

and define v/ to be the minimizer of (wy, -) in B. Since wy # wy, it is direct to verify

the v/ is uniquely defined and satisfies ||v{|| = (1 - %2)‘1.

From Lemma 3.3.7 we have that any point x € B satisfies ||x/||x]| — wi]|| < &, and
in particular this is true for v{, making the second inequality of (3.3) hold. Note that
v1 € Bas well. It remains to show the first inequality of (3.3). For this, we claim that

(wa,v) = max{0, (w2, v])},

By assumption, recall that {(w,v) > (wa, v). The first inequality now follows since
(wa,vi) = (wi,vi) = [lwi = wallvill 2 1= [lwy = wall(1 - &%/2)7! 2 0, by our
assumption on ||w; — wz||. The second inequality now follows from (wj,v|) >
(wa, vi), which holds since v; € B and vi minimizes w, over B.

Using that ||v]| < (1 —&2/2)7! = [lv]l, we conclude that

vl

v v
<W2’ _> 2 <W2’ _,> 2 <W2, _}>’
vl v/l Ivill
where the first inequality uses (wy,v) > 0. The first inequality of (3.3) now follows
from the fact that u € S"! - |lu — w»|| is a decreasing function of (u, w»), and thus
the proof is complete. O
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To round out this subsection, we prove that the conclusion of Lemma 3.3.8 holds
whenever v,v; € P(A) and A is e-dense in a neighbourhood around wy.

Definition 3.3.9. Given sets A, C € S""! and & > 0, we say that A is e-dense for C
if for every ¢ € C there exists a € A such that ||ja — ¢|| < &.

Lemma 3.3.10. Let A C S*! be compact and &-dense for C(w»,4€), € > 0. Let
vi,v € P(A) and wi,wy € S* ! satisfying (wi,vi) = 1, (w2, v) > (wo,v{) and
lwi = wal| < & Now let a € S™ ! satisfy (a,v) > 1. Then we have ||vi||, ||v]| <
(1-¢&%/2)"Vand ||wy — a|| <2+ ||wi — wall.

[lwa —al| <2 < 2e+ ||w; —ws||. From now on, assume & < 1.

Letd = ||w; —wal|,andlet A € A’ C S"~! be e-dense, such that A’ N C (wa, 2& +
§) € A. One valid choice is to take any e-net N C S"~! and define the set A’
as A’ := AU (N \ C(wp,2e +6)). Then any x € C(wp,4c) hasana € A C A’
with |la — x|| < € and any y ¢ C(w,,4¢) has some b € N with ||y — b|| < b and
b ¢ C(wy,3e). Moreover we have (N \ C(w3,3¢)) N C(wa, (2+2/n)e) = 0 so this
choice of A’ satisfies our requirements.

Ifv,v; € P(A’), then ||[v|], [[vi]| < (1—&?/2)~! by Lemma 3.3.6 and we can apply
Lemma 3.3.8 to the set A’ and vectors wi, wy, v, v and a to conclude ||wy — a| <
2¢& + ||[w1 — wa]| as required.

We now prove that both the case v ¢ P(A’) and the case v € P(A’),v ¢ P(A’)
lead to contradiction. First, observe that given w; and wy, the set of pairs (v, v) that
satisfy (wi,vi) > 1, (w2, v) > (wo,v1) and |lvi]], |[v]] < (1 —&£%/2)7" is a closed
convex set and contains (wy, wy).

Proof. First, observe that if € > 1 then the conclusion is trivially satisfied since

If vi ¢ P(A’), let (x, y) be the convex combination of (v, v{) and (w, w;) such
that x = y € P(A’) and there exists ¢’ € A’ \ A such that {(a’,x) = 1. Such a’ will
exist because A’ is compact.

Otherwise we have v ¢ P(A’) and let (x, y) be a convex combination of (v{, v)
and (wy,w;) such that x, y € P(A’) and there exists a’ € A’ \ A such that (a’,x) = 1.
Such a’ will exist because A’ is compact.

Either way, apply Lemma 3.3.8 to A’, wi, wp,x, y and a’ to find that ||w, — a’|| <
2e + ||w1 — wa||. This contradicts the earlier claim that a’ € A’ \ A. From this
contradiction we conclude that v, v; € P(A’), which finishes the proof. ]

Note also the contrapositive of the above statement: for wy, wy, vi, v, A satisfying
the conditions above, we have for a € S"~! that ||ws — a|| > 2& + ||w| — wa|| implies
{a,v) < 1.
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3.3.2 Locality, independence, and concentration

With an eye to Lemma 3.3.10, this subsection is concerned with proving concen-
tration for sums of random variables that behave nicely when A is dense in given
neighbourhoods. The specific random variables that we will use this for are the paths
between the maximizers of nearby objective vectors wi, wy € sr-1

Definition 3.3.11. Given m,n, p, let € = ¢(m,n, p) > 0 be as in Lemma 3.2.6 and
A C R" be a random finite set. For x,y € S"~! define the event E,, , as:

e Ais e-dense for C(x, ||x — y|| + 4¢), and
* for every z € [x, y] we have

Z

ANC
(i

,(2+2/n)e)| < 45¢2" log(1/p)

A random variable K is called (x, y)-local if E, , implies that K is a function of
ANC(x,5¢+|[|lx—yl).

In particular, we will use that if K is (x, y)-local then K1[E, ,] is a function of
ANC(x,5¢+||x=yl).

To help prove that certain paths are local random variables, we will use the
following lemma.

Lemma 3.3.12. Let w1, wy € S""!, and have wy = vi,va, ..., Vis1 = wa be equally
spaced on a shortest geodesic segment on S"~ connecting wi and wo. Then for every
[ € [k] we have [[wi = wa|l/k < |lvi = viull < wllwi = wall/k.

Proof. By the triangle inequality, we have [|[wj —wa|| < X;7, [[vi = vis1]]. Since each
of the line segments [v;, v;+1] has identical length, this gives us the first inequality
kllvi = vinll = [lwi —wall.

Furthermore, we know that the geodesic segment connecting w; and w, has
length at most 7||w; — w»||. From this we get Zl’? i =viull < #|lwy — w2|| and

hence 7||lwy — wa|l > k|[vi = vis |- O

Many paths on P(A) turn out to be such local random variables. One example
are short segments of the shadow paths from Theorem 3.3.3.

Lemma 3.3.13. Let wi,wy € S* ! satisfy |[w1 — wa|| < &. Then the length of the
shadow path on P(A) from wy to wy is a (w1, wa)-local random variable. Assuming

that ||wi — wa|| < &, the event E,, ., implies that this path has length at most
2n(45e2" log(1/p))".
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Proof. Let us first assume that ||w; — wa|| < 2¢/n. Consider the points vi,v €
P(A N C(wy,5¢)) such that (wi,vy) = 1 and (wp,v) = (wp,v1). By Lemma 3.3.10,
assuming E\,, ,,, any such points have bounded norm. Hence, we can take v; to be
a vertex maximizing (wy,-) and v € P(A N C(wy,5¢)) be any vertex on the shadow
path from wy to wy.

Again by Lemma 3.3.10, assuming E,,, ., every a € A such that (a,v) =1
satisfies a € C(w», (2 +2/n)¢e), meaning that v,v; € P(A) as well.

Now Lemma 3.3.2 implies that if E,,, ,,, then any vertex of P(A N C(w2, 5¢) on
its shadow path from w; to w, is a shadow vertex of P(A) on the shadow path from
w1 to wy. Hence the shadow path on P(A) from w; to wy is a (w1, wp)-local random
variable.

The upper bound follows because every vertex on the shadow path is visited at most
once and, assuming E,, ., almost surely every vertex on the shadow path is induced
by n constraints out of A N C (w3, (2 +2/n)e). The total number of subsets of size n
of AN C(wsy, (2+2/n)e) is at most |[A N C(wa, (2+2/n)e)|" < (45¢2" log(1/p))"

by Ev, -
To extend the conclusion to the case when 2e/n < ||w; — ws|| < &, pick w; =
V1,V2,..., V41 = wp evenly spaced on the shortest geodesic segment connecting

w1 and wjp. For every k € [2n], by Lemma 3.3.12 the shadow path from vj to
Vsl satisfies ||[vi — vie1 |l € 2€/n and is thus a (v, vi41)-local random variable and
E\, v.,, implies that this shadow path has length at most (45¢2" log(1/p))" when
Ev v -

Now observe that the shadow path from w; to w; is obtained by concatenating
the shadow paths from vy to vy, for k € [n]. Since E,,, , implies E,, ,, ., for
every k € [2n], each of the shadow paths from vy to v, is a (w1, wp)-local random
variable. Hence the shadow path from w; to w; is a (w1, wy)-local random variable

and has length at most 2n(45¢2" log(1/p))". O

Lemma 3.3.14. Let 0 < p < m™" and let ¢ = e(m,n,p) < 1/76 be as in

Lemma 3.2.6 and let k > 21 /e be the smallest number divisible by 76. Let W C R"
be a fixed 2D linear subspace and let wy, ..., Wi, Wrs1 =w1 € WN S pe equally
spaced around the circle. Assume for everyi € [k] that K; > 0 is a (w;, wiyp)-local
random variable and there exists U < m" such that K; < U whenever E,,, ,,,,.

Furthermore assume that E[ZZF:I Ki] < O(nzmﬁ). Then

|

> K -5 3 Kl

th] <4p
i€k] i€[k]

for 1, = max (\/O(Unzmnll log(1/p)), O(Ulog(l/p))).
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Proof. Let F denote the event that E,, ,, holds for every vi,vy € sr1 By
Lemma 3.2.6 we have Pr[F] > 1 —2p.

Our first observation is that Pr[ 2% | K; = % | K;1[E;]] > Pr[F] > 1-p. Since
both sums only take values in the interval [0, km”], it follows that

k k
’IE[Z K]-E[> K,-]l[El-]]‘ < 2km"p < 1.
i=1 i=1

From the above statements we deduce that

k

> Ki-E

i=1

k

2K

i=1

Pr > 1p

k

> Ki-E

i=1

<Pr

< Pr[F] +Pr|F A

>tp—1]

k
F A > Kil[E]

i=1

<2p+Pr D VK/1[E] -E

i=1

>tp—1]

k

> Kil[E]]-E

i=1

k

> Kil[E]

i=1

<2p+Pr

>tp—1}

In the above, recall that F¢ denotes the complement of F. We will now upper bound
the last term.

For j € [76] define I; = {i € [k] | i = j mod 76}, forming a partition
Iy U---U Iy = [k]. Observe that wy, ..., wg are placed on a unit circle and every
[wi, wis1] is an edge of conv(wy, ..., wy), hence X;cfx] lwi — wistll < 27, Since
k > 2n/e that gives us ||w; — wis1]| < € forevery i € [k]. Next, from & < 1/76 we
know that k < 27/e +76 < 8/e. Since k > 4 we have 3;c[x] [lw; — wis1|| > 4 and
hence ||w; — wit1|| = 4/k > &/2 for every i € [k]. Last, we use that ||w; — wiy76]| <
27;7!5 lw; —wsll < 76e < 1 to deduce

i+75 76
lwi = wivzell = - DU lwk = i |l > — €/2> 12¢.
=i

This lets us conclude that if i,i” € I; are distinct then [[w; —w || > 12¢&. In particular,
for any j € [76] the random variables K;1[E;] for i € I; are mutually independent

since they are functions of A intersected with disjoints subsets of S"~! due to being
local random variables.
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For any i € [k], the random variable K;1[E;] € [0, U] has variance at most
1

E(K1[E)] - U < 207

U
B k

by Lemma 3.2.9.
We apply Lemma 3.2.8 to the random variables K;1[E;] for i € [k] and obtain

k k
Pr| D KA[E]-E | D KA[E]|| > 1) - 1]
i=1 i=1
—8(t, — 1)?
< 2exp ( pl ) .
1900(UO (n2m==T1) + (t, — 1)U)

By filling in #),, we find that the right-hand side of the above inequality is at most 2p.
Putting the bounds together we get our desired inequality

Pr| 3 KizE[ 3 K] +e| <4p. o

i€[k] i€[k]

3.3.3 Concentration of the shadow size around its mean

To illustrate the use of the above technical result, we show in this subsection that
3
|S(P(A), W)| is concentrated around its mean when m > 290%). 1
Recall that by Theorem 3.3.3 we have E[|S(P(A), W)|] = @(n*m#T).

Theorem 3.3.4 (Shadow Size Concentration). Let e T8y 76V <p< m=" and let

tp := max (\/O(Unzmnll log(l/p)),O(UIOg(l/p)))

Jor U := 0(n2n2(10g(1/P))n). If A ~ Pois(S"~!, m) then the shadow size satisfies
Pr [[|S(PA). )| ~ ENIS(P(A). W) > 1] < 4p.

1
76n-1"

Proof. From Corollary 3.2.7, we know that "~ <
on p implies that e(m, n, p) < 1/76.
Letwy,...,wy be as in Lemma 3.3.14 and let K; denote the number of edges on
the shadow path from w; to w;,;. By Lemma 3.3.13, each K; is a (w;, w;41)-local
random variable which satisfies K; < 2n(45e2"log(1/p))" when E\,, y,,,-
By Theorem 3.3.3 we get X;c(x] K; = |S(P(A), W)| almost surely, hence we have

E[Xiex) Ki] < O(nzmﬁ). We apply Lemma 3.3.14 to 3;¢[x] K; to conclude

Pr [’|S(P(A), W)| - E[|S(P(A), W)|]| > 1] =Pr [’ Sk -E[ ) Ki]
ielk] ie(k]

As such, the lower bound

> 1] < 4p.

O



3.3. Shadow size and upper bounding the diameter 101

3.3.4 Upper bound on the diameter

In this section we prove our high probability upper bound on diam(P(A)). We start
by proving that for fixed W the vertices in S(P(A), W) are connected by short paths,
where we aim for an error term smaller than that of Theorem 3.3.4. We require the
following abstract diameter bound from [77]. We will only need the Barnette—Larman
style bound.

Theorem 3.3.15. Let G = (V, E) be a connected graph, where the vertices V of G

are subsets of [ k] of cardinality n and the edges E of G are such that for eachu,v € V

there exists a path connecting u and v whose intermediate vertices all contain u N v.
Then the following upper bounds on the diameter of G hold:

2"~ k-1 (Barnette—Larman), k'oen 1 (Kalai-Kleitman).

To confirm that the above theorem indeed gives variants of the Barnette—Larman
and Kalai—Kleitman bounds, let A = {ay, ...,a;,} C S™ ! be in general position. For
avertex x € P(A), we denote Ay = {a € A : {(a,x) = 1}. Consider the following sets

V ={A, : xis avertex of P(A)},
E ={{Ax,Ay} : [x,y] is an edge of P(A)}.

The graph G = (V, E) almost surely satisfies the assumptions of Theorem 3.3.15
which therefore shows that the combinatorial diameter of P(A) is less than min(2"~! -
M — 1, M'*°e" _ 1) Up to a constant factor difference, these bounds correspond to
the same bounds described in the introduction. Instead of applying the bound to the
full graph however, we will use it to bound the length of local paths.

Lemma 3.3.16. Let wi, w, € S"! satisfy ||w — wa|| < &, where £ = g(m,n, p) is
as in Lemma 3.2.6. Furthermore, let K denote the maximum over allw € [wy, wz] of
the length of the shortest path from a maximizer v,, € P(A) of (w, -) to the maximizer
of {wa, ) of which every vertex v € P(A) on the path satisfies (w2,v) > (W2, V).
Then K is a (w1, w2)-local random variable and E.,, ., implies that K is at most
45en4™ log(1/p).

Proof. We start by assuming ||w;—ws|| < 2¢/n. Letw € [wy,wy] andletv,, € P(A)
be a vertex maximizing (w, -). By Lemma 3.3.10, assuming E,,, ,,,, for every vertex
v € P(A) satisfying (wp,v) > (wj,v,,) and every a € A such that {(a,v) > 1 we
have a € AN C(wj, (2+2/n)e).

First, this implies that if E\, ,, and if v € R” is satisfies (wa,v) > (w2, vy)
then we need only inspect A N C(w», (2 +2/n)e) to decide if v is a vertex of P(A).
From this we conclude that if E,,, ,, then the shortest path described in the lemma
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statement can be computed knowing only A N C(w3, (2 +2/n)e). This implies that
the path length is a (w, wp)-local random variable.
Second, assuming E,,, ,, we consider the sets

V ={v € P(A) : visavertex and (wa,v) > (wa,v1)},

— ~ 2
A ={a € A : there exist v € V such that {a,v) = 1} QAﬂC(wz, (2+—)8).
n

The last inclusion follows directly from Lemma 3.3.10.
Recall the notation A, = {a € A : {(a,v) = 1} for vertices v € P(A). We will
apply Theorem 3.3.15 to the graph

V={A,:veV}=V,
E={{A, ,A,}:vi,n € v, [vi,v2] is an edge of P(A)}.

We need to check that the assumptions of Theorem 3.3.15 are met. First we note that
almost surely P(A) is a simple polytope and thus the vertices of the graph (V, E)
are subsets of A of cardinality n. Consider two vertices A, = {a;,,...,a;,}, Ay =
{air,...,ay} € V. Observe that the set

F={xeP(A):{(x,a)=1Yae A, NA}

is the minimum face of P(A) containing both v and v’. We can build paths vo =
V,V1,. . vpand v = v/, v, L.y, satisfying the following monotonicity properties

(w2, v) = (w2, vp) < (w2, v) < -+ < (wa,vg) = argmax{{wy,x) : x € F},

(Wa, V') = (wa,vg) < (wa,v]) < -+ < (wp,vy,) = argmax{{wz,x) : x € F}.

Moreover one can assume that v = v;, by potentially completing the paths moving
along the edges of argmax{{(w,,x) : x € F} (in the case this face contains more
than one vertex). By construction all vertices v; and v belong to V. Stitching the
two paths and adopting the dual point of view we found a path A, = A,,..., A, =
AVL/’ . Avé = A, whose vertices contain the intersection A, N A,.

We can thus apply Theorem 3.3.15 and conclude that there is a path in the graph
(V,E) from A,, to A,, of length at most 2"~ - |A N C(wy, (2 +2/n)&)|. It follows
that K < 2"°'.|A N C(wa, (2+2/n)e)].

To extend the conclusion to the case when 2&/n < ||lw; — wa|| £ &, we do the
same as in the proof of Lemma 3.3.13. |

Theorem 3.3.17. Let 0 < p < m™>" and let

t, = max (\/O(Unzmnll log(1/p)), 0(Ulog(1/p))
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for U = O(nd"log(1/p)). If W C R" is a fixed 2D linear subspace and A ~
Pois(S"~!, m), the largest distance T between any two shadow vertices satisfies

Pr[T > O(n*miT) +1,] < 4p

Proof. Letwy,...,w beasinLemma 3.3.14 and let K; denote the maximum over all
w € [w;, wis1] of the length of the shortest path from a shadow vertex v,, maximizing
(w, -) to a vertex maximizing (w;,1, ) such that every vertex v on this path satisfies
Wit1, V) 2 (Wisl, V).

From Lemma 3.3.16 we know that K; is a (w;, w;;1)-local random variable and
K; < 45en4™log(1/p) whenever E,,, ..,

Now recall Theorem 3.3.3. Observe that T < ;¢4 K; almost surely by con-
catenating the above-mentioned paths, and note that 3;¢x] K; < S(P(A), W) holds
almost surely, which implies E[>;¢[x) K;] = O(nzmﬁ). We apply Lemma 3.3.14
to Xie(x] K;i and get the desired result. O

Theorem 3.3.5 (Diameter Upper Bound). Let o TRV < p<m IfA =
{ay,...,ap} € S™', where M is Poisson with E[M] = m, and ay,...,ay are
uniformly and independently distributed in S"~'. Then, we have that

Pr[diam(P(A)) > O(n?maT +nd" log(1/p)?)] < O(VP).

1
76n-1"

Proof. From Corollary 3.2.7, we know that "~ <
on p implies that e(m, n, p) < 1/76.
Let N C S""! be a fixed minimal &-net. Consider the following statements:

As such, the lower bound

» For every n € N, any two vertices in S(P(A), span(e!,n)) are connected by a
path of length at most O(nzmﬁ) +t, where ¢ is defined in Theorem 3.3.17.

* Ais g-dense.
* For any x € S"~! we have |[A N C(x, (2+2/n)e)| < 45¢2" log(1/p).

For givenn € N, the first event holds with probability at least 1 -4 p by Theorem 3.3.17.
The net N has |[N| < (4/&)" points, which is at most 4" - m by Corollary 3.2.7. By the
union bound the first statement holds for all » € N simultaneously with probability
at least 1 — 4/p. From Lemma 3.2.6 we know that the second statement holds with
probability at least 1 — p and the third statement holds with probability at least 1 — p.
We conclude that all three statements hold simultaneously with probability at least
1 -0(+/p).

We will show that the above conditions imply the bound on the combinatorial
diameter of P(A).
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Observe that we only need to show an upper bound for all w € S"~! on the length
of a path connecting any vertex maximizing (w, -) to a vertex maximizing (e, -). The
combinatorial diameter of P(A) is at most twice that upper bound.

Let w € S" ! and pick n € N such that ||w — n|| < £. By the first statement, there
is a path from the vertex maximizing (n, -) to the vertex maximizing (e', -) of length
O(n’m =y ) +1.

By the second two statements, E\, v, is satisfied for every wy,wy € S"71. We
conclude from Lemma 3.3.16 that there is a path from any vertex maximizing (w, -)
to the vertex maximizing (n, -) of length 45en4" log(1/p).

Therefore, when all three statements hold the combinatorial diameter of P(A) is
at most O(nzmﬁ) +1t, +45en4" log(1/p) Now we fill in ¢, and obtain an upper
bound of

O(nzmﬁ +nd"log(1/p)?). |

3.4 Lower Bounding the Diameter

To begin, we first reduce to lower bounding the diameter of the polar polytope P°,
corresponding to a convex hull of m uniform points on S"~!, via the following simple
lemma.

Lemma 3.4.1 (Diameter Relation). For n > 2, let P C R" be a simple bounded
polytope containing the origin in its interior and denote its (simplicial) polar polytope
byQ =P°:={x e R": {x,y) < 1,Vy € P}. Then, diam(P) > (n—1)(diam(Q) —2).

We then associate any “antipodal” path to a continuous curve on the sphere
corresponding to objectives maximized by vertices along the path. From here, we
decompose any such curve into Q(mﬁ) segments whose endpoints are at distance
O(m~"("=1y on the sphere. Finally, we apply a suitable union bound, to show that
for any such curve, an Q(1) fraction of the segments induce at least 1 edge on the
corresponding path.

Theorem 3.4.2 (Lower Bound for Q(A)). There exist positive constants ¢y < 1
and c3 > 1 independent of n > 3 and m such that the following holds. Let A =
{ay,...,apm} € S"\, where M is Poisson with E[M] = m, and ay,...,ay are
uniformly and independently distributed in S"~'. Then, with probability at least

—enlpt/(n=1) . R . -
1—e 5 ™" the combinatorial diameter of Q(A) is at least com/ (=1,
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3.4.1 Relating the diameter of Q(A) and P(A)

Proof of Lemma 3.4.1. If diam(Q) < 1, the statement is trivial, so we may assume
that diam(Q) > 2. Let aj,a> € Q be vertices of Q at distance diam(Q) > 2. Since
P is bounded, note that 0 is in the interior of Q and hence a,ar # 0. We must show
that there exists a path from a; to a; of length L > 2 such diam(P) > (n—1)(L —2).

Let F; := {x € P : {a;,x) = 1}, i € [2], the corresponding facets of P. Pick
the two vertices v| € F|, vo € F> whose distance in P is minimized. Let v :=
wo,...,Wp = vy be a shortest path from v; to v, in P. Here wy,...,wp are
all vertices of P, and [w;,w;+1], 0 < i < D — 1, are edges of P. By definition,
D < diam(P).

To complete the proof, we will extract a walk from a; to a, in Q from the path
wo,...,wp of lengthatmost D/(n— 1) +2. Let Q; := Q0 N{x e R" : {x,w;) =1},
0 < i < D, denote the facet of Q induced by w;. By our assumption that P is
simple, each Q;, i € [D], is a (n — 1)-dimensional simplex, and hence there exists
S; C vertices(Q), |Si| = n, such that Q; := conv(a : a € S;). In particular, the
combinatorial diameter of each Q;, 0 < i < D, is 1. That is, every distinct pair of
vertices of Q; induces an edge of Q;, and hence an edge of Q.

By the above discussion, note that if aj,a, € Sp, then ay, a, are adjacent in
0. Since we assume that the distance between ai,a; is at least 2, we conclude
that a, ¢ So, and hence that D > 1. Furthermore, since we assume that v, v, are at
minimum distance in P subjectto v, € Fy, v, € F,, we conclude thata; € SO\U,D:ISJ-

and ap € St \ UJD: 61 S, since otherwise we could shortcut the path.
We now define a walk a; = ug,...,ur, = ap, for some L > 2, from a; to
ap in Q as follows. Letting /o = 0 and Spy; := 0, for i > 1 inductively define

l; = max{j > [;_ : N/ 1S’ #0}andlet L =min{i > 1:1; = D}+ 1. For

r:l,~_
1 <i < L-1,choose u; from ﬂlr":l._lSr arbitrarily. To relate the length of the walk

to D, we will need the following claim.

Claim 3.4.3. For any interval I C {0,...,D}, | N\ Si| =n—|I| + 1.
iel

Proof. First note that |[S; N S| =n—-1=|S;j|-1forall0 < j < D -1, since P
is simple and §; N S}, indexes the tight constraints of an edge of P. In particular,
[Si\S;+11 =1,0 < j < D-1. Thus, foraninterval I = {c,c+1,...,d} € {0,...,D},
we see that | NL_ S;| > | NEL S| = |Sa-1 \ Sal = 1N Si =1 > [Se|—(d-¢) =
n+1-|I|. O

Applying the claim to the interval 7 = {l;_y,...,; + 1}, 1 <i < L -1, we see
that
ﬂli+1 S — 0

r=li 7
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implies that either /; = D or that |I| > n+ 1 & [; —[;_; > n— 1. In particular,
li-liy>n—-1forO<i<L-2andl; 1-1l; > 1(sincel;_1=Dandl; » < D).

Let us now verify that a; = ug, uy,...,ur = ap induces a walk in Q. Here, we
must check that [u;, u;41],0 < i < L—1,1is an edge of Q. By construction u;, u;4 are
both vertices of the simplex Q;,. Furthermore, u; # u;.1, since either u; = a; # uiy
Or Ujr] = az # u; of ujy; € Sp41 and u; € Sy;41. Thus, [u;, ;4] is indeed an edge
of Q; and thus of Q, as explained previously. Note by our assumption that a; and a»,
we indeed have 2 < diam(Q) < L.

We can now compare the diameters of P and Q as follows:
L-1
diam(P) > D =1l —lo= > (li = li-1)
i=1

-2
(n=1)=(n-1)(L-2) 2 (n-1)(diam(Q) - 2),

Mt“

>

1

1l
—

as needed. O

3.4.2 Lower Bounding the Diameter of Q(A)

For a discrete set N C §”~!, a point xo € N and a positive number £ > 0 we denote
by
Xy = Xi (N, x0, )
={xe N*:x # x;and 6 < ||x; —x;41]| < 8eforany 0 <i < j < k}
the set of all sequences of k distinct points in N with jumps of length between 6¢ and
8¢ (including an extra initial jump between xp and x).

Lemma 3.4.4. Let £ > 0. If N C S"! is a maximal -separated set, then
Xl < (177D

Proof. For any x € N we find an upper bound for the number of points y € N such
that 6 < ||x — y|| < 8&. Recall that C(x, r) denotes the closed spherical cap centered
at x with radius > 0. Since N is e-separated, for any different points y;, y, € N we
have

int(C(y1,&/2)) N C(yz,€/2) = 0.

Taking a union of spherical caps centered at all points inside the annulus, we obtain
a subset of the inflated annulus

C(x,17¢/2) \ int(C(x, 11g/2)).
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Since the caps C(y, &/2), y € N, have pairwise disjoint interiors, the volume of their
union is the sum of the volumes. Hence, the maximal number of points in the annulus
is bounded by

o(C(x,17¢/2)) — o (C(x,11&/2)) < o(C(x,17¢/2))
o (C(x,£/2)) T o(Cx,g/2)

Using Lemma 3.2.2 we have

(17/2)""!

eN: 6g < |x-y|| <8} < —— =17""1,
Iy e <=yl <8} < "
Thus, the overall number of paths in X} is bounded by
|Xi| < 175070, O

Lemma 3.4.5. Let f: [0,1] — S™ ' be a continuous function. Let € > 0 and
N C S™ ! be a minimal &-net, such that f(0) € N. There exist k € Ng, 0 <19 <t] <
o<t <landxg,...,xx €N such that

L |lf(t) —xill < eforanyi € {0,..., k},

2. If(t) —=xi|| = e foranyi € {0,...,k} and t > t;,
3. (x1,...,x%) € Xk (N, xp, &),
4 lxe = fF(DI < Te.

Proof. We build the desired couple of sequences (x;) and (¢;) by induction. We start
by taking xo = f(0) and

to =sup{r 2 0 |lf(r) = xoll < &}.

Note that with these choices, we have a couple of (very short) sequences for which
1-3 are fulfilled.

Assume that xg,...,x, and 0 < 79 < ... <ty < 1 are sequences for which 1-3
hold true.

If ||x, — f(1)|| < 7& then we may take k = £, and we are done.

Assume otherwise, and define

t" = min{t € [t,,1] : Axpsr € N with || f(#) = xe41]| < & and [lxge1 — xc|| > 6¢},

Since 4 is not fulfilled, the set is non-empty (it contains 1) and ¢’ is well defined. We
take x¢4 as it appears in the definition of #’. Set

tev1 = supf{t € [0, 1] : [ f (1) —xpsa ]l < €}
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By 2, foranyi < ¢
I1f (ter1) — xill > &,

hence x; # x¢+1. Combining this with the definition of 7., and x,.; we only need to
show that ||x; — x¢4+1|| < 8¢ in order to get that 0 < 1y < ... <ty < 741 < 1 and
X0y - o+ s XP+1 fulfill 1-3.

By the minimality of ¢/, for any s € (¢¢,t") we have ||x, — f(s)|| < 7&, otherwise
there would be x” € N such that ||[x" — f(s)| < e but ||x, — x’|| = 6¢&, hence t’ < s in
contradiction to the definition of s. Hence

e =xetll < llxe=FON+IF () = FEN+NF () =xenll < Te+[f () - f(@)] +&.

This holds for all s € (t¢,¢"). By continuity of f we may take s " ¢’ and have
lf(s) = £ — 0. Thus [lx¢ — xe ]| < 8e.

Since N is finite and the points xo, . . ., x, are distinct the process must end after
at most after |N| steps. |

Lemma 3.4.6. Let A C S™! be a finite subset of the sphere. Let [ag,a1], [a1,az],

., lag—1,ar] be a path along the edges of Q(A). There exists a continuous function
£:00,1] > 8" v and 0 =59 < 51 < -+ < s¢01 = 1 such that £(0) = ag, f(1) = ag,
and foranyi € {0,1,...,¢} and any t € [s;, Si+1],

a; € argmin, 4 (|[f(7) — all).

Proof. First we consider the case where the path consist of a single edge, i.e. £ = 1.
Consider a point x € $"~! and a real » > 0 such that the cap C(x, ) contains ao and
a on its boundary and no point of A in its interior. A possible choice is given by the
circumscribed cap of any facet of Q (A) which contains [ag, a1] as an edge. Now we
set f such that it interpolates ag, x and a; by two geodesic segments,

Fiy= L0 . {(1—2t)a0+2tx, te0,1],

17Ol FO =10 25 + 21 - Dy, re (il

By construction, for any ¢ € [0, %] (resp. t € [%, 1]), the cap C(f(2), ||f(¢) — aoll)
(resp. C(f (), || f(¢) —ail])) is a subset of C(x, r). Thus it contains ag (resp. a1) on
its boundary and no point of A in its interior. This implies that f(0) = ag, f(1) = ay,
and

1

ao € argming 4 ([lf () = al)). €0, 7],

. 1
ay € argming , ([lf () —al)), €[, 1].
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This yields the proof in the case £ = 1 (withsg =0 < 51 = % < 5141 = 1). The general
case follows by concatenating and renormalizing the functions corresponding to each
edge. O

Lemma 3.4.7. Let A C S"! be a finite subset of the sphere, containing two points
ay,a— € A such that ||lay —a—|| > 1. Let € > 0 and N be a minimal &-net, such that
ay € N. Set xog = ay and kg = [1/8€] — 1. It holds that

diam(Q(A)) > gi}g >V 1[C(xi,€/2)NA # 0]1[C(xir1,8/2) NA # 0].

xEXk(]_V,xo,s) 0<i<k-1

Proof. The diameter of Q(A) is at least the combinatorial distance between a, and
a_, i.e., the minimal number of edges required to form a path between these two
vertices. Note that this minimum is realized for a path without loops. Let [ag, a1],
[a1,az], ..., [as-1,ar] be such a path. Here we denote ag = a, = xp and as = a_.

Consider a function f and a sequence 0 = sg < 51 < -+ < Spy; = 1 as in
Lemma 3.4.6, and consider k € Ny, 0 <ty <t <---<tr <landxg,...,xx €N
as in Lemma 3.4.5. We set j(0) < j(1) < --- < j(k) such that t; € [s;;),5@i)+1]-
In particular, with this notation set up we have

|xi = xi41]] = 6€, i€f{0,....,k—1}, (3.4)
I = £l = minla = &)l [ {0k}, (3.5)

and
l|x; = f ()] < &, i€{0,...,k}. (3.6)

From (3.6) we get C(f(#;),3¢/2) D C(x;,&/2). Hence, if C(x;,e/2) N A # 0,
we have that [|a;;) — f(#;)]| < 3&/2 because of (3.5). Therefore if, for some
i €{0,...,k— 1}, both caps C(x;, £/2) and C(x;41, €/2) contain points of A, then

”aj(i) - aj(i+1)|| 2 |l = xptll = Ml = @I =11 f(8) = aj(i)”
—lajisry = fi)I = 1 f Eir1) = xizal
>6c—ec-3¢/2-3¢/2—-e=¢>0

and we get a(;+1) # a;(;) which implies that j(i) < j(i’) for any i" > i. This shows
that if

i,i'’elI={i:C(x;,e/2)NA#0and C(x;y1,6/2)NA#0} C{0,1,...,k—1},
with i # i’, then a ;) and a ;) are distinct vertices of the path. Therefore

(21l= >, 1[C(xi,e/2)NA#0IL[Cxi1,£/2) N A #0].
0<i<k-1
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Also, we note that from

las —a-|l < llar =xoll + 27 [lxi = xi-1ll + llxx — a-||
1<i<k

<e+kx8ec+T7e=8(k+1)e
we have k > kg, and therefore
(xo,...,xk) € UkzkoXk(N,xO,S). [m|

Theorem 3.4.2 (Lower Bound for Q(A)). There exist positive constants ¢y < 1
and c3 > 1 independent of n > 3 and m such that the following holds. Let A =
{ai,...,ap} € S"™\, where M is Poisson with E[M] = m, and ay,...,ay are
uniformly and independently distributed in S"'. Then, with probability at least

_Cgt—lml/(n—l)

1-e , the combinatorial diameter of Q(A) is at least com'/ ("=,

Proof. Without loss of generality m > (1/c;)""! since otherwise the statement of
the theorem is trivial.

In this proof the constants 1 < ¢3 < ¢4 < ¢5 < ¢6 < ¢, I are large enough
constants, independent from » and m.

We set € = cem™ /"D and want to apply Lemma 3.4.7. Let N be an e-net,
obtained from a maximal e-separated set, such that it contains a point a, from the
set A. For independence properties needed later we take a, randomly and uniformly
from the set A. With probability 1 — ¢™/? we have that A intersects the halfsphere
{u € "' : (ay,u) < 0}. In which case there exists a point a_ € A such that
llas —a_|| > V2 > 1. Therefore we can apply Lemma 3.4.7 with xo = a,.. Combined
with the union bound, we get

Pr (diam(Q(A)) < szl/("_l)) <e™?+ > Pr| > Bi<em'/V,
k>ko 0<i<k-1
xeXi (N ,x0,&)

where
ko=T1/881+1 > 1/8¢ = m" "™ /8¢,

and the summands in the probability are Bernoulli random variables
Bi =1[C(x;,e/2) N A # 0]1[C(xj4+1,€/2) N A # 0].
For 1 <i < k — 1, they are identically distributed, with failure probability

Pr(B; =0) < 2Pr(C(x;,&/2) N A =0) =2exp (—mo (C(x;,€/2)))

<2exp (—m (8/4)”_1) =2exp (— (1—6)”_1) =1-p.
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In the above, note that we used Lemma 3.2.2 to lower bound the volume of the cap
o(C(x;,&/2)) > (/4)" o (C(x;,2)). Since N forms a maximal e-separated set and
the x; are distinct, the caps C(x;, £/2) are disjoint and therefore the random variables
Bi, B3, Bs, ... are independent. Next we exploit this independence. Let k > kg, and
set K = | k/2]. Note that K > 1/16e = m'/ ("1 /16¢c4. Assuming that ¢, < 1/32cs,
we have

Pr Z B; < com'/D

0<i<k-1

K K\ . i
SPr(lSlZS:KBzi_l < E) ZISiSZL;(/zJ(i)pl(l—P) i
Now we bound p by 1, (1 — p) X~ by (1 — p)K/2and 3 (If) by 2%, which provides
us the bound

Pr( > Bi<com MV < 2(1-p)tHK
0<i<k-1

= (e(_%(cf)n_u%an))K < (e(_cg,_l))K‘

Thus, with the bound |X¢| < (1771)* from Lemma 3.4.4, and the fact that K > k/2,
we get

k
Pr (diam(Q(A)) < sz—l/(n—l)) <e M2y Z (e(—%(cs)"*1+(n—1)1n17))
k>ko

<Py 3 (e
k>ko
e koci™!

= e_m/2 + .

1 = e(c)®
(n-1) .4

- 8cq Cr

_ e
<e ™24 —

1—e

S e_cgklml/(nfl) .
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Chapter 4

A Scaling-Invariant Algorithm for Linear Programming
whose Running Time Depends Only on the
Constraint Matrix

Following the breakthrough work of Tardos [183] in the bit-complexity model, Vavasis
and Ye [198] gave the first exact algorithm for linear programming in the real model of
computation with running time depending only on the constraint matrix. For solving
a linear program max c'x, Ax = b, x > 6, A € R™" Vavasis and Ye developed
a primal-dual interior point method using a ‘layered least squares’ (LLS) step, and
showed that O (n3- log( 4 + n)) iterations suffice to solve the LP exactly, where i
is a condition measure controlling the size of solutions to linear systems related to A.

Monteiro and Tsuchiya [146], noting that the central path is invariant under
rescalings of the columns of A and ¢, asked whether there exists an LP algorithm
depending instead on the measure y’;, defined as the minimum y 4p value achievable
by a column rescaling AD of A, and gave strong evidence that this should be the case.
We resolve this open question affirmatively.

Our first main contribution is an O (m?n® + n®) time algorithm which works on
the linear matroid of A to compute a nearly optimal diagonal rescaling D satisfying
Xap < n( )22)3. This algorithm also allows us to approximate the value of 4 up
to a factor n( )22)2. This result is in (surprising) contrast to that of Tungel [188],
who showed NP-hardness for approximating i, to within 2POY(rank(4)) = The key
insight for our algorithm is to work with ratios g;/g; of circuits of A — i.e., minimal
linear dependencies Ag = 0 — which allow us to approximate the value of y7 by
a maximum geometric mean cycle computation in what we call the ‘circuit ratio
digraph’ of A.

While this resolves Monteiro and Tsuchiya’s question by appropriate preprocess-
ing, it falls short of providing either a truly scaling invariant algorithm or an improve-
ment upon the base LLS analysis. In this vein, as our second main contribution we
develop a scaling invariant LLS algorithm, which uses and dynamically maintains
improving estimates of the circuit ratio digraph, together with a refined potential
function based analysis for LLS algorithms in general. With this analysis, we derive

This chapter is based on [52], a joint work with Daniel Dadush, Bento Natura, and Laszlé A Végh.
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an improved O (n* log n log( X4 +n)) iteration bound for optimally solving the LP
using our algorithm. The same argument also yields a factor n/log n improvement
on the iteration complexity bound of the original Vavasis-Ye algorithm.

4.1 Introduction

The linear programming problem in primal-dual form is to solve

min ¢'x max y'b
Ax=b Aly+s=c 4.1)
X2 6, s > 6,

where A € R rank(A) = m < n, b € R™, ¢ € R" are given in the input, and
x,s € R", y € R™ are the variables. We consider the program in x to be the primal
problem and the program in (y, s) to be the dual problem.

Khachiyan [122] used the ellipsoid method to give the first polynomial time LP
algorithm in the bit-complexity model, that is, polynomial in the bit description length
of (A, b, c). An outstanding open question is the existence of a strongly polynomial
algorithm for LP, listed by Smale as one of the most prominent mathematical chal-
lenges for the 21st century [174]. Such an algorithm amounts to solving LP using
poly(n, m) basic arithmetic operations in the real model of computation.! Known
strongly polynomially solvable LP problems classes include: feasibility for two vari-
able per inequality systems [139], the minimum-cost circulation problem [182], the
maximum generalized flow problem [155, 199], and discounted Markov decision
problems [203, 205].

Towards this goal, the principal line of attack has been to develop LP algorithms
whose running time is bounded in terms of natural condition measures. Such con-
dition measures attempt to finely measure the “intrinsic complexity” of the LP. An
important line of work in this area has been to parametrize LPs by the “niceness”
of their solutions (e.g. the depth of the most interior point), where relevant exam-
ples include the Goffin measure [91] for conic systems and Renegar’s distance to
ill-posedness for general LPs [161, 162], and bounded ratios between the nonzero
entries in basic feasible solutions [43, 123].

Parametrizing by the constraint matrix A second line of research, and the main
focus of this chapter, focuses on the complexity of the constraint matrix A. The first

In the bit-complexity model, a further requirement is that the algorithm must be in PSPACE.
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breakthrough in this area was given by Tardos [183], who showed that if A has integer
entries and all square submatrices of A have determinant at most A in absolute value,
then (4.1) can be solved in poly(n, m,log A) arithmetic operations, independent of
the encoding length of the vectors b and c. This is achieved by finding the exact
solutions to O (nm) rounded LPs derived from the original LP, with the right hand
side vector and cost function being integers of absolute value bounded in terms of
n and A. From m such rounded problem instances, one can infer, via proximity
results, that a constraint x; = 0 must be valid for every optimal solution. The process
continues by induction until the optimal primal face is identified.

Path-following methods and the Vavasis—Ye algorithm In a seminal work, Vava-
sis and Ye [198] introduced a new type of interior-point method that optimally solves
(4.1) within O (n* log( i + n)) iterations, where the condition number ¥4 controls
the size of solutions to certain linear systems related to the kernel of A (see Section 4.2
for the formal definition).

Before detailing the Vavasis—Ye (henceforth VY) algorithm, we recall the basics
of path following interior-point methods. If both the primal and dual problems in (4.1)
are strictly feasible, the central path for (4.1) is the curve ((x(u), y(u), s(w)) : g > 0)
defined by

x(u)is(u)i = p, Vi€ [n]
Ax(p) = b, x(u) > 0, (CP)

ATy(u) +s(p) = ¢, s(p) >0,

which converges to complementary optimal primal and dual solutions (x*, y*, s*)
as u — 0, recalling that the optimality gap at time y is exactly x(u)Ts(u) = npu.
We thus refer to u as the normalized duality gap. Methods that “follow the path”
generate iterates that stay in a certain neighborhood around it while trying to achieve
rapid multiplicative progress w.r.t. to u, where given (x, y, s) ‘close’ to the path, we
define the effective u as u(x,y,s) = X x;s;/n. Given a target parameter ¢’ and
starting point close to the path at parameter u, standard path following methods [100]
can compute a point at parameter below u’ in at most O (y/nlog(u/u’)) iterations,
and hence the quantity log(u/u’) can be usefully interpreted as the length of the
corresponding segment of the central path.

Crossover events and layered least squares steps At a very high level, Vavasis
and Ye show that the central path can be decomposed into at most (5) short but curved
segments, possibly joined by long (apriori unbounded) but very straight segments.
At the end of each curved segment, they show that a new ordering relation x; (¢) >
xj(u)—called a ‘crossover event’—is implicitly learned, where this relation did not
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hold at the start of the segment, but will hold at every point from the end of the
segment onwards. These ('2’) relations give a combinatorial way to measure progress
along the central path. In contrast to Tardos’s algorithm, where the main progress
is setting variables to zero explicitly, the variables participating in crossover events
cannot be identified, only their existence is shown.

At a technical level, the VY-algorithm is a variant of the Mizuno—Todd-Ye [145]
predictor-corrector method (MTY P-C). In predictor-corrector methods, corrector
steps bring an iterate closer to the path, i.e., improve centrality, and predictor steps
“shoot down” the path, i.e., reduce p without losing too much centrality. Vavasis
and Ye’s main algorithmic innovation was the introduction of a new predictor step,
called the ‘layered least squares’ (LLS) step, which crucially allowed them to cross
each aforementioned “straight” segment of the central path in a single step, recalling
that these straight segments may be arbitrarily long. To traverse the short and curved
segments of the path, the standard predictor step, known as affine scaling (AS), in
fact suffices.

To compute the LLS direction, the variables are decomposed into ‘layers’ J; UJ,U
...UJp, = [n]. The goal of such a decomposition is to eventually learn a refinement of
the optimal partition of the variables B* U N* = [n], where B* := {i € [n] : x] > 0}
and N* := {i € [n] : 57 > 0} for the limit optimal solution (x*, y*, s*).

The primal affine scaling direction can be equivalently described by solving
a weighted least squares problem in Ker(A), with respect to a weighting defined
according to the current iterate. The primal LLS direction is obtained by solving a
series of weighted least squares problems, starting with focusing only on the final layer
Jp. This solution is gradually extended to the higher layers (i.e., layers with lower
indices). The dual directions have analogous interpretations, with the solutions on
the layers obtained in the opposite direction, starting with Jj. If we use the two-level
layering J; = B*, J, = N*, and are sufficiently close to the limit (x*, y*, s*) of the
central path, then the LLS step reaches an exact optimal solution in a single step. We
note that standard AS steps generically never find an exact optimal solution, and thus
some form of “LLS rounding” in the final iteration is always necessary to achieve
finite termination with an exact optimal solution.

Of course, guessing B* and N* correctly is just as hard as solving (4.1). Still,
if we work with a “good” layerings, these will reveal new information about the
“optimal order” of the variables, where B* is placed on higher layers than N*. The
crossover events correspond to swapping two wrongly ordered variables into the
correct ordering. Namely, a variable i € B* and j € N* are currently ordered on the
same layer, or j is in a higher layer than i. After the crossover event, i will always be
placed on a higher layer than j.
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Computing good layerings and the y 4 condition measure Given the above discus-
sion, the obvious question is how to come up with “good” layerings? The philosophy
behind LLS can be stated as saying that if modifying a set of variables x; barely affects
the variables in x|,,]\; (recalling that movement is constrained to Ax € Ker(A)), then
one should optimize over x; without regard to the effect on x[,}\7; hence x; should
be placed on lower layers.

VY’s strategy for computing such layerings was to directly use the size of the
coordinates of the current iterate x (where (x, y, s) is a point near the central path).
In particular, assuming x; > x2 > ... > x,, the layering /; UJ, U ... UJ, = [n]
corresponds to consecutive intervals constructed in decreasing order of x; values. The
break between J; and J;;; occurs if the gap x, /x,+; > g, where r is the rightmost
element of J; and g > 0 is a threshold parameter. Thus, the expectation is that if
x; > gxj, then a small multiplicative change to x;, subject to moving in Ker(A),
should induce a small multiplicative change to x;. By proximity to the central path,
the dual ordering is reversed as mentioned above.

The threshold g for which this was justified in VY was a function of the ja
condition measure. We now provide a convenient definition, which immediately
yields this justification (see Proposition 4.2.4). Letting W = Ker(A) and 7; (W) =
{x; : x € W}, we define y4 := iw as the minimum number M > 1 such that for
any @ # I C [n] and z € 7wy (W), there exists y € W with y; = z and ||y|| < M]||z||.
Thus, a change of € in variables in / can be lifted to a change of at most js& in
variables in [n] \ I. Crucially, y is a “self-dual” quantity. That is, yw = yw-<,
where W+ = range(AT) is the movement subspace for the dual problem, justifying
the reversed layering for the dual (see Section 4.2 for more details).

The question of scale invariance and y’, While the VY layering procedure is
powerful, its properties are somewhat mismatched with those of the central path. In
particular, variable ordering information has no intrinsic meaning on the central path,
as the path itself is scaling invariant. Namely, the central path point (x(u), y(u), s(u))
w.r.t. the problem instance (A, b, ¢) is in bijective correspondence with the central
path point (D~'x(u), Dy(u), Ds(u))) w.r.t. the problem instance (AD, Dc, b) for
any positive diagonal matrix D. The standard path following algorithms are also
scaling invariant in this sense.

This lead Monteiro and Tsuchiya [146] to ask whether a scaling invariant LLS
algorithm exists. They noted that any such algorithm would then depend on the
potentially much smaller parameter

X = igf XAD » 4.2)

where the infimum is taken over the set of n X n positive diagonal matrices. Thus,
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Monteiro and Tsuchiya’s question can be rephrased as to whether there exists an exact
LP algorithm with running time poly(n, m, log ).

Substantial progress on this question was made in the followup works [129, 147].
The paper [147] showed that the number of iterations of the MTY predictor-corrector
algorithm [145] can get from uy > 0 to n > 0 on the central path in

0 (n3'5 log iy + min{n* loglog(u°/n), log(uo/n)})

iterations. This is attained by showing that the standard AS steps are reasonably
close to the LLS steps. This proximity can be used to show that the AS steps can
traverse the “curved” parts of the central path in the same iteration complexity bound
as the VY algorithm. Moreover, on the “straight” parts of the path, the rate of
progress amplifies geometrically, thus attaining a log log convergence on these parts.
Subsequently, [129] developed an affine invariant trust region step, which traverses
the full path in O (- log( X, +n)) iterations. However, the running time of each
iteration is weakly polynomial in b and c. The question of developing an LP algorithm
with complexity bound poly(#n, m, log x7,) thus remained open.

A related open problem to the above is whether it is possible to compute a near-
optimal rescaling D for program (4.2)? This would give an alternate pathway to the
desired LP algorithm by simply preprocessing the matrix A. The related question of
approximating j'4 was already studied by Tuncel [188], who showed NP-hardness for
approximating i 4 to within a 2P (rank(4)) factor, Taken at face value, this may seem
to suggest that approximating the rescaling D should be hard.

A further open question is whether Vavasis and Ye’s cross-over analysis can
be improved. Ye in [204] showed that the iteration complexity can be reduced to
O(n*3log(ia + n)) for feasibility problems and further to O (n! log(jra + n)) for
homogeneous systems, though the O(n3-log(j + n)) bound for optimization has
not been improved since [198].

4.1.1 Our contributions

In this work, we resolve all of the above questions in the affirmative. We detail our
contributions below.

1. Finding an approximately optimal rescaling. As our first contribution, we give
an O(m?n® + n’) time algorithm that works on the linear matroid of A to compute
a diagonal rescaling matrix D which achieves yap < n( /\?2)3, given any m X n
matrix A. Furthermore, this same algorithm allows us to approximate j 4 to within
a factor n( )21*4)2. The algorithm bypasses Tungel’s hardness result by allowing the
approximation factor to depend on A itself, namely on y’,. This gives a simple first

answer to Monteiro and Tsuchiya’s question: by applying the Vavasis-Ye algorithm
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directly on the preprocessed A matrix, we may solve any LP with constraint matrix
A using O (1 log( X, +n)) iterations. Note that the approximation factor n( )22)2
increases the runtime only by a constant factor.

To achieve this result, we work with the circuits of A, where a circuit C C [n]
corresponds to an inclusion-wise minimal set of linearly dependent columns. With
each circuit, we can associate a vector g€ € Ker(A) with supp(g€) = C that is unique
up to scaling. By the ‘circuit ratio’ k;; associated with the pair of nodes (i, j), we
mean the largest ratio | gf / gicl taken over every circuit C of A such thati, j € C. As
our first observation, we show that the maximum of all circuit ratios, which we call the
‘circuit imbalance measure’, in fact characterizes y 4 up to a factor n. This measure
was first studied by Vavasis [197], who showed that it lower bounds y 4, though, as far
as we are aware, our upper bound is new. The circuit ratios of each pair (i, j) induce
a weighted directed graph we call the ‘circuit ratio digraph’ of A. From here, our
main result is that i, is up to a factor n equal to the maximum geometric mean cycle
in the circuit ratio digraph. Our algorithm populates the circuit ratio digraph with
approximations of the «;; ratios for each 7, j € [n] using standard techniques from
matroid theory, and then computes a rescaling by solving the dual of the maximum
geometric mean ratio cycle on the ‘approximate circuit ratio digraph’.

2. Scaling invariant LLS algorithm. While the above yields an LP algorithm
with poly(n, m,log ;) running time, it does not satisfactorily address Monteiro
and Tsuchiya’s question for a scaling invariant algorithm. As our second contribution,
we use the circuit ratio digraph directly to give a natural scaling invariant LLS layering
algorithm together with a scaling invariant crossover analysis.

At a conceptual level, we show that the circuit ratios give a scale invariant way
to measure whether ‘x; > x;” and enable a natural layering algorithm. Assume for
now that the circuit imbalance value «;; is known for every pair (7, j). Given the
circuit ratio graph induced by the «;;’s and given a primal point x near the path, our
layering algorithm can be described as follows. We first rescale the variables so that x
becomes the all ones vector, which rescales «;; to k;;x; /x ;. We then restrict the graph
to its edges of length «;;x;/x; > 1/poly(n)—the long edges of the (rescaled) circuit
ratio graph—and let the layering J; U J, U ... U J, be a topological ordering of its
strongly connected components (SCC) with edges going from left to right. Intuitively,
variables that “affect each other” should be in the same layer, which motivates the
SCC definition.

We note that our layering algorithm does not in fact have access to the true circuit
ratios k;;, as these are NP-hard to compute. Getting a good enough initial estimate
for our purposes however is easy: we let &;; be the ratio corresponding to an arbitrary
circuit containing i and j. This already turns out to be within a factor ( )22)2 from the
true value «;;, which we recall is the maximum over all such circuits. Our layering



120 4. A Scaling-Invariant Algorithm for Linear Programming

algorithm in fact learns better circuit ratio estimates if the “lifting costs” of our SCC
layering, i.e., how much it costs to lift changes from lower layer variables to higher
layers (as in the definition of j4), are larger than we expected them to be based on
the previous estimates.

We develop a scaling-invariant analogue of cross-over events as follows. Be-
fore the crossover event, poly(n)(i},)" > k;jx;/x;, and after the crossover event,
poly(n) ()" < kijx;/x; for all further central path points. Our analysis relies on
X', in only a minimalistic way, and does not require an estimate on the value of j7,.
Namely, it is only used to show that if i, j € J,, for a layer g € [p], then the rescaled
circuit ratio «;;x;/x; is in the range (poly(n) }Z)O(i”q D. The argument to show this
crucially utilizes the maximum geometric mean cycle characterization. Furthermore,
unlike prior analyses [146, 198], our definition of a “good” layering (i.e., ‘balanced’
layerings, see Section 4.3.5), is completely independent of 7.

3. Improved potential analysis. As our third contribution, we improve the Vavasis—Ye
crossover analysis using a new and simple potential function based approach. When
applied to our new LLS algorithm, we derive an O (n?* log nlog( X4 +n)) iteration
bound for path following, improving the polynomial term by an Q(n/logn) factor
compared to the VY analysis.

Our potential function can be seen as a fine-grained version of the crossover
events as described above. In case of such a crossover event, it is guaranteed that in
every subsequent iteration, 7 is in a layer before j. We analyze less radical changes
instead: an “event” parametrized by 7 means that i and j are currently together on a
layer of size < 7, and after the event, i is on a layer before j, or if they are together on
the same layer, then this layer must have size > 27. For every LLS step, we can find
a parameter 7 such that an event of this type happens concurrently for at least 7 — 1
pairs within the next O (v/nt log(j, + n)) iterations,

Our improved analysis is also applicable to the original VY-algorithm. Let us
now comment on the relation between the VY-algorithm and our new algorithm.
The VY-algorithm starts a new layer once x ;) > gXx(i+1) between two consecutive
variables where the permutation r is a non-increasing order of the x; variables, and
g = poly(n)y. Setting the initial ‘estimates’ &;; = i for a suitable polynomial, our
algorithm runs the same way as the VY algorithm. Using these estimates, the layering
procedure becomes much simpler: there is no need to verify ‘balancedness’ as in our
algorithm.

However, using estimates £;; = y has drawbacks. Most importantly, it does not
give a lower bound on the true circuit ratio k;;—to the contrary, g will be an upper
bound. In effect, this causes VY’s layers to be “much larger” than ours, and for this
reason, the connection to x’, is lost. Nevertheless, our potential function analysis can
still be adapted to the VY-algorithm to obtain the same Q(n/logn) improvement on
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the iteration complexity bound; see Section 4.4.1 for more details.

4.1.2 Related work

Since the seminal works of Karmarkar [119] and Renegar [160], there has been a
tremendous amount of work on speeding up and improving interior-point methods.
In contrast to the present work, the focus of these works has mostly been to improve
complexity of approximately solving LPs. Progress has taken many forms, such as
the development of novel barrier methods, such as Vaidya’s volumetric barrier [190]
and the recent entropic barrier of Bubeck and Eldan [37] and the weighted log-barrier
of Lee and Sidford [132], together with new path following techniques, such as the
predictor-corrector framework [143, 145], as well as advances in fast linear system
solving [131,178]. There has been substantial progress in improving IPM by amor-
tizing the cost of the iterative updates, and working with approximate computations,
see e.g. [160, 190] for classical results. Recently, Cohen, Lee and Song [45] devel-
oped a new inverse maintenance scheme to get a randomized O (n® log(1/¢))-time
algorithm for e-approximate LP, which was derandomized by van den Brand [192];
here w ~ 2.37 is the matrix multiplication exponent. A very recent result by van den
Brand et al. [195] obtained a randomized O((nm + m>)log(1/&)) algorithm. For
special classes of LP such as network flow and matching problems, even faster algo-
rithms have been obtained using, among other techniques, fast Laplacian solvers, see
e.g. [55,135,193,194]. Given the progress above, we believe it to be an interesting
problem to understand to what extent these new numerical techniques can be applied
to speed up LLS computations, though we expect that such computations will require
very high precision. We note that no attempt has been made in the present work to
optimize the complexity of the linear algebra.

Subsequent to this work, [53] extended Tardos’s framework to the real model of
computation, showing that poly(n, m,log y4) running time can be achieved using
approximate solvers in a black box manner. Combined with [192], one obtains a
deterministic O (mn“*' log(n) log(i4 + n)) LP algorithm; using the initial rescaling
subroutine from this chapter, the dependence can be improved to x’, ; together with the
preprocessing time, this amounts to O (m*n? + mn“*! log(n) log(}, +n)). A weaker
extension of Tardos’s framework to the real model of computation was previously
given by Ho and Tuncel [107].

With regard to LLS algorithms, the original VY-algorithm required explicit knowl-
edge of y4 to implement their layering algorithm. The paper [142] showed that this
could be avoided by computing all LLS steps associated with n candidate partitions
and picking the best one. In particular, they showed that all such LLS steps can be
computed in O (m?n) time. In [146], an alternate approach was presented to compute
an LLS partition directly from the coefficients of the AS step. We note that these



122 4. A Scaling-Invariant Algorithm for Linear Programming

methods crucially rely on the variable ordering, and hence are not scaling invariant.
Kitahara and Tsuchiya [124], gave a 2-layer LLS step which achieves a running time
depending only on y’, and right-hand side b, but with no dependence on the objective,
assuming the primal feasible region is bounded.

A series of papers have studied the central path from a differential geometry
perspective. Monteiro and Tsuchiya [148] showed that a curvature integral of the
central path, first introduced by Sonnevend, Stoer, and Zhao [176], is in fact upper
bounded by O (n* log( X4 +n)). This has been extended to SDP and symmetric cone
programming [116], and also studied in the context of information geometry [115].

Circuits have appeared in several papers on linear and integer optimization (see
[63] and references within). The idea of using circuits within the context of LP
algorithms also appears in [62]. They develop an augmentation framework for LP
(as well ILP) and show that a simplex-like algorithm which takes steps according to
the “best circuit” direction achieves linear convergence, though these steps are hard
to compute.

Our algorithm makes progress towards strongly polynomial solvability of LP, by
improving the dependence poly(n,m,log ¥a) to poly(n,m,log ¥,). However, in a
remarkable recent paper, Allamigeon et al. [5] have shown, using tools from tropical
geometry, that path-following methods for the standard logarithmic barrier cannot
be strongly polynomial. In particular, they give a parametrized family of instances,
where, for sufficiently large parameter values, any sequence of iterations following
the central path must be of exponential length—thus, x’, will be doubly exponential.

4.1.3 Organization

The rest of the chapter is organized as follows. We conclude this section by introducing
some notation. Section 4.2 discusses our results on the circuit imbalance measure. It
starts with Section 4.2.1 on the necessary background on the condition measures i 4
and ). Section 4.2.2 introduces the circuit imbalance measure, and formulates and
explains all main results of Section 4.2. The proofs are given in the rest of the sections:
basic properties in Section 4.2.3, the min-max characterization in Section 4.2.4, the
circuit finding algorithm in Section 4.2.5, the algorithms for approximating y’, and
Xa in Section 4.2.6.

In Section 4.3, we develop our scaling invariant interior-point method. Interior-
point preliminaries are given in Section 4.3.1. Section 4.3.2 introduces the affine
scaling and layered-least-squares directions, and proves some basic properties. Sec-
tion 4.3.3 provides a detailed overview of the high level ideas and a roadmap to the
analysis. Section 4.3.4 further develops the theory of LLS directions and introduces
partition lifting scores. Section 4.3.5 gives our scaling invariant layering procedure,
and our overall algorithm is given in Section 4.3.6.
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In Section 4.4, we give the potential function proof for the improved iteration
bound, relying on technical lemmas. The full proof of these lemmas is deferred
to Section 4.6; however, Section 4.4 provides the high-level ideas to each proof.
Section 4.4.1 shows that our argument also leads to a factor Q(n/log n) improvement
in the iteration complexity bound of the VY-algorithm.

In Section 4.5, we prove the technical properties of our LLS step, including its
proximity to AS and step length estimates. Finally, in Section 4.7, we discuss the
initialization of our interior-point method.

Besides reading linearly, we suggest two other possible strategies for navigating
this chapter. Readers mainly interested in the circuit imbalance measure and its
approximation may focus only on Section 4.2; this part can be understood without
any familiarity with interior point methods. Other readers, who wish to mainly focus
on our interior point algorithm may read Section 4.2 only up to Section 4.2.2; this
includes all concepts and statements necessary for the algorithm.

4.1.4 Notation

Here we specify some general notation that we will use in this chapter. See also
Section 1.5.

For a vector x € R", we let Diag(x) € R™" denote the diagonal matrix with x
on the diagonal. We let D,, denote the set of all positive n X n diagonal matrices,
dropping the subscript if the dimension is clear. For x,y € R", we use the notation
xy € R" to denote xy = Diag(x)y = (x;y;)ie[n]- The inner product of the two vectors
is denoted as x"y. For p € Q, we also use the notation x” to denote the vector
(xf’)[e[,,]. Similarly, for x,y € R", we let x/y denote the vector (x;/y;)ie[n]- We
denote the support of a vector x € R" by supp(x) = {i € [n] : x; # 0}.

For an index subset I C [n], we use ; : R” — R/ for the coordinate projection.
That is, 77(x) = xy, and for a subset S C R", n;(S) = {x; : x € S}. We let
R? = {x e R” S X[n\I = 6}

For a matrix B € R™¥, I C [n] and J C [k] we let B; ; denote the submatrix of
B restricted to the set of rows in I and columns in J. We also use By . = By [} and
By = B. j = Bj,),;. Welet B € R denote the pseudo-inverse of B.

We let Ker(A) denote the kernel of the matrix A € R"™". Throughout, we
assume that the matrix A in (4.1) has full row rank, and that n > 3.
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Subspace formulation Throughout the chapter, we let W = Ker(A) C R" denote
the kernel of the matrix A. Using this notation, (4.1) can be written in the form

min ¢'x max d' (¢ — )
xeW+d seWt+c 4.3)
x>0, s >0,

where d € R” satisfies Ad = b.

4.2 Finding an approximately optimal rescaling

4.2.1 The condition number y

The condition number ¥ 4 is defined as

-1
Ta = sup {||AT (ADAT) AD|| :D € D}

AT -
= sup { A : y minimizes ||[D'/?(ATy - p)|| for some 0 # p e R", D € D}.

Pl
(4.4)
This condition number was first studied by Dikin [71], Stewart [180], and Todd [185],
among others, and plays a key role in the analysis of the Vavasis—Ye interior point
method [198]. There is an extensive literature on the properties and applications of
Xa, as well as its relations to other condition numbers. We refer the reader to the
papers [107, 146, 198] for further results and references.

It is important to note that ¥4 only depends on the subspace W = Ker(A).
Hence, we can also write yw for a subspace W C R”", defined to be equal to y4 for
some matrix A € RF" with W = Ker(A). We will use the notations g4 and pw
interchangeably.

The next lemma summarizes some important known properties of y 4.

Proposition 4.2.1. Let A € R™" with full row rank and W = Ker(A).

(i) If the entries of A are all integers, then ¥  is bounded by 2°14) wwhere L4 is
the input bit length of A.

(ii) ia = max{||B'A| : B non-singular m x m-submatrix of A}.

(iii) Let the columns of B € R™""™) form an orthonormal basis of W. Then

w = max{HBB;,_H 0#1C [n]} .
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(v) xw = xw=.

Proof.  Part (i) was proved in [198, Lemma 24]. For part (ii), see [187, Theorem
1] and [198, Lemma 3]. In part (iii), the direction > was proved in [180], and the
direction < in [154]. The duality statement (iv) was shown in [101]. O

In Proposition 4.3.8, we will also give another proof of (iv). We now define the
lifting map, a key operation in this chapter, and explain its connection to j4.

Definition 4.2.2. Let us define the lifting map L} : 7 (W) — W by
LY (p) = argmin {||z|| : z; = p,z € W}.

Note that L}" is the unique linear map from 7r; (W) to W such that (L} (p)), = p
and L)Y (p) is orthogonal to W N R

Lemma 4.2.3. Let W C R" be an (n — m)-dimensional linear subspace. Let the
columns of B € R™ """ denote an orthonormal basis of W. Then, viewing L})V as
a matrix in R™ 1

L) =BBj] ..

Proof. If p € m; (W), then p = By .y for some y € R"™™. A property of the pseudo-
inverse is that B; ,B1.. is the orthogonal projection onto the orthogonal complement

of the kernel of By ., from which it follows that B;’_p = arg minp:BL.y||y||. This
solution satisfies 7y (BB; .p) =pand BB; .p € W. Since the columns of B form an

orthonormal basis of W, we have ||BBj7 pll= ||B; .P|l. Consequently, BB; .p is the
minimum-norm point with the above properties. O

The above lemma and Proposition 4.2.1(iii) yield the following characterization.
This will be the most suitable characterization of yw for our purposes.

Proposition 4.2.4. For a linear subspace W C R",

Xw :max{||L}}V|| 1 C [n],Ii(D} .

The following notation will be convenient for our algorithm. For a subspace
W C R" and an index set I C [n], if 7; (W) # {0} then we define the lifting score

V) = IV -1, 4.5)

Otherwise, we define £V (1) = 0. This means that for any z € 71; (W) andx = L)Y (2),
It Il < €YV (Dlzll.
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The condition number y’, Forevery D € D, we can consider the condition number
XWD = Xap-1- We let

)Z;V =)Zz=il’lf{/€wp D ED}

denote the best possible value of y that can be attained by rescaling the coordinates
of W. The main result of this section is the following theorem.

Theorem 4.2.5 (Proof on p. 139). There is an O(n’>m? + n®) time algorithm that for
any matrix A € R"™" computes an estimate & of yw such that

£ < iw < n(¥iy)%é

and a D € D such that

—x _ —x \3
Xw S Xwp < n(Xw) .

4.2.2 The circuit imbalance measure

The key tool in proving Theorem 4.2.5 is to study a more combinatorial condition
number, the circuit imbalance measure which turns out to give a good proxy to ya.

Definition 4.2.6. For alinear subspace W C R”" and a matrix A such that W = Ker(A),
a circuit is an inclusion-wise minimal dependent set of columns of A. Equivalently, a
circuitis a set C C [n] such that W N RY. is one-dimensional and that no strict subset
of C has this property. The set of circuits of W is denoted Cyy .

Note that circuits defined above are the same as the circuits in the linear matroid
associated with A. Every circuit C € Cy can be associated with a vector g€ € W
such that supp(g€) = C:; this vector is unique up to scalar multiplication.

Definition 4.2.7. For a circuit C € Cy and i, j € C, we let

C
k)Y (C) = % . (4.6)

Note that since g€ is unique up to scalar multiplication, this is independent of the
choice of g€. For any i,j € [n], we define the circuit ratio as the maximum of
Kfj‘( (C) over all choices of the circuit C:

«¥ = max {KXJY(C) . CeCw.ije c} . 4.7)
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By convention we set Kl.v}’ = 0 if there is no circuit supporting i and j. Further, we
define the circuit imbalance measure as

Kw :max{Kiv}/ t i, j € [n]} .

Minimizing over all coordinate rescalings, we define

Ky =min{kwp : D € D} .

n

We omit the index W whenever it is clear from context. Further, for a vector d € R},

d _ Diag(d)W d _ ,d _ .
=K and k% = Ky, = KDiag(d)W -

we write K ;

We want to remark that a priori it is not clear that y, is well-defined. Theo-
rem 4.2.13 will show that the minimum of {«kw p : D € D} is indeed attained.

We next formulate the main statements on the circuit imbalance measure; proofs
will be given in the subsequent subsections. Crucially, we show that the circuit
imbalance «w is a good proxy to the condition number jyw. The lower bound was
already proven in [197], and the upper bound is from [53].

Theorem 4.2.8 (Proof on p. 130). For a linear subspace W € R",

V1+ (Kw)2 < xXw < nKwy.

We now overview some basic properties of xy . Proposition 4.2.4 asserts that
Xw 1s the maximum ¢, — ¢, operator norm of the mappings L}V over I C [n]. In
[53], it was shown that ky is in contrast the maximum £; — £, operator norm of the
same mappings; this easily implies the upper bound yw < nkw.

Proposition 4.2.9 ([53]). For a linear subspace W C R”",

{||L¥V<p>||w
Ky = max { ———

I1C[n],I#0,pen (W)\{0}} .
Pl

Similarly to yw , kw is self-dual; moreover, this holds for all individual Kly}/ values.

Lemma 4.2.10 (Proof on p. 131). For any subspace W C R" and i, j € [n], k¥ =

ij

K;E-/L.
The next lemma provides a subroutine that efficienctly yields upper bounds on
&Y (I) or lower bounds on some circuit imbalance values. Recall the definition of the

lifting score £V (I) from (4.5).
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Lemma 4.2.11 (Proof on p. 131). There exists a subroutine VERIFY-LIFT(W, I, 0)
that, given a linear subspace W C R", an index set I C [n], and a threshold 6 € R,
either returns the answer ‘pass’, verifying A (I) < 0, or returns the answer ‘fail’,
and a pairi € I, j € [n] \ I such that /n < KIVJV The running time can be bounded

as O(n(n —m)?).

The proof of the above statements are given in Section 4.2.3.

A min-max theorem We next provide a combinatorial min-max characterization
of ky,. Consider the circuit ratio digraph G = ([n], E)) on the node set [n] where
(i,j) € E if k;; > 0, that is, there exists a circuit C € C with i,j € C. We will
refer to k;; = Kly}/ as the weight of the edge (i, j). (Note that (i, j) € E if and only if
(J,i) € E, but the weight of these two edges can be different.)

Definition 4.2.12. Let H be a cycle in G: asequence of indices i1, 12, ..., ik, ix+] = 1.
We use |H| = k to denote the length of the cycle. (In our terminology, ‘cycles’ always
refer to objects in G, whereas ‘circuits’ refer to the minimum supports in Ker(A).)
We use the notation «(H) = kw (H) = H;? 1 «¥. . For a vector d € R?,, we denote

= ijij+1
%, (H) = kpiag(ayw (H).

A simple but important observation is that such a rescaling does not change the
value associated with the cycle, that is,

K% (H) = kw (H) Vd e RY, foranycycle Hin G . (4.8)

Theorem 4.2.13 (Proof on p. 132). For a subspace W C R", we have

Ky, = min K{‘fv = max {KW (M. Hisa cycle in G} .
d>0
The proof relies on the following formulation:
Ky = min ¢
Kijdj/di <t V(,j)eE
d>0.
Taking logarithms, we can rewrite this problem as
min s
logkij+zj—zi<s V(i,j)eE
z € R™
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This is the dual of the minimum-mean cycle problem with weights log «;;, and can
be solved in polynomial time (see e.g. [4, Theorem 5.8]).

Whereas this formulation verifies Theorem 4.2.13, it does not give a polynomial-
time algorithm to compute «y,. The caveat is that the values Kg./ are typically not
available; in fact, approximating them up to a factor 2°(™ is NP-hard, as follows
from the work of Tuncgel [188].

Nevertheless, the following corollary of Theorem 4.2.13 shows that any arbitrary
circuit containing i and j yields a («*)? approximation to ; ;.

Corollary 4.2.14 (Proof on p. 133). Let us be given a linear subspace W C R" and
i,j €lnl,i# j, andacircuitC € Cyw withi,j € C. Let g € W be the corresponding
vector with supp(g) = C. Then,

w

K. .

< 5 < 7] < KLVJV
(K;V) |gil

The above statements are shown in Section 4.2.4. In Section 4.2.5, we use
techniques from matroid theory and linear algebra to efficiently identify a circuit
for any pair of variables that are contained in the same circuit. A matroid is non-
separable if the circuit hypergraph is connected; precise definitions and background
will be described in Section 4.2.5.

Theorem 4.2.15 (Proof on p. 136). Given A € R™", there exists an O(n*m?) time
algorithm FIND-CIRCUITS(A ) that obtains a decomposition of M(A) to a direct sum
of non-separable linear matroids, and returns a family ¢ of circuits such that if i and
j are in the same non-separable component, then there exists a circuit in C containing
both i and j. Further, for each i # j in the same component, the algorithm returns
a value R;; as the the maximum of |g;/gi| such that g € W, supp(g) = C for some
C € C containing i and j. For these values, Rij < kij < (K*)zl?ij.

Finally, in Section 4.2.6, we combine the above results to prove Theorem 4.2.5
on approximating vy, and ky, .

Section 4.2.5 contains an interesting additional statement, namely that the loga-
rithms of the circuit ratios satisfy the triangle inequality. This will also be useful in
the analysis of the LLS algorithm. The proof uses similar arguments as the proof of
Theorem 4.2.15.

Lemma 4.2.16 (Proof on p. 137).

(i) For any distinct i, j, k in the same connected component of Cy, and any g€
withi,j € C, C € Cw, there exist circuits C1,Cy € Cw, i,k € Cy, j, k € &
Gy C i, C
such that |g$ [g¢1 =187 /8,°| - lg; ' 18-

(ii) For any distincti, j, k in the same connected component of Cw, K;j < Kik - Ki .-
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4.2.3 Basic properties of «y

Theorem 4.2.8 (Repetition). For a linear subspace W C R",

VI + (kw)? < iw < nkw .

Proof. For the first inequality, let C € Cy be the circuit and i # j € C such that
|g;/gil = kw for the corresponding solution g = g. Let us use the characterization
of yw in Proposition 4.2.4. Let I = ([n] \ C) U {i}, and p = g;€’, that is, the vector
with p; = g; and px = 0 for k # i. Then, the unique vector z € W such that z; = p is
z = g. Therefore,

2
- o Nzl flsll lgil* + g, \/7
Xw = min — =-— P
ZEW,ZI:p ”p” |gl| |gl

The second inequality is immediate from Proposition 4.2.4 and Proposition 4.2.9,
and the inequalities between {1, {», and £, norms. The proof of the slightly weaker
xw < 1+ (nkw)? follows from Lemma 4.2.11. m|

The next lemma will be needed to prove Lemma 4.2.11 and also to analyze the
LLS algorithm. Let us say that the vector y € R" is sign-consistent with x € R" if
x;y; = 0 for alli € [n] and x; = 0 implies y; = O for all i € [n].

Lemma 4.2.17. Fori e I C [n] with e’} e ny(W), let z = L;V(eg). Then for any
J € supp(z) we have K > |zjl.

Proof. We consider the cone F' C W of vectors sign-consistent with z. The faces
of F are bounded by inequalities of the form zxyx > 0 or yx = 0. The edges (rays)
of F are of the form {ag : @ > 0} with supp(g) € Cw. It is easy to see from the
Minkowski-Weyl theorem that z can be written as

h
= gk,

k=1

where h < n, C1,C,,...,C) € Cw are circuits, and the vectors gl,gQ, . ,gh ew
are sign-consistent with z and supp(gk) =Cy forall k € [h] Note thati € Cy, for all
k € [h], as otherwise, z’ = z — g€ would also satisfy 7y = e}, but [|Z’]| < ||z]| due to
g* being sign-consistent with z, a contradiction to the deﬁnltlon of z.
DI Ig |
Zh
Hence we find KI.V}/ > Igj?/gl'.‘| > |z;]. O

At least one k € [h] contributes at least as much to |z;| = as the average.

7I1
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Lemma 4.2.11 (Repetition). There exists a subroutine VERIFY-LIFT(W, I, 0) that,
given a linear subspace W C R", an index set I C [n], and a threshold 0 € R,
either returns the answer ‘pass’, verifying v (I) < 0, or returns the answer ‘fail’,
and a pairi € I, j € [n] \ I such that 6/n < Kl‘y The running time can be bounded

as O(n(n —m)?).

Proof. Take any minimal /” C [ such that dim(z;/(W)) = dim(x; (W)). Then we
know that 7r;,(W) = R!" and for p € 7; (W) we can compute L})V (p) = L}",’ (pr). Let
B € RUPNDXI" pe the matrix sending any ¢ € /(W) to the corresponding vector
(L}Y (¢)){n)\1- The column B; can be computed as (L)Y(eg,))[n]\l for e?, e R,
We have [IL}Y (p)I* = llpl* + (LY (pr )P < llplI* + 1Bl pr|I* for any

p € n; (W), and so £V (I) = ,/||L}V||2 —1 < ||B||. We upper bound the operator

norm by the Frobenius norm as ||B|| < [|Bllr = (/X ;i B?l. < nmax;j; |Bji|. By
Lemma 4.2.17 it follows that |Bj;| = |(L]/ (¢"));] < « . The algorithm returns the
answer ‘pass’ if nmax; |Bj;| < 6 and ‘fail’ otherwise.

To implement the algorithm, we first need to select a minimal /” C I such that
dim(z;/(W)) = dim(s;(W)). This can be found by computing M € R=mxn
such that range(M) = W, and selecting a maximal number of linearly independent
columns of M;. Then, we compute the matrix B € RURNDXI" that implements the
transformation [L}Y] np\g - (W) — mp g (W). The algorithm returns the pair
(i, j) corresponding to the entry maximizing |Bj;|. The running time analysis will
be given in the proof of Lemma 4.3.15, together with an amortized analysis of a
sequence of calls to the subroutine. O

Remark 4.2.18. We note that the algorithm VERIFY-LIFT does not need to compute
the circuit as in Lemma 4.2.17. The following observation will be important in the
analysis: the algorithm returns the answer ‘fail’ even if £V (1) < 6 < n|B jil.

We now prove the duality property of the circuit imbalances.

Lemma 4.2.10 (Repetition). For any subspace W C R" and i, j € [n], Kivj‘./ = Kﬁ-]l.
Proof. Choose acircuit C € Cy and corresponding circuit solution g := g€ € WNRE
such that «;; = «;;(C) = |gj/gi|. We will construct a circuit solution in W+ that
certifies K}};ﬂ_ >«

Define h € RC by h; = g;,h; = —g; and hy = 0 for all k € C \ {i, j}. Then,
h is orthogonal to gc by construction, and hence i € (rc(W N RE))* = nc(WH).
Furthermore, we have supp(%) € Cp.(w<) since h € R is a support minimal vector

orthogonal to g€.
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Take any vector i € W+ satisfying ¢ = h that is support minimal subject to these
constraints. We claim that supp(%) € Cy . Assume not, then there exists a non-zero
v € Wt with supp(v) C supp(h). Since supp(zc(v)) C supp(nc(h)) = supp(h),
we must have either v¢e = 0 or ve =shfors #0. Ifve = 6, then 4 — v is also in W+
satisfying ¢ (he — av) = hforall @ € R, and since v # 0 we can choose a such that
h — av has smaller support than £, a contradiction. If s # 0 then v/s € W+ satisfies
nc(v/s) = h and has smaller support than £, again a contradiction.

By the above construction, we have

WJ_
Jjio=

hi
h;

hi

K hj

By swapping the role of W and W+ and i and j, we obtain Kl.v}’ > K)f‘l.’l. The statement
follows. |

4.2.4 Proving the min-max theorem on «y;,
The proof of the characterization of «y,, follows.

Theorem 4.2.13 (Repetition). For a subspace W C R", we have

Ky = migkdw = max {Kw(H)l/lHI : Hisacyclein G} .
d>0

Proof. For the direction «yw (H)"/H! < Ky, we use (4.8). Letd > 0 be a scaling
and H a cycle. We have Kf.ij < ng for every i,j € [n], and hence xw (H) =
K‘VIV (H) < (KdW)lH |, Since this inequality holds for every d > 0, it follows that
kw (H) < (k3,)1H 1.

For the reverse direction, consider the following optimization problem.

min ¢
kijdj/d; <t V(i,j) €E (4.9)
d > 0.

For any feasible solution (d,¢) and 2 > 0, we get another feasible solution (Ad, )
with the same objective value. As such, we can strengthen the condition d > 0 to
d > 1 without changing the objective value. This makes it clear that the optimum
value is achieved by a feasible solution.

Any rescaling d > 0 provides a feasible solution with objective value x4, which
means that the optimal value ¢* of (4.9) is t* = «*. Moreover, with the variable
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substitution z; = log d;, s = logt, (4.9) can be written as a linear program:

min §
logkij+zj—z<s V(i,j)€E 4.10)
z € R™

This is the dual of a minimum-mean cycle problem with respect to the cost func-
tion log(k;;). Therefore, an optimal solution corresponds to the cycle maximizing
Yijer logk;j/|H|, or in other words, maximizing k(H)YIH1, O

The following example shows that k* < ¥* can be arbitrarily big.

Example 4.2.19. Take W = span((0,1,1, M), (1,0, M, 1)), where M > 0. Then
{2,3,4} and {1,3,4} are circuits with k3, ({2,3,4}) = M and «}; ({1,3,4}) = M.
Hence, by Theorem 4.2.13, we see that «* > M.

Corollary 4.2.14 (Repetition). Let us be given a linear subspace W C R"™ and
i,j€lnl,i# j andacircuitC € Cyw withi,j € C. Let g € W be the corresponding
vector with supp(g) = C. Then,

w
Kij |g]| w
2 LY
(«3y) |gil

Proof. The second inequality follows by definition. For the first inequality, note that

the same circuit C yields |g;/g ;| < K;‘i’ (C) < K}Y Therefore, [g;/gi| > l/K;‘i’.
From Theorem 4.2.13 we see that Kf]‘.lkyil < (K;V)Z, giving l/K]v.‘l./ 2 K /(K;V)z,

m|

completing the proof.

4.2.5 Finding circuits: a detour in matroid theory

We next prove Theorem 4.2.15, showing how to efficiently obtain a family C CCw
such that for any i, j € [n], C includes a circuit containing both i and j, provided
there exists such a circuit.

We need some simple concepts and results from matroid theory. We refer the
reader to [170, Chapter 39] or [83, Chapter 5] for definitions and background. Let
M = ([n],Z) be a matroid on ground set [n] with independent sets Z C 2["]. The
rank rk(S) of a set S C [n] is the maximum size of an independent set contained in S.
The maximal independent sets are called bases. All bases have the same cardinality
rk([n]).

For the matrix A € R™", we work with the linear matroid M(A) = ([n],Z(A)),
where a subset I C [n] is independent if the columns {A; : i € I} are linearly
independent. Note that tk([r]) = m under the assumption that A has full row rank.
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The circuits of the matroid are the inclusion-wise minimal non-independent sets.
Let I € 7 be an independent set, and i € [n] \ I such that 7 U {i} ¢ Z. Then, there
exists a unique circuit C(Z,7) C I U {i} that is called the fundamental circuit of i with
respect to . Note thati € C(I,1).

The matroid M is separable, if the ground set [n] can be partitioned to two
nonempty subsets [n] =S UT suchthat / € Zifandonlyif /N S,INT € Z. In this
case, the matroid is the direct sum of its restrictions to S and 7. In particular, every
circuit is fully contained in S orin 7.

For the linear matroid M (A), separability means that Ker(A) = Ker(As) @
Ker(Ar). In this case, solving (4.1) can be decomposed into two subproblems,
restricted to the columns in As and in A7, and k4 = max{kag, KA, }.

Hence, we can focus on non-separable matroids. The following characterization
is well-known, see e.g. [83, Theorems 5.2.5, 5.2.7-5.2.9]. For a hypergraph H =
([n], &), we define the underlying graph Hg = ([n], E) such that (i, j) € E if there
is a hyperedge S € £ with i, j € S. That is, we add a clique corresponding to each
hyperedge. The hypergraph is called connected if the underlying graph G = ([n], E)
is connected.

Proposition 4.2.20. For a matroid M = ([n], 1), the following are equivalent:
(1) M is non-separable.
(i) The hypergraph of the circuits is connected.

(iii) For any base B of M, the hypergraph formed by the fundamental circuits
CB = {C(B,i) :i € [n]\ B} is connected.

(iv) Foranyi,j € [n], there exists a circuit containing i and j.

Proof. The implications (i) < (ii), (iii) = (ii), and (iv) = (ii) are immediate from
the definitions.

For the implication (ii) = (iii), assume for a contradiction that the hypergraph
of the fundamental circuits with respect to B is not connected. This means that
we can partition [rn] = S U T such that for eachi € S, C(B,i) C S, and for each
i €T, C(B,i) C T. Consequently, rk(S) = |BN S|, tk(T) = |BNT|, and therefore
rk([n]) = rk(S)+rk(T). Itis easy to see that this property is equivalent to separability
to S and T'; see e.g. [83, Theorem 5.2.7] for a proof.

Finally, for the implication (ii) = (iv), consider the undirected graph ([n], E)
where (i, j) € E if there is a circuit containing both i and j. This graph is transitive
according to [83, Theorem 5.2.5]: if (i, j), (j, k) € E, then also (i, k) € E. Conse-
quently, whenever ([n], E) is connected, it must be a complete directed graph. m|
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We now give a different proof of (iii) = (iv) that will be convenient for our
algorithmic purposes. First, we need a simple lemma that is commonly used in
matroid optimization, see e.g. [83, Lemma 13.1.11] or [170, Theorem 39.13].

Lemma 4.2.21. Let I be an independent set of a matroid M = (|[n],Z), and U =
{uy,ug,...,ur} S LV =Avi,va,...,ve} C [n]\I suchthat [U{v;} is dependent for
each i € [£]. Further, assume that for each t € [{], u; € C(1,v;) and u; ¢ C(I,vy)
forall h <t. Then, I\ U)UV e T

We give a sketch of the proof. First, we note that for each ¢ € [£], u; € C(I,v;)
means that exchanging v, for u; maintains independence. The statement follows by
induction on £: we consider the independent set I’ = (1 \ {u¢}) U {ve}. We can apply
induction for I’, U" = {u1,us, ..., up—1},and V' = {vy,va,...,ve_1}, noting that the
assumption guarantees that C(I’,v;) = C(I,v;) for all r € [ — 1]. Based on this
lemma, we show the following exchange property.

Lemma 4.2.22. Let B be a basis of the matroid M = ([n],Z), and let U =
{ui,uz,...,ug} € B,andV = {vi,va,...,ve,vee1} C [n] \ B. Assume C(B,v() N
U=A{u1}, C(B,ves1) NU = {ug}, andforeach2 <t < €, C(B,v;) NU = {us—1, u; }.
Then (B \ U) UV contains a unique circuit C, and V C C.

The situation described here corresponds to a minimal path in the hypergraph C?
of the fundamental circuits with respect to a basis B. The hyperedges C(B, v;) form
a path from v to v, such that no shortcut is possible (note that this is weaker than
requiring a shortest path).

Proof of Lemma 4.2.22. Note that S = (B\ U) UV ¢ T since |S| > |B| and B is a
basis. Forany i € [£ + 1], we can use Lemma 4.2.21 to show that

S\ {vi} =B\U)U (V\{vi}) €1,

and thus S \ {v;} is a basis. To see this, we apply Lemma 4.2.21 for the ordered sets
V' = {vl, ce s Vil Ve+15VeEs oo 0 v,~+1} and U’ = {Ml, el U U Uy . ,I/ti}.
Consequently, every circuit in S must contain the entire set V. The uniqueness of
the circuit in S follows by the well-known circuit axiom asserting that if C,C’ € C,
C # C’andv € CNC’, then there exists a circuit C”” € C suchthat C” C (CUC’)\{v},
contradicting the claim that every circuit in S contains the entire set V. O

We are ready to describe the algorithm that will be used to obtain lower bounds
on all x;; values.

Theorem 4.2.15 (Repetition). Given A € R™ ", there exists an O (n*m?) time algo-
rithm FIND-CIRCUITS(A) that obtains a decomposition of M(A) to a direct sum of
non-separable linear matroids, and returns a family C of circuits such that if i and j
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are in the same non-separable component, then there exists a circuit in C containing
both i and j. Further, for eachi # j in the same component, the algorithm returns
a value R;j as the the maximum of |g;/gi| such that g € W, supp(g) = C for some
cel containing i and j. For these values, R;j < k;j < (k" )ZK,J

Proof. Once we have found the set of circuits ¢ , and computed &;; as in the statement,
the inequalities &;; < k;; < (K*)zléij follow easily. The first inequality is by the
definition of «;;, and the second inequality is from Corollary 4.2.14.

We now turn to the computation of C. We first obtain a basis B C [n] of Ker(A)
via Gauss-Jordan elimination in time O (nm?). Recall the assumption that A has full
row-rank. Let us assume that B = [m] is the set of first m indices. The elimination
transforms it to the form A = (I,,|H), where H € R™ ("™ corresponds to the
non-basis elements. In this form, the fundamental circuit C (B, i) is the support of the
ith column of A together with i for every m + 1 < i < n. We let C8 denote the set of
all these fundamental circuits.

We construct an undirected graph G = (B, E) as follows. For each i € [n] \ B,
we add a clique between the nodes in C(B, i) \ {i}. This graph can be constructed in
O (nm?) time.

The connected components of G correspond to the connected components of C?
restricted to B. Thus, due to the equivalence shown in Proposition 4.2.20 we can
obtain the decomposition by identifying the connected components of G. For the rest
of the proof, we assume that the entire hypergraph is connected; connectivity can be
checked in O (m?) time.

We initialize C as C®. We will then check all pairs i, j € [n], i # j. If no circuit
C e C exists with i , J € C, then we will add such a circuit to C as follows.

Assume first i, j € [n] \ B. We can find a shortest path in G between the sets
C(B,i) \ {i} and C(B,j) \ {j} in time O(m?). This can be represented by the
sequences of points V = {v,va,...,ver1} € [B]\ B, vi =1, ver1 = j,and U =
{u1,us,...,up} C Basin Lemma 4.2.22. According to the lemma, S = (B\U)UV
contains a unique circuit C that contains all v,’s, including i and j.

We now show how this circuit can be identified in O(m) time, along with the
vector g€. Let Ag be the submatrix corresponding to the columns in S. Since g = g€
is unique up to scaling, we can set g,, = 1. Note that for each ¢t € [{], the row of
Ag corresponding to u, contains only two nonzero entries: A,,,, and A,,,,,,. Thus,
the value g,, = 1 can be propagated to assigning unique values to g,,, &vs, - - - » §vpy -
Once these values are set, there is a unique extension of g to the indices t € BN S
in the basis. Thus, we have identified g as the unique element of Ker(Ag) up to
scaling. The circuit C is obtained as supp(g). Clearly, the above procedure can be
implemented in O (m) time.

The argument easily extends to finding circuits for the case {i,j} N B # 0. If
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i € B, then for any choice of V = {vy,va,...,ver1} and U = {uy,uz,...,us} as
in Lemma 4.2.22 such that i € C(B,v;) and i ¢ C(B,v;) for t > 1, the unique
circuit in (B \ U) U V also contains i. This follows from Lemma 4.2.21 by taking
V' ={ves1,ve,.-.,vi}and U’ = {ug, ..., uy,i}, which proves that

S\{i}=(B\U)UV eT.

Similarly, if j € Bwith j € C(B,ve41) and j ¢ C(B,v;) fort < £+ 1, taking V"’ =V
and U” ={uy,...,ue, j} gives S\ {j} € Z.

The bottleneck for the running time is finding the shortest paths for the n(n — 1)
pairs, in time O (m?) each. O

The triangle inequality An interesting additional fact about the circuit ratio graph
is that the logarithm of the weights satisfy the triangle inequality. The proof uses
similar arguments as the proof of Theorem 4.2.15 above.

Lemma 4.2.16 (Repetition).

(i) For any distinct i, j, k in the same connected component of Cyy, and any g€
with i, j € C, C € Cw, there exist circuits C1,Cr € Cw, i,k € Cy, j, k € Cy

Gy, C C
such that 186 [¢€1 = g2 /g - g /g7 |-
(ii) For any distinct i, j, k in the same connected component of Cw, Kij < Kik - Kij-

Proof. Note that part (ii) immediately follows from part (i) when taking C € Cy such
that «;; (C) = «;;. We now prove part (i).

Let A € R"" be a full-rank matrix with W = Ker(A). If C = {i, j}, then the
columns A;, A; are linearly dependent. Writing A; = AA;, we have 4 = —gC/g .
Let i be any circuit solution with i, k € supp(h), and hence j ¢ supp(h) By
assumption, the vector h’ = h — h;e' + Ah;e/ will satisfy Ah’ = 0 and have i ¢
supp(h’), j, k € supp(h’). We know that A’ is a circuit solution, because any circuit
C’ C supp(h’) could, by the above process in reverse, be used to produce a kernel
solution with strictly smaller support than /4, contradicting the assumption that 4 is
a circuit solution. Now we have |h}/h;€| Nhg/hi| = |h}/hi| = || by construction.
Thus, & and k' are the circuit solutions we are looking for.

Now assume C # {i, j}. If k € C, the statement is trivially true with C = C| = (3,
soassume k ¢ C. Pickl € C,1 ¢ {i,j} and set B = C \ {l}. Assume without loss
of generality that B C [m] and apply row operations to A such that Ag p = Ipxp is
an identity submatrix and A[,;\g,8 = 0. Then the column A; has support given by
B for otherwise g€ could not be in the kernel. The given circuit solution satisfies
g€ =-A, lgl for all # € B, and in particular gC/gl Aji/Air



138 4. A Scaling-Invariant Algorithm for Linear Programming

Take any circuit solution # € Ker(A) such that [,k € supp(h) and such that
CUsupp(h) is inclusion-wise minimal. Such a vectors exists by Proposition 4.2.20(iv).
Now let J = supp(h) \ C. Because A[,\g,c =0and Ah = 6 we must have 0 # hy €
Ker(A(,)\B,7). We show that we can uniquely lift any vector x € Ker(Ag, cu(k}) to
a vector x” € Ker(Acuy) with x;, , = x. Since this lift will send circuit solutions to
circuit solutions by uniqueness, it suffices to find our desired circuits as solutions to
the smaller linear system.

We first prove dim(Ker(A(,}\5,7)) = 1. Suppose dim(Ker(A,)\5,7)) = 2, then
|/| > 2 and there would exist some vector y € Ker(A[,)\p,) linearly independent
from h; with k € supp(y). This vector could be uniquely lifted to a vector j € Ker(A),
and we could then find a linear combination 4 + @ such that supp(h +ay) € CUJ
but /, k € supp(h + ay). The existence of such a vector contradicts the minimality of
C U supp(h). As such, we know that dim(Ker(A[,\5,7)) = 1.

This linear relation between any two entries in J for any vector in Ker(A,)\5,s)
implies that we can apply row operations to A such that Ap_; has non-zero entries only
in the column Ap (1. Note that these row operations leave Ac unchanged because
A\s,c = 0. From this, we can see that any element in Ker(Ag cux}) can be
uniquely lifted to an element in Ker(Acyy). Hence we can focus on Ker(Ag cuqxy)-
If Ai x = Ajx = 0, then any x € Ker(Ap, cuk)) satisfies x; + A; jx; = xj+A;j 1x; =0
and, in particular, any circuit /,k € C C C U {k} contains {i,j} C C and fulfills
85 /8f1 = 1Aj1/Aill = 185 /g5 | = 185 /8¢ llgg /¢f |. Choosing €1 = C; = C
concludes the case.

Otherwise we know that A; x # 0 or A;  # 0, meaning that Ker(A; ;) (i.j.0,k})
contains at least one circuit solution with & in its support. Observe that any circuit
in Ker(Ay; jy,¢,j,1,k}) can be lifted uniquely to an element in Ker(Ag cu(k)) since
Ap.p is an identity matrix and we can set the entries of B\ {7, j } individually to satisty
the equalities. Note that this lifted vector is a circuit as well, again by uniqueness
of the lift. Hence we may restrict our attention to the matrix Ay jy (i jrky- If
the columns Ay; ;) «, Ay ;)1 are linearly dependent, then any circuit solution to
A jyiig.nx = 0,x # 0, such as gg.,j,l}, is easily transformed into a circuit solution

t0 Agi iy (i, j. k)X = 0,xx # 0 and we are done.

If Ay jy.k, Agjya are independent, we can write Ay ik = (69¢5),
where g]C/giC = b/a. For @ = ad — bc, which is non-zero since @ = det(( 5)) # 0
by the independence assumption, we can check that («, 0, —d, b) and (0, @, ¢, —a) are
the circuits we are looking for. |

1
0
c
d
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4.2.6 Approximating y and i*

Equipped with Theorem 4.2.13 and Theorem 4.2.15, we are ready to prove Theo-
rem 4.2.5. Recall that we defined KZ. = Kg.lag(d)w = k;jdj/d; when d > 0. We can
similarly define /?l?lj :=R;jdj/d;, and ’?2 approximates Kl?“;. just as in Theorem 4.2.15.

Theorem 4.2.5 (Repetition). There is an O(n*m? + n®) time algorithm that for any
matrix A € R"™" computes an estimate & of yw such that

&< tw < n(iy)*é

and a D € D such that
Xy < Xwp <n(iy)’.
Proof. Let us run the algorithm FINDING-CIRcUITS(A) described in Theorem 4.2.15
to obtain the values &;; such that &;; < k;; < (K*V‘V)Q/?ij. We let G = ([n], E) be the
circuit ratio digraph, that is, (i, j) € E if x;; > 0.
To show the first statement on approximating ', we simply set £ = max; j)eg Kij.
Then,

£ < kw < fw < nkw < n(ky)*é < n(y)*é
follows by Theorem 4.2.8.
For the second statement on finding a nearly optimal rescaling for iy, , we consider

the following optimization problem, which is an approximate version of (4.9) from
Theorem 4.2.13.

min ¢
Rijdijdi <t V(i,j) €E 4.11)
d>0.

Let d be an optimal solution to (4.11) with value 7. We will prove that < (K*W)3.
First, observe that Kg. = Kijcij/dAi < (K;V)zl?ijcij/a?i < (K’;V)zf for any (i, j) € E.
Now, let d* > 0 be such that k¢ = Ky, - The vector d* is a feasible solution to (4.11),
and sof < max; /?l-jd;./d;f < max;z; Kijd;‘./d;‘ = k", Hence we find that d gives a
rescaling with
Xwb < nk? < (i) < new)?,

where we again used Theorem 4.2.8.

We can obtain the optimal value 7 of (4.11) by solving the corresponding
maximum-mean cycle problem (see Theorem 4.2.13). It is easy to develop a mul-
tiplicative version of the standard dynamic programming algorithm of the classical
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minimum-mean cycle problem (see e.g. [4, Theorem 5.8]) that allows finding the
optimum to (4.11) directly, in the same O (n?) time.

It is left to find the labels d; > 0, i € [n] such that &;;d;/d; < t for all
(i, j) € E. We define the following weighted directed graph. We associate the weight
w;ij = logf—logg;; withevery (i, j) € E, and add an extra source vertex r with edges
(r,i) of weight w,; = 0 for all i € [n].

By the choice of 7, this graph does not contain any negative weight directed cycles.
We can compute the shortest paths from 7 to all nodes in O(n?) using the Bellman-
Ford algorithm; let o; be the shortest path label for i. We then set d; = exp(o;). One
can avoid computing logarithms by using a multiplicative variant of the Bellman-Ford
algorithm instead.

The running time of the whole algorithm will be bounded by O (n?m? + n?). The
running time is dominated by the O (n>m?) complexity of FINDING-CIRCUITS(A) and
the O (n*) complexity of solving the minimum-mean cycle problem and shortest path
computation. |

4.3 A scaling-invariant layered least squares interior-point algorithm

4.3.1 Preliminaries on interior-point methods

In this section, we introduce the standard definitions, concepts and results from the
interior-point literature that will be required for our algorithm. We consider an LP
problem in the form (4.1), or equivalently, in the subspace form (4.3) for W = Ker(A).
We let

PH={xeR':Ax=b,x >0}, D" ={(y,5) eR™ : ATy +s=c,s>0}.

Recall the central path defined in (CP), with w(u) = (x(u), y(u), s(u)) denoting the
central path point corresponding to u > 0. We let w* = (x*, y*, s*) denote the primal
and dual optimal solutions to (4.1) that correspond to the limit of the central path for
u— 0.
Forapointw = (x, y, s) € P xD*, the normalized duality gap is u(w) = x"s/n.
The ¢€,-neighborhood of the central path with opening 8 > 0 is the set

N(B) = {w e P XD | — — || < ,B}
u(w)
Throughout the chapter, we will assume 3 is chosen from (0, 1/4]; in Algorithm 4
we use the value 8 = 1/8. The following proposition gives a bound on the distance
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between w and w(u) if w € N(B). See e.g. [100, Lemma 5.4], [146, Proposition
2.1].

Proposition 4.3.1. Let w = (x,y,s) € N(B) for B € (0,1/4] and u = u(w), and
consider the central path point w(u) = (x(u), y(u), s(w)). For eachi € [n],

Xi <1—2ﬁ
1428~ 1-p 1-8"

< 1_2ﬁ-si£s,~(u)si.
1428 1-8 1-8

cx; < xi(p) <

We will often use the following proposition which is immediate from definiton of

B.

Proposition 4.3.2. Let w = (x,y,s) € N (B) for B € (0,1/4], and u = u(w). Then
foreachi € [n]

(1 =PV < Vsixi < (1+B) V.

Proof. By definition of NV'(8) we have for all i € [n] that |% -1 < - 1 <p
and so (1 — B)u < x;5; < (1 + B)u. Taking roots gives the results. m]

A key property of the central path is “near monotonicity”, formulated in the
following lemma, see [198, Lemma 16].

Lemma 4.3.3. Let w = (x, y, s) be a central path point for u and w’ = (x’,y’, s”) be
a central path point for u’ < p. Then ||x'/x + 5" /5|0 < n. Further, for the optimal
solution w* = (x*,y*, s%) corresponding to the central path limit u — 0, we have
llx*/xlly + 11s* /sl = n.

Proof. We show that ||x"/x||; + ||s’/s|l1 < 2n for any feasible primal x” and dual
(v",s") such that (x")"s’ < x"s = nu; this implies the first statement with the weaker
bound 2n. For the stronger bound ||x’/x + s’/s||c < 1, see the proof of [198, Lemma
16]. Since x —x’ € Wand s — s’ € W+, we have (x —x")T(s — s') = 0. This can be
rewritten as x' s’ + (x”)"s = x"s + (x”)"s”. By our assumption on x’ and s’, the right
hand side is bounded by 2nu. Dividing by u, and noting that x;s; = u for all i € [n],
we obtain

xl

sl

s

n ’ ’
=>,—+—<n.
1 = X Si

X0

The second statement follows by using this to central path points (x’,y’,s’) with
parameter u’, and taking the limit y” — 0. O
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4.3.2 The affine scaling and layered-least-squares steps

Given w = (x,y,s) € P*" x D**, the search directions commonly used in interior-
point methods are obtained as the solution (Ax, Ay, As) to the following linear system
for some o € [0, 1].

AAx =0 (4.12)
ATAy +As =0 (4.13)
sAx +xAs = oul — xs 4.14)

Predictor-corrector methods, such as the Mizuno-Todd-Ye Predictor-Corrector (MTY
P-C) algorithm [145], alternate between two types of steps. In predictor steps, we use
o = 0. This direction is also called the affine scaling direction, and will be denoted
as Aw? = (Ax?, Ay?, As?*) throughout. In corrector steps, we use oo = 1. This gives
the centrality direction, denoted as Aw® = (Ax®, Ay®, As®).

In the predictor steps, we make progress along the central path. Given the search
direction on the current iterate w = (x,y,s) € N(f), the step-length is chosen
maximal such that we remain in N (2p), i.e.

a® :=sup{a € [0,1] :Va’' € [0,a] : w+a'Aw* € N'(28)}.
Thus, we obtain a point w* = w + a*Aw® € N (28). The corrector step finds a next

iterate w¢ = w? + Aw®, where Aw® is the centrality direction computed at w?. The
next proposition summarizes well-known properties, see e.g. [202, Section 4.5.1].

Proposition 4.3.4. Let w = (x,y,s) € N(B) for B € (0,1/4].
(i) For the affine scaling step, we have u(w*) = (1 — a)u(w).
(i) The affine scaling step-length is

Ax?As?
aaZmax{ 1—|| S”}.

B _IAxTAsT
Vi Butw)
(iii) Forw* € N'(2B), and w® = wr+AwS, we have u(w®) = u(w*) and w® € N (B).

(iv) After a sequence of O (\/nt) predictor and corrector steps, we obtain an iterate
w = (x",y’,s") € N(B) such that u(w’) < u(w)/2".
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Minimum norm viewpoint and residuals For any point w = (x, y, s) € P**xD**
we define

§=6(w) =522 e R", (4.15)
With this notation, we can write (4.14) for o = 0 in the form
SAx +6 ' As = —s' /2112 (4.16)

Note that for a point w(u) = (x(u),y(u),s(u)) on the central path, we have

0i(w(u)) = si(u)/\u = jpt/x;(u) for all i € [n]. From Proposition 4.3.1, we
see that if w € N'(B), and u = u(w), then for each i € [n],

1
JI-28

VI=2B-6;(w(u)) <6i(w) < 0i(w(w)) - (4.17)

The matrix Diag(5(w)) will be often used for rescaling in the algorithm. That is,
for the current iterate w = (x,y,s) in the interior-point method, we will perform
projections in the space Diag(6(w))W. To simplify notation, for 6 = 6(w), we use
L? and Kfj as shorthands for L?lag(é)w and K?,.lag(é) W The subspace W = Ker(A)
will be fixed throughout.

It is easy to see from the optimality conditions that the components of the affine
scaling direction Aw? = (Ax?, Ay?, As®) are the optimal solutions of the following
minimum-norm problems.

Ax* = argmin,  cpn {[|6(x + Ax)||* : AAx = 6}

- . . ) L 418)
(Ay*, As®) = argminay ag)ermxprn {107 (s +As)[|7 : A Ay + As = 0}

Following [147], for a search direction Aw = (Ax, Ay, As), we define the residuals as

_ S(x+A) R 0 (s+A9) (4.19)

Vi Vi

We let Rx* and Rs* denote the residuals for the affine scaling direction Aw?. Hence,
the primal affine scaling direction Ax? is the one that minimizes the £>-norm of the
primal residual Rx?, and the dual affine scaling direction (Ay?, As®) minimizes the
{>-norm of the dual residual Rs*. The next lemma summarizes simple properties of
the residuals, see [147].

Rx :

Lemma 4.3.5. For 8 € (0, 1/4] such thatw = (x,y, s) € N (B) and the affine scaling
direction Aw = (Ax?, Ay?, As?), we have
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®

Ax?As? 1/2,1/2
Rx*Rs® = S Ré+Rf =2 (4.20)

(i)

IR1* + ||Rs*||* =
(iii) We have ||[Rx"||, [IRs*|| < v/n, and for each i € [n], max{Rx}, Rs®} > %(l - B).

(iv)
1 1
Rx* = ——6'As?, Rs® = ———G6Ax?.
Vi Vi

Proof. Parts (i) and (iv) are immediate from the definitions and from (4.12)-(4.14)
and (4.16). In part (i), we use part (i) and (Rx*)"Rs* = 0. In part, (iii), the
first statement follows by part (ii), and the second statement follows from (i) and
Proposition 4.3.2. m|

For a subset I C [n], we define

gr(w) = max min{|Rx;], [Rsj[}, and &*(w) :=&},,(W). 4.21)
[AS]

The next claim shows that for the affine scaling direction, a small £(w) yields a
long step; see [147, Lemma 2.5].

Lemma 4.3.6. Letw = (x,y,s) € N(B) for p € (0,1/4]. Then for the affine scaling

step, we have

B \/ﬁsa(W)}

Vo' B '
Proof. Let € := £*(w). From Lemma 4.3.5(1), we get || Ax*As?||/u = ||Rx*Rs?||. We
can bound ||[Rx*Rs?|| < &(||Rx*|| + ||Rs*||) < ev/n, where the latter inequality follows

by Lemma 4.3.5(iii). From Proposition 4.3.4(ii), we get @ > max{B/+/n, 1—+/ne/B}.
The claim follows by part (i) of the same proposition. O

u(w + a*Aw?)

() Smin{l—

The layered-least-squares direction

Let J = (J1,J2,...,Jp) be an ordered partition of [n].2 For k € [p], we use the
notations J<x :=J1 U ... UJg_1, Jsi := Jip1 U ... UJp, and similarly J<x and J>.

2In contrast to how ordered partitions were defined in [147], we use the term ordered only to the
p-tuple (Jq,. .., Jp), which is to be viewed independently of 6.
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We will also refer to the sets Ji as layers, and J as a layering. Layers with lower
indices will be referred to as ‘higher’ layers.

Given w = (x,y,s) € P** x D**, and the layering 7, the layered-least-squares
(LLS) direction is defined as follows. For the primal direction, we proceed backwards,
with k = p,p —1,...,1. Assume the components on the lower layers A.xik have
already been determined. We define the components in Jj as the coordinate projection
Axgk = nj, (Xx), where the affine subspace Xy is defined as the set of minimizers

. 2 2
Xy = argmin {[}65, (o, + Axp [P ANy =0,a0,, =ad) Lo @22)
AxeRn

The dual direction As'! is determined in the forward order of the layersk =1,2,...,p.
Assume we have already fixed the components As1}<k on the higher layers. Then,

Asly =7y, (Sy) for

2 -
Sk = argmin {“6;: (s, +Asyp)| : 3y € R™, ATAy + As = 0, Asy_, = Asl}<k} .

AseR"
(4.23)

The component Ay'! is obtained as the optimal Ay for the final layer k = p. We use
the notation Rx'' and £"(w) analogously to the affine scaling direction. This search
direction was first introduced in [198].

The affine scaling direction is a special case for the single element partition. In
this case, the definitions (4.22) and (4.23) coincide with those in (4.18).

4.3.3 Overview of ideas and techniques

A key technique in the analysis of layered least-squares algorithms [129, 146, 198] is
to argue about variables that have ‘converged’. According to Proposition 4.3.1 and
Lemma 4.3.3, for any iterate w = (x,y,s) € N (B) and the limit optimal solution
w* = (x*,y%,s"), the bounds x < O(n)x; and 57 < O(n)s; hold. We informally say
that x; (or s;) has converged, if x; < O(n)x} (s; < O(n)s}) hold for the current iterate
or for any earlier iterate. Thus, the value of x; (or s;) remains within a multiplicative
factor O (n?) for the rest of the algorithm. Note that if u > u’ and x; has converged at
H)[si(p)
JT

path parameter.

11, then 4 [0 (lnz) , O(nz)] ; thus, s; keeps “shooting down” with the central

Converged variables in the affine scaling algorithm Let us start by showing that
at any point of the algorithm, at least one primal or dual variable has converged.
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Suppose for simplicity that our current iterate is exactly on the central path, i.e.,
that xs = ,ui. This assumption will be maintained throughout this overview. In this
case, the residuals can be simply written as Rx* = (x + Ax?)/x, Rs* = (s + As?®)/s.
Recall from (4.18) that the affine scaling direction corresponds to minimizing the
residuals Rx* and Rs®. From this choice, we see that

*

X

*

N

N

x + Ax?
X

s+ As?
s

(4.24)

X

We have ||[Rx?||> +||Rs?||*> = n by Lemma 4.3.5(ii). Let us assume ||Rx?||> > n/2; thus,
there exists a i € [n] such that x] > x;/ V2. In other words, just by looking at the
residuals, we get the guarantee that a primal or a dual variable has already converged.
Based on the value of the residuals, we can guarantee this to be a primal or a dual
variable, but cannot identify which particular x; or s; this might be.

For ||Rx*||> > n/2, a primal variable has already converged before performing
the predictor and corrector steps. We now show that even if |[Rx?|| is small, a
primal variable will have converged after a single iteration. From (4.24), we see that
there is an index i with x7/x; > ||Rx*||/+/n. Furthermore, Proposition 4.3.4(ii) and
Lemma 4.3.5 imply that 1 — o < ||[Rx®| - ||[Rs?||/B < vnl|Rx*||/B, since ||Rs?|| < /n.
The predictor step moves to x* := x + aAx* = (1 — a)x + a(x + Ax*). Hence, x* <
(% + ||Rxa||) x. Putting the two inequalities together, we learn that x7 < O (n)x}
for some i € [n]. Since w* = (x*, y*, s7) € N (28), Proposition 4.3.1 implies that x;
will have converged after this iteration. An analogous argument proves that some s;
will also have converged after the iteration. We again emphasize that the argument
only shows the existence of converged variables but we cannot identify them in
general.

Measuring combinatorial progress Tying the above together, we find that after a
single affine scaling step, at least one primal variable x; and at least one dual variable
xi (W) /x; (1) [ M onHul.
xi (1) [xj () omhp W |’
thus, the ratio of these variables keeps asymptotically increasing. The x;/x; ratios
serve as the main progress measure in the Vavasis—Ye algorithm. If x;/x; is between
1/(poly(n) ¥) and poly(n) y before the affine scaling step for the pair of converged
variables x; and s, then after poly(n) log y iterations, the x;/x; ratio must leave this
interval and never return. Thus, we obtain a ‘crossover-event’ that cannot again occur
for the same pair of variables. In the affine scaling algorithm, there is no guarantee
that x; /x; falls in such a bounded interval for the converging variables x; and s;; in
particular, we may obtain the same pairs of converged variables after each step.

s has converged. This means that for any u" < u,
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The main purpose of layered-least-squares methods is to proactively force that in
every certain number of iterations, some ‘bounded’ x;/x; ratios become ‘large’ and
remain so for the rest of the algorithm.

In our approach, the first main insight is to focus on the scaling invariant quantities

Kl.‘;/xi /x; instead. For simplicity’s sake, we first present the algorithm with the

assumption that all values KL“./ are known. We will then explain how this assumption

can be removed by using gradually improving estimates on the values.

The combinatorial progress will be observed in the ‘long edge graph’. For
a primal-dual feasible point w = (x,y,x) and o = 1/0(n%), this is defined as
Gy.o = ([n], Ew, o) with edges (i, j) such that Kfj‘./xi/xj > 0. Observe that for any
i,j € [n], at least one of (7, j) and (j,i) are long edges: this follows since for any
circuit C with i, j € C, we get lower bounds |g]¢/gic| < «}7 and |gf/g]¢| <«

Intuitively, our algorithm will enforce the following two types of events. The
analysis in Section 4.4 is based on a potential function analysis capturing roughly the
same progress.

* For an iterate w and a value y > 0, we have i, j € [n] in a strongly connected
component in G,  of size < 7, and for any iterate w’ with u(w’) > u, if i, j
are in a strongly connected component of G- then this component has size
> 27.

* For an iterate w and a value u > 0, we have (i, j) ¢ E,, o, and for any iterate
w’ with u(w”) > u we have (7, j) € E\yr o

At most O (n? log n) such events can happen overall, so if we can prove that on average
an event will happen every O (v/nlog(x, +n)) iterations or the algorithm terminates,
then we have the desired convergence bound of O (n?- log(n) log( X, +n)) iterations.

Converged variables cause combinatorial progress We now show that combina-
torial progress as above must happen in the affine scaling step in the case when the
graph G,, . is strongly connected. As noted above, for the pair of converged variables
x; and s; after the affine scaling step, x;/x;, and thus Kx./xi/xj, will asymptotically
increase by a factor 2 in every O (4/n) iterations.

By the strong connectivity assumption, there is a directed path in the long edge
graph from i to j of length at most n — 1. Each edge has length at least o, and by the
cycle characterization (Theorem 4.2.13) we know that (Kﬁ.’x /%) - ol < (k)"
)Y < (K*W)2 by the same theorem, we
obtain the lower bound Kfyxi [x; > o] (K;V)‘”"z.

This means that after O (v/nlog((k3, /o)")) = o(n'? log(«j,, +n)) affine scaling
steps, the weight of the edge (i, j) will be more than (7, / o). There can never

As such, k7Y x;/x; < (kyy,)" fo"~!. Since k}} k
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Figure 4.1: Top-down we have a chart of primal/dual variables and the estimated
subgraph of the circuit ratio digraph (Definition 4.3.11) for three different iterations:
1) All variables are far away from their optimal values. 2) On J; there is a primal
variable (i) and dual variable (j) that have converged, i.e. x; is close to x and s; is
close to s7. 3) j moves to layer J, due to a change in the underlying subgraph of the
circuit ratio digraph.

again be a length n or shorter path from j to i in the long edge graph, for otherwise the
resulting cycle would violate Theorem 4.2.13. Moreover, by the triangle inequality
(Lemma 4.2.16), any other k # i, j will have either (i, k) or (k,j) of length at
least (k7y, / o)?", similarly causing a pair of variables to never again be in the same
connected component. As such, we took O (n'! log(«y,, +n)) affine scaling steps and
in that time at least n — 1 combinatorial progress events have occured.

The layered least squares step Similarly to the Vavasis—Ye algorithm [198] and
subsequent literature, our algorithm is a predictor-corrector method using layered
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least squares (LLS) steps as in Section 4.3.2 for certain predictor iterations. Our
algorithm (Algorithm 4) uses LLS steps only sometimes, and most steps are the
simpler affine scaling steps; but for simplicity of this overview, we can assume every
predictor iteration uses an LLS step.

We define the ordered partition 7 = (J1,J2, . . ., Jp) corresponding to the strongly
connected components in topological ordering. Recalling that either (i, j) or (j,i)
is a long edge for every pair i, j € [n], this order is unique and such that there is a
complete directed graph of long edges from every J to Jr for 1 < k < k’ < p.

The first important property of the LLS step is that it is very close to the affine
scaling step. In Section 4.3.4, we introduce the partition lifting cost £V (J) =
maxa<k<p €V (J>) as the cost of lifting from lower to higher layers; we let X ()
be a shorthand for £P22(1/X)W (7 Note that this same rescaling is used for the affine
scaling step in (4.18), since 6 = +/ut/x if w is on the central path. In Lemma 4.3.10(ii),
we show that for a small partition lifting cost, the LLS residuals will remain near the
affine scaling residuals. Namely,

IRx" = Re*||, |Rs" — Rs*|| < 6n*/2¢'*(T) .

Recall that the LLS residuals can be written as Rx"" = (x + Ax')/x, Rs" = (s +As") /s
for a point on the central path. For [J defined as above, Lemma 4.2.11 yields
VX (T) < nmaxjey, jeskelp] K} xl/xj This will be sufficiently small as this
maximum is taken over ‘short’ edges (not inkE, s).

A second, crucial property of the LLS step is that it “splits” our LP into p separate
LPs that have “negligible” interaction. Namely, the direction (Axll As” ) will be
very close to the affine scaling step obtained in the problem restricted to the subspace
Wi ={xs :x€W,x,, =0} (Lemma 4.3.10(i))

Since each component Jy is strongly connected in the long edge graph G, o, if
there is at least one primal x; and dual s; in Ji that have converged after the LLS
step, we can use the above argument to show combinatorial progress regarding the
K [ Xi /x; value (Lemma 4.4.3).

Explomng the proximity between LLS and affine scaling steps, Lemma 4.3.10(iv)
gives a lower bound on the step size @ > 1 — %ﬁ max;e[, min{|Rx!|, [Rs!|}. Let Ji
be the component where m1n{||Rx || ||Rs ||} is the largest. Hence, the step size «
can be lower bounded in terms of mm{lle || ||Rs ||}

The analysis now distinguishes two cases. Letw* = w+aAs'" be the point obtained
by the predictor LLS step. If the corresponding partition lifting cost £!/ () is still
small, then a similar argument that has shown the convergence of primal and dual
variables in the affine scaling step will imply that after the LLS step, at least one
x; and one s; will have converged for 7, j € Ji. Thus, in this case we obtain the
combinatorial progress (Lemma 4.4.4).
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The remaining case is when £'/*"(7) becomes large. In Lemma 4.4.5, we show
that in this case a new edge will enter the long edge graph, corresponding to the second
combinatorial event listed previously. Intuitively, in this case one layer “crashes” into
another.

Refined estimates on circuit imbalances In the above overview, we assumed the
circuit imbalance values Kfj‘.’ are given, and thus the graph G,, - is available. Whereas
these quantities are difficult to compute, we can naturally work with lower estimates.
For each i, j € [n] that are contained in a circuit together, we start with the lower
bound /?l‘y = gJC / gl.C| obtained for an arbitrary circuit C with i, j € C. We use the
graph GAW,G = ([n],l?w,g) corresponding to these estimates. Clearly, E“W,(, CEy. o
but some long edges may be missing. We determine the partition 7 of the strongly
connected components of CA;WJ and estimate the partition lifting cost £!/* (7). If this
is below the desired bound, the argument works correctly. Otherwise, we can identify
a pair i, j responsible for this failure. Namely, we find a circuit C with i, j € C such
that &Y < | gjc /&€ |. In this case, we update our estimate, and recompute the partition;
this is described in Algorithm 3. At each LLS step, the number of updates is bounded
by n, since every update leads to a decrease in the number of partition classes. This

finishes the overview of the algorithm.

4.3.4 A linear system viewpoint of layered least squares

We now continue with the detailed exposition of our algorithm. We present an
equivalent definition of the LLS step introduced in Section 4.3.2, generalizing the
linear system (4.13)—(4.14). We use the subspace notation. With this notation,
(4.13)—(4.14) for the affine scaling direction can be written as

SAX* + xAs* = —xs, Ax*e W, and As*e W, (4.25)

which is further equivalent to §Ax® + 61 As? = —x!/251/2,
Given the layering 7 and w = (x, y, s), for each k € [p] we define the subspaces

W7k :={XJk:X€W,XJ>k=6} and ij ::{xjk:erL,xJ<k=6}.

It is easy to see that these two subspaces are orthogonal complements. Our next goal
is to show that, analogously to (4.25), the primal LLS step Ax'' is obtained as the
unique solution to the linear system

SAX" + 67 As = x5 A e W, and Ase WS e@---@ W, (426)
and the dual LLS step As'! is the unique solution to

SAx+67'As! = X212 AxeWs @---@Ws,, and As'e Wt (4.27)
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It is important to note that As in (4.26) may be different from As", and Ax in (4.27)
may be different from Ax'". In fact, As" = As and Ax"" = Ax can only be the case for
the affine scaling step.

The following lemma proves that the above linear systems are indeed uniquely
solved by the LLS step.

Lemma 4.3.7. Fort ¢ R", W C R", 6 € RY,, and J = (J1,J2,...,Jp), let
w = LLSY*°(t) be defined by

sw+slv=ot,  weW, veW; e---eW; .
Then LLS“}V"S(I) is well-defined and

||6Jk (tfk - ij)” = min{llélk (th - ij)” tzEeW, s = Wf>k}

forevery k € [p].

~In the notation of the above lemma, for ordered partitions J = (J1,J2,...,Jp),
J = Up,Jp-1,...,J1), and (x,y,s) € P** x D** with § = s12x71/2 we have

A" = LLSY 4 (~x) and A" = LLSEYL"S_] (=s).

Proof of Lemma 4.3.7. We first prove the equality W n (W7 & --- @ W5 o) = {0},

and by a similar argument we have W N (W7 1 & ---® Wy ,) = {0}. By duality,
this last equality tells us that

WiNnWgi@--eWg,) =W+ (W5, ---@W;,p) =R".

Thus, the linear decomposition defining LLS¥’5(I) has a solution and its solution is
unique.

Suppose y € WN (W @ ---® W5 ). We prove y;, = 0 by induction on
k, starting at k = p. The induction hypothesis is that y;_, = 0, which is an empty
requirement when k = p. The hypothesis y; , = 0 together with the assumption
y € Wisequivalenttoy € Wn R’}g{, and implies y;, € mj, (W N Rjgk) =Wrk.
Since we also have y;, € W;’ « Dy assumption, which is the orthogonal complement

of Wz r, we must have y;, = 0. Hence, by induction y = 0. This finishes the proof
that LLS"*° (1) is well-defined.

Next we prove that w minimizes min{|[6 s, (t;, =z, )|l : z € W,z;_, =wy_, }. The
optimality condition is for 65, (¢, — z,) to be orthogonal to ¢, u for any u € W .
By the LLS equation, we have 6, (t;, —wy,) = 6;:v Ji» Where vy, € Wi .- Noting
then that (65, u, 6};\)) =(uy,,vy,) =0foru € Wy i, the optimality condition follows
immediately. O
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With these tools, we can prove that the lifting costs are self-dual. This explains
the reverse order in the dual vs primal LLS step and justifies our attention on the
lifting cost in a self-dual algorithm. The next proposition generalizes the result of
[101].

Proposition 4.3.8 (Proof on p. 166). For a linear subspace W C R" and index set
I C [n] withJ = [n] \ [,

1LY I < max{1, ILy ||}

In particular, €V (I) = €V ().

We defer the proof to Section 4.5. Note that this proposition also implies Propo-
sition 4.2.1(iv).

Partition lifting scores

A key insight is that if the layering J is “well-separated”, then we indeed have
xAs" + sAx! ~ —xs, that is, the LLS direction is close to the affine scaling direction.
This will be shown in Lemma 4.3.10. The notion of “well-separatedness” can be
formalized as follows. Recall the definition of the lifting score (4.5). The lifting score
of the layering J = (J1,J2,...,Jp) of [n] with respect to W is defined as

Y (T) = max €V (Jsp).
2<k<p

For 6 € R”,, we use £V (1) := (P122(OW (1) and £W-9(7) := £P2e(OW (7). When
the context is clear, we omit W and write £ (1) := ¢W-9(I) and £°(7) := V-4 (7).

The following important duality claim asserts that the lifting score of a layering
equals the lifting score of the reverse layering in the orthogonal complement subspace.
It is an immediate consequence of Proposition 4.3.8.

Lemma 4.3.9. Let W C R” be a linear subspace, 6 € R”,. For an ordered partition
J =1 Ja, .. dp) let T = (Jp,Jp-1,...,J1) denote the reverse ordered partition.
Then, we have

Vo) = ).

Proof. Let U = Diag(6)W. Note that U+ = Diag(6~')W*. Then by Proposi-
tion 4.3.8, for 2 < k < p, we have that

VO Tsr) =€V (Tsr) = €V (T 1) = €V (T prsa) = €750 (Topis).

In particular, £V-9(7) = W (J), as needed. O



4.3. A scaling-invariant layered least squares interior-point algorithm 153

The next lemma summarizes key properties of the LLS steps, assuming the
partition has a small lifting score. We show that if £°(7) is sufficiently small, then
on the one hand, the LLS step will be very close to the affine scaling step, and on
the other hand, on each layer k € [p], it will be very close to the affine scaling step
restricted to this layer for the subspace W7 . The proof is deferred to Section 4.5.

Lemma 4.3.10 (Proof on p. 171). Let w = (x,y,s) € N(B) for B € (0,1/4], let
u=puw)ands =o6(w). Let J = (J1,...,Jp) bealayering with £9(J) < B/(32n?),
and let Aw" = (Ax", Ay", As'Y) denote the LLS direction for the layering J. Then the
following properties hold.

(1) We have
165, AYY, + 67 AsY +x2s )2 < 6nl°(T)VE,  Vk € [pl, and (4.28)
l6Ax" + 67T As" + x172512) < 6132 6% (T)\E . (4.29)

(ii) For the affine scaling direction Aw?* = (Ax?, Ay?, As?),
IRx" — Rx?||, ||Rs" = Rs®|| < 6n°/%¢%( 7).
(iii) For the residuals of the LLS steps we have ||[RX"|, ||Rs"|| < V2n. For each
i € [n], max{|Rx!|, [Rs|} > 1 - 3p.
(iv) Let e'(w) = maXx;e(n] min{|Rx1.1|, |Rs1.1|}, and define the step length as
a :=sup{a’ € [0,1] : Va € [0,a'] : w + @aAw' € N'(2B)}.
We obtain the following bounds on the progress in the LLS step:
uw+aAw"y = (1 —a)u, and
1l
0% Z 1 — @.

(v) We have " (w) = 0 if and only if @« = 1. These are further equivalent to
w+ Aw! = (x + A, y + AYY, s + As'Y) being an optimal solution to (4.1).

4.3.5 The layering procedure

Our algorithm performs LLS steps on a layering with a low lifting score. A further
requirement is that within each layer, the circuit imbalances K;Sj defined in (4.7) are
suitably bounded. The rescaling here is with respect to 6 = 6(w) for the current iterate
w = (x,y, s). To define the precise requirement on the layering, we first introduce an
auxiliary graph. Throughout we use the parameter

B
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The auxiliary graph For a vector 6 € R, and o > 0, we define the directed graph
Gs.o = ([n],Es,o) such that (i, j) € Es & if Ki‘i. > o. This is a subgraph of the
circuit ratio digraph studied in Section 4.2, including only the edges where the circuit
ratio is at least the threshold o. Note that we do not have direct access to this graph,
as we cannot efficiently compute the values Kfj.

At the beginning of the entire algorithm, we run the subroutine FIND-CIRCUITS(A)
as in Theorem 4.2.15, where W = Ker(A). We assume the matroid M (A) is non-
separable. For a separable matroid, we can solve the subproblems of our LP on
the components separately. Thus, for each i # j, i, j € [n], we obtain an estimate
Kij < k;j. These estimates will be gradually improved throughout the algorithm.

Note that Kf]. = k;;j6,/0; and /23 =R;j6;/0;. If /2151 > o, then we are guaranteed
(i) € Es.0-

Definition 4.3.11. Define G5, = ([n], Es.,) to be the directed graph with edges
(i, j) such that l?fj > o; clearly, (A?(;,g is a subgraph of G5 .
Lemma 4.3.12. Let 6 € R7,. Foreveryi # j, i,j € [n], /?fj . l?fl. > 1. Consequently,

forany 0 < o < 1, at least one of (i, j) € Es.- or (j,i) € Es o

Proof. We show that this property holds at the initialization. Since the estimates can
only increase, it remains true throughout the algorithm. Recall the definition of &;;
from Theorem 4.2.15. This is defined as the maximum of |g;/g;| such that g € W,
supp(g) = C for some C € C containing i and j. For the same vector g, we get
Rji > |gi/g;|. Consequently, &;; - Kj; > 1, and also /?fj . /?}51. > 1. The second claim
follows by the assumption o < 1. O

Balanced layerings We are ready to define the requirements on the layering in the
algorithm. In the algorithm, 6 = §(w) will correspond to the scaling of the current
iterate w = (x, y, 5).

Definition 4.3.13. Let 6 € R},. The layering J = (J1,J2,...,Jp) of [n] is 6-
balanced if

() €°(J) <y, and
(ii) Ji is strongly connected in G/, for all k € [p].

The following lemma shows that within each layer, the Kfj values are within a
bounded range. This will play an important role in our potential analysis.

Lemma 4.3.14. Let0 <o <landt > 0,andi,j € [n],i # j.
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(1) If the graph G s, contains a directed path of at most t — 1 edges from j to i,

then
e\t
k8 < [ X
ij o

(i1) If G, o contains a directed path of at most t — 1 edges from i to j, then
s (T
Kij > (F) .

Proof. For part (i), let j = iy,i2,...,ip =i be apathin Gy , in J from j to i with
h < t. That is, K[.‘iim > o for each € € [h]. Theorem 4.2.13 yields

i\t 5 _h-1 5t
(K)ZKij-O' > Ko,

according to Lemma 4.3.12. O

since & < f and o < 1. Part (ii) follows using part (i) for j and i, and that Kg. . K;.Sl. >1

Description of the layering subroutine Consider an iterate w = (x, y, s) € N (B)
of the algorithm with § = 6(w), The subroutine LAYERING(J, k), described in Algo-
rithm 3, constructs a 0-balanced layering. We recall that the approximated auxilliary
graph G(;,y/n with respect to £ is as in Definition 4.3.11

Algorithm 3 LAYERING(J, K)

Input: 6 € R?, and ¢ € RE,.

Output: §-balanced layering J = (J1, ..., J,) and updated values & € RE,.
Compute the strongly connected components Cy, Cy, ..., Cp of (A}(;,y /n» listed in
the ordering imposed by (A?g,y /n
E « E5,7/"
fork=2,...,¢do

Call VERIFY-LIFT(Diag(8)W, C»y,y) that answers ‘pass’ or ‘fail’
if the answer is ‘fail’ then
Leti € Csk, j € Cci, and t be the output of VERIFY-LIFT such that
y/n<t< Kfj
’?ij — téi/éj
E — EV{())}
Compute strongly connected components Ji,J2,...,J, of ([n], E), listed in the
ordering imposed by GAg,y/n return J = (J1,J2,...,Jp), k.

We now give an overview of the subroutine LAYERING(J, k). We start by com-
puting the strongly connected components (SCCs) of the directed graph (A;(;,y/n.
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The edges of this graph are obtained using the current estimates l?g According
to Lemma 4.3.12, we have (i, j) € E(g,y/n or (j,i) € E(g,y/n for every i,j € [n],
i # j. Hence, there is a linear ordering of the components Cy, C», ..., C, such that
(u,v) € EA5,7/n whenever u € C;, v € C;, and i < j. We call this the ordering
imposed by G 5 5 /.

For each k = 2,...,¢, we use the subroutine VERIFY-LIFT(Diag(8)W, Cs,y)
described in Lemma 4.2.11. If the subroutine returns ‘pass’, then we conclude
£9(Csx) < v, and proceed to the next layer. If the answer is ‘fail’, then the subroutine
returns as certificates i € Csg, j € C<k, and ¢ such that y/n <t < Klfsj. In this case,

we update /?fj to the higher value . We add (i, j) to an edge set E; this edge set was

initialized to contain E s,y/n- After adding (i, j), all components C, between those
containing i and j will be merged into a single strongly connected component. To
see this, recall that if i’ € Cy and j’ € Cy for € < £/, then (i’, j) € E(g’y/n according
to Lemma 4.3.12.

Finally, we compute the strongly connected components of ([n],E). We let
Ji,J2, ..., Jp denote their unique acyclic order, and return these layers.

Lemma 4.3.15. The subroutine LLAYERING(0, k) returns a 6-balanced layering in
O (nm? + n?) time.

The difficult part of the proof is showing the running time bound. We note that
the weaker bound O (n?m?) can be obtained by a simpler argument.

Proof. We first verify that the output layering is indeed §-balanced. For property (i)
of Definition 4.3.13, note that each J, component is the union of some of the Cy’s.
In particular, for every g € [p], the set />, = Cx for some k € [£]. Assume now
£9(Csy) > y. At step k of the main cycle, the subroutine VERIFY-LIFT returned the
answer ‘fail’, and a new edge (i, j) € E was added withi € Cxg, j € C<i. Note that
we already had (j,i) € E(;,y/n, since j € C, for some r < k,andi € C,» forr’ > k.
This contradicts the choice of J», as a maximal strongly connected component in
([n], E).

Property (ii) follows since all new edges added to E have «;; > y/n. Therefore,
([n], E) is a subgraph of G 5 /n.

Let us now turn to the computational cost. The initial strongly-connected compo-
nents can be obtained in time O (n?), and the same bound holds for the computation
of the final components. (The latter can be also done in linear time, exploiting the
special structure that the components C; have a complete linear ordering.)

The second computational bottleneck is the subroutine VERIFY-LIFT. We assume
a matrix M € R™ ("= is computed at the very beginning such that range(M) = W.
We first explain how to implement one call to VERIFY-LIFT in O (n(n — m)?) time.
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We then sketch how to amortize the work across the different calls to VERIFY-LIFT,
using the nested structure of the layering, to implement the whole procedure in
O(n(n —m)?) time. To turn this into O (nm?), we recall that the layering procedure
is the same for W and W+ due to duality (Proposition 4.3.8). Since dim(W+*) = m,
applying this subroutine on W+ instead of W achieves the same result in time O (nm?).

We now explain the implementation of VERIFY-LIFT, where we are given as input
C C [n] and the basis matrix M € R™ (=™ a5 above with range(M) = W. Clearly,
the running time is dominated by the computation of the set / C C and the matrix
B € RUMNOXIT gatisfying Lg’ (X)[a\c = Bxyp, for x € nc(W). We explain how
to compute / and B from M using column operations (note that these preserve the
range). The valid choices for / € C are in correspondence with maximal sets of
linear independent rows of M ., noting then that |/| = r where r := tk(Mc_.). Let
Dy=[n-m-r]and Dy = [n—m] \ [n —m —r]. By applying columns operations
to M, we can compute / C C such that M; p, = I, (r X r identity) and Mc p, = 0.
This requires O(n(n — m)|C|) time using Gaussian elimination. At this point, note
that 7c (W) = range(Mc p,), n;(W) = R! and range(M. p,) = W N ]R’[“n]\c. To
compute B, we must transform the columns of M. p, into minimum norm lifts
of e € m7(W) into W, for all i € I. For this purpose, it suffices to make the
columns of M, }\c,p, orthogonal to the range of M|,,}\c,p,. Applying Gram-Schmidt
orthogonalization, this requires O((n — |C|)(n — m)(n — m — r)) time. From here,
the desired matrix B = M[,}\c,p,. Thus, the total running time of VERIFY-LIFT is
O(n(n=m)|C|+ (n~|C)(n~m)(n—m~—r)) = 0(n(n-m)?.

We now sketch how to amortize the work of all the calls of VERIFY-LIFT during
the layering algorithm, to achieve a total O (n(n — m)?) running time. Let Cy, ..., Cy
denote the candidate SCC layering. Our task is to compute the matrices Bg,2 < k < ¢,
needed in the calls to VERIFY-LIFT on W, Cs, 2 < k < £, in total O (n(n —m)?) time.
We achieve this in three steps working with the basis matrix M as above. Firstly, by
applying column operations to M, we compute sets I € Cr and Dy = [[{<x|]\[|1<k]],
k € [£], suchthat My, p, = I,,,wherery = |Ix|,and Mc,, p_, =0,2 < k < {. Note
that this enforces Zi:l rx = (n — m). This computation requires O (n(n — m)?) time
using Gaussian elimination. This computation achieves range(Mc, p,) = nc, (W N
R’(‘:Sk), range(Mc., p,,) = nc,, (W) andrange(M. p_. ) = WnN Rggk, forall k € [£].

From here, we block orthogonalize M, such that the columns of M. p, are
orthogonal to the range of M. p_,, 2 < k < ¢. Applying an appropriately adapted
Gram-Schmidt orthogonalization, this requires O (n(n — m)?) time. Note that this
operation maintains My, p, = I, k € [{], since Mc., p_, = 0. At this point, for
k € [£] the columns of M. p, are in correspondence with minimum norm lifts of
el e 7p,,(w) into W, for all i € I;. Note that to compute the matrix By we need the
lifts of ¢’ € Tp. (W), foralli € Iy instead of justi € I.
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We now compute the matrices By, . . ., B; in this order via the following iterative
procedure. Let k denote the iteration counter, which decrements from ¢ to 2. For
k = ¢ (first iteration), we let B, = Mc_, p, and decrement k. For k < ¢, we eliminate
the entries of My, p_, by using the columns of M. p,. We then let By = Mc_, p.,
and decrement k. To justify correctness, one need only notice that at the end of
iteration k, we maintain the orthogonality of M. p_, to the range of M. p_, and that
My, .p., = Ij1,,| is the appropriate identity. The cost of this procedure is the same
as a full run of Gaussian elimination and thus is bounded by O (n(n —m)?). The calls
to VERIFY-LIFT during the layering procedure can thus be executed in O (n(n —m)?))
amortized time as claimed. O

4.3.6 The overall algorithm

Algorithm 4 LP-SoLVE(A, b, ¢, w°)

Input: A € R™" b € R™, ¢ € R"* and an initial feasible solution w® =
(x2,79,5%) € N(1/8) to (4.1).

Output: Optimal solution w* = (x*,y*,s*) to (4.1). Call FIND-CIRCUITS(A) to
obtain the lower bounds &;; for each i, j € [n],i # j k < 0,a < 0

1: while u(wk) # 0 do

2 Compute affine scaling direction Aw?® = (Ax?, Ay?, As?) for w&  » Predictor

3 if £4(w) < 10n3/%y then > Recall £*(w) defined in (4.21)

4: S — (sk)l/Z(xk)—1/2

5 (J,R) «LAYERING(J, k)

6: Compute Layered Least Squares direction Aw!"" = (Ax"!, Ay, As™) for the
layering J and w

7: Aw «— Aw!

8: else

9: Aw — Aw?

10: a « sup{a’ € [0,1] :Va € [0,a'] : w+aAw € N(1/4)}

11: w — wk +aAw

12: Compute centrality direction Aw® = (Ax®, Ay®, As®) for w’ > Corrector

13: Wkl — w’ + Aw®

14: +1
S

return w , vk, s%).

Algorithm 4 presents the overall algorithm LP-SOLVE(A, b, ¢, w"). We assume
that an initial feasible solution w® = (x°,y°, 5%) € NV(B) is given. We address this
in Section 4.7, by adapting the extended system used in [198]. We note that this
subroutine requires an upper bound on y*. Since computing y* is hard, we can
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implement it by a doubling search on log y*, as explained in Section 4.7. Other than
for initialization, the algorithm does not require an estimate on y*.

The algorithm starts with the subroutine FIND-CIRCUITS(A) as in Theorem 4.2.15.
The iterations are similar to the MTY Predictor-Corrector algorithm [145]. The main
difference is that certain affine scaling steps are replaced by LLS steps. In every
predictor step, we compute the affine scaling direction, and consider the quantity
&%(w) = max;c[,) min{|Rx?|, |[Rs?|}. If this is above the threshold 10n3/2y, then we
perform the affine scaling step. However, in case &*(w) < 10n3/%y, we use the
LLS direction instead. In each such iteration, we call the subroutine LAYERING(F, k)
(Algorithm 3) to compute the layers, and we compute the LLS step for this layering.

Another important difference is that the algorithm does not require a final rounding
step. It terminates with the exact optimal solution w* once a predictor step is able to
perform a full step with @ = 1.

Theorem 4.3.16. For given A € R™" b € R™, ¢ € R", and an initial feasible
solution w® = (x°,y°, s°) € N'(1/8), Algorithm 4 finds an optimal solution to (4.1)
in O(n*>logn log(y, +n)) iterations.

Remark 4.3.17. Whereas using LLS steps enables us to give a strong bound on the
total number of iterations, finding LLS directions has a significant computational
overhead as compared to finding affine scaling directions. The layering J can be
computed in time O (nm?) (Lemma 4.3.15), and the LLS steps also require O (nm?)
time, see [142,198]. This is in contrast to the computational cost O (n®) of an affine
scaling direction. Here w < 2.373 is the matrix multiplication constant [196].

We now sketch a possible approach to amortize the computational cost of the LLS
steps over the sequence of affine scaling steps. It was shown in [147] that for the MTY
P-C algorithm, the “bad” scenario between two crossover events amounts to a series
of affine scaling steps where the progress in u increases exponentially from every iter-
ation to the next. This corresponds to the term O (min{n? loglog(uo/n),log(1o/n)})
in their running time analysis. Roughly speaking, such a sequence of affine scaling
steps indicates that an LLS step is necessary.

Hence, we could observe these accelerating sequences of affine scaling steps, and
perform an LLS step after we see a sequence of length O (log n). The progress made
by these affine scaling steps offsets the cost of computing the LLS direction.

4.4 The potential function and the overall analysis

Let 4 > 0 and 6(u) = s(u)' Px(u)~1? = Vi /x(p) = s(p)/+/u correspond to the
point on the central path and recall the definition of y in (4.30). For i, j € [n],i # J,
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we define

and the main potentials in the algorithm as
PH(i, j) := max {l,min {2n, inf Q/J,(l',j)}} and ¥(u) := Z log P (i, j).
O<w’<p i.jeln),izj

The quantity W# (i, j) is motivated by the bounds in Lemma 4.3.14. This statement
together with (4.17) imply Lemma 4.4.1.

Lemma 4.4.1. Let w = (x,y,5) € N(B) for B € (0,1/4], let u = p(w), and
0=06(w). Leti,j€[n],i#]j.
L. If G5,y (4n) contains a path from j toi of at most t — 1 edges, then o* (i, j) < t.

2. If G 5, /(an) contains a path from i to j of at most t —1 edges, then o* (i, j) > —t.

3. IfWH(i, ) = t, theni and j cannot be together on a layer of size at most t, and
J cannot be on a layer preceding the layer containing i in any 6 (w’)-balanced
layering, where w’ = (x’,y’,s") € N'(B) with u(w’) < u.

Our potentials W# (i, j) can be seen as fine-grained analogues of the crossover
events analyzed in [146, 147,198]. Roughly speaking, a crossover event corresponds
to WH (i, j) increasing above n, meaning that i and j cannot be contained in the same
layer after the normalized duality gap decreases below .

In what follows, we formulate four important lemmas crucial for the proof of
Theorem 4.3.16. For the lemmas, we only highlight some key ideas here, and defer
the full proofs to Section 4.6.

For a triple w € N'(8), Aw'! refers to the LLS direction found in the algorithm,
and Rx!' and Rs" denote the residuals as in (4.19). For a subset I C [n] recall the
definition

gl(w) = max min{|Rx!, |Rs!|} .
1€
We introduce another important quantity & for the analysis:
1 (w) == min{[|[Rx} ||, [|Rs} |1}
for a subset I C [n]. For a layering J = (J1,J2,...,Jp), we let

& (w) = max & &y (w).
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The key idea of the analysis is to extract information about the optimal solution
w* = (x*, y*, s*) from the LLS direction. The first main lemma shows that if ||Rxl}[ |
is large on some layer J,, then for at least one index i € J,, x}/x; > 1/poly(n), i.[e.,
the variable x; has “converged”. The analogous statement holds on the dual side for
||Rsljlq|| and an index j € J,.

Lemma 4.4.2 (Proof on p. 174). Let w = (x,y,s) € N(B) for B € (0,1/8] and let
w* = (x*, y", s%) be the optimal solution corresponding to u* = 0 on the central path.
Let further J = (J1,...,Jp) be a 6(w)-balanced layering (Definition 4.3.13), and
let Aw' = (Ax", AY!!, As™M) be the corresponding LLS direction. Then the following
statement holds for every q € [p]:

(i) There exists i € J, such that

x; > 3 (||Rx || —2yn). 4.31)
(i1) There exists j € J, such that
. 2
S} - (IRs, Il = 2yn). (4.32)

J 3\/_

We outline the main idea of the proof of part (i); part (ii) follows analogously using
the duality of the lifting scores (Lemma 4.3.9). On layer ¢, the LLS step minimizes
164, (xs, +Axy,) ||, subject to Ax;. = Axiq and subject to existence of Ax;_, such
that Ax € W. By making use of fé(w)(bq) < v due to 6 (w)-balancedness, we can
show the existence of a point z € W +x* such that ||6,, (zs, — x*Jq)ll is small, and
2y = X1y, +Ax]1 . By the choice ofo“[ swehave |6, 25, Il = 1164, (xy, +Ax] )|| =
Vi ||Rx || Therefore 6,,x Ty /+/t]| cannot be much smaller than ||Rx || Notmg
that & xJ VTS qu /X7, We obtaln a lower bound on x; /x; for some i e Jq.

We empha51ze that the lemma only shows the existence of such indices i and J,
but does not provide an efficient algorithm to 1dent1fy them. It is also useful to note

that for any i € [n], max{ |RxH| |Rs“|} > 5 — —,8 according to Lemma 4.3.10(ii).
Thus, for each g € [p], we obtain a positive lower bound in either case (i) or case (ii).

The next lemma allows us to argue that the potential function W (-, -) increases
for multiple pairs of variables, if we have strong lower bounds on both x} and sj for
some i, j € [n], along with a lower and upper bound on o* (i, j). '

Lemma 4.4.3 (Proof on p. 175). Let w = (x,y,s) € N (2B) for B € (0,1/8], let
u=puw)and 6 = 6(w). Leti,j € [n] and 2 < T < n such that for the optimal
solution w* = (x*,y", s*), we have x| > Bxi /(2% and s; > Bs;/(21%%9), and
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assume o*(i,j) > —1. After O(B~'\ntlog(i* + n)) further iterations the duality
gap W’ fulfills ¥ (i, j) > 21, and for every € € [n] \ {i, j}, either ¥¥ (i, €) > 21, or
WH (¢, ) > 21.

We note that i and j as in the lemma are necessarily different, since i = j would
imply 0 = x7s} > B/ (22001 > 0.

Let us illustrate the idea of the proof of WK (j,j) > 27. Fori and j as in the
lemma, and for a central path element w’ = w(u’) for u” < p, we have x; > x7'/n >
Bxi/(2'9753) and s;. > sj./n > ,st/(210n6'5) by the near-monotonicity of the central
path (Lemma 4.3.3). Note that

’ ’ ! 2
: G _ NS Brsp PP
! /,[’ = " 220nl3lul = 220n13 i ,Ll,

where the last inequality uses Proposition 4.3.2. Consequently, as u’ sufficiently
decreases, Kfj' will become much larger than Kfj. The claim on ¢ € [n] \ {i, j} can
be shown by using the triangle inequality ;i - kx; > «;; shown in Lemma 4.2.16.

Assume now f}}q (w) = 4ynforsome g € [p] inthe LLS step. Then, Lemma4.4.2
guarantees the existence of i, j € J, such that x} /x;, s%/s; > ﬁﬁyn > B/(21%39).
Further, Lemma 4.4.1 gives o# (i, j) > —|J4|. Hence, Lemma 4.4.3 is applicable for
iand j with 7 = [J,].

The overall potential argument in the proof of Theorem 4.3.16 uses Lemma 4.4.3
in three cases: 5317 (w) > 4yn (Lemma4.4.2 is applicable as above); fg(w) < 4ynand
%" (J) < 4yn (Lemma 4.4.4); and fg(w) <4ynand (°(J) > 4yn (Lemma 4.4.5).
Here, 6" refers to the value of § after the LLS step. Note that 6* > 0 is well-defined,
unless the algorithm terminated with an optimal solution.

To prove these lemmas, we need to study how the layers “move” during the LLS
step. We let B = {t € [n] : |Rs!'| < 4yn} and N = {t € [n] : |Rx!| < 4yn}. The
assumption f}(w) < 4yn means that for each layer Ji, either Jx € B or J € N; we
accordingly refer to B-layers and N-layers.

Lemma 4.4.4 (Proof on p. 178). Let w = (x,y,s) € N(B) for B € (0,1/8], and
let 7 = (Ji,...,Jp) be a 6(w)-balanced partition. Assume that f}lj(w) < 4yn,
and let w* = (x*,y",s%) € N(2B) be the next iterate obtained by the LLS step
with u* = u(w*) and assume u* > 0. Let g € [p] such that fg(w) = Eq (w).
If €5°(J) < 4yn, then there exist i,] € Jg such that x} > ,8x1.+/(16n3/2) and
sj- > ﬁs;/(16n3/2). Further, for any €,{’ € J,, we have ot (6,8) > —|Jql.

For the proof sketch, without loss of generality, let 5‘117 = fgq = ||Rxljlq ||, that

is, J4 is an N-layer. The case fgq = ||ngq || can be treated analogously. Since the
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residuals ||Rx1}q || and ||Rs1}q || cannot be both small, Lemma 4.4.2 readily provides
a j € J, such that s;‘./sj > 1/(6+/n). Using Lemma 4.3.3 and Proposition 4.3.1,

sj/s;r = sj./sj . sj/sj. > (1=8)/(6(1+4B8)n%) > B/ (16n3/?).

The key ideas of showing the existence of an i € J,; such that x7 > x}/ (16n3/%)
are the following. With ~, < and %, we write equalities and inequalities that hold
up to small polynomial factors. First, we show that (i) |6 qu}rq | S u*/+/H, and then,
that (ii) 116,55, || 2 4 /A

If we can show (i) and (ii) as above, we obtain that ||6qujq | = ||6qu}q ||, and
thus, x7 2 x7 for some i € J,.

Let us now sketch the first step. By the assumption J, € N, one can show
x}q /Xy, = 1"/, and therefore

+ + /,¢+

u u
16,7, 1l 7||6J¢1qu” ~ 7\/17 =—.

\//7

The second part of the proof, namely, lower bounding ||§ qujq ||, is more difficult.
Here, we only sketch it for the special case when J, = [n]. That is, we have a single
layer only; in particular, the LLS step is the same as the affine scaling step Ax'! = Ax?.
The general case of multiple layers follows by making use of Lemma 4.3.10, i.e.
exploiting that for a sufficiently small £°(7), the LLS step is close to the affine
scaling step.

Hence, assume that Ax' = Ax®. Using the equivalent definition of the affine
scaling step (4.18) as a minimum-norm point, we have ||6x*|| > ||6(x + Ax")|| =
\/ﬁ||RxH|| = \/ﬁfg From Lemma 4.3.6, u*/u < \ne*(w)/B < \/ﬁf}/ﬂ. Thus, we
see that |[ox™|| > Su*/(\/nu).

The final statement on lower bounding oM (0, ) > —|Jg| for any ¢,¢" € J, fol-
lows by showing that 67 /5;, remains close to 6¢/d,-, and hence the values of KM, )
and «* (¢, {’) are sufficiently close for indices on the same layer (Lemma 4.6.1).

Lemma 4.4.5 (Proof on p. 181). Let w = (x,y,s) € N(B) for B € (0,1/8], and let
J = (J1,...,Jp) be a 6(w)-balanced partition. Assume that f}}(w) < 4yn, and
let wt = (x*,y%,s%) € N(2B) be the next iterate obtained by the LLS step with
wt = p(wh) and assume pu* > 0. If €5 (J) > 4yn, then there exist two layers Jg and
Jrandi € J; and j € J. such that x} > xl.+/(8n3/2), and s; > s}f/(8n3/2). Further,
o (i, ) > —=|JqUJ,|, and forall €, 6" € J,UJ,, € # " we have WF (€, ") < |J,UJ,|.

Consider now any ¢ € J; € B. Then, since in)1 is very close to 1, x; X Xp; on
the other hand 57 will “shoot down” close to the small value Rslg - s¢. Conversely, for
t € Jr €N, s; = s¢, and x7 will “shoot down” to a small value.

The key step of the analysis is showing that the increase in £°* () can be attributed
to an N-layer J, “crashing into” a B-layer J,. That is, we show the existence of an
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edge (i’,j') € Es+ 5 4n) fori’ € J, and j' € J,, wherer < gand J, C B, J, C N.
This can be achieved by analyzing the matrix B used in the subroutine VERIFY-LIFT.

For the layers J, and J,, we can use Lemma 4.4.2 to show that there exists an
i € J, where x} /x; is lower bounded, and there exists a j € J, where sj. /s; is lower

bounded. The lower bound on o*" (i, j) and the upper bounds on the ¥ (¢, ¢’) values
can be shown by tracking the changes between the «° (¢, ¢’) and k9" (€,¢") values,
and applying Lemma 4.4.1 both at w and at w*.

Proof of Theorem 4.3.16. We analyze the overall potential function ¥(u). By defini-
tion, 0 < W(u) < n(n—1)(log,n+ 1), and if p’ < p then W(u’) > ¥(u). By the
iteration at u we mean the iteration where the normalized duality gap of the current
iterate is u.

If 4™ = 0 at the end of an iteration, the algorithm terminates with an optimal
solution. Recall from Lemma 4.3.10(v) that this happens if and only if &'(w) = 0 at
a certain iteration.

From now on, assume that u* > 0. We distinguish three cases at each iteration.
These cases are well-defined even at iterations where affine scaling steps are used. At
such iterations, fg(w) still refers to the LLS residuals, even if these have not been
computed by the algorithm.

(i) €5 (w) = dyn;
(i) £%(w) < 4ynand £°°(J) < 4yn; and
(i) £%(w) < 4ynand £9°(J) > 4yn.

Recall that the algorithm uses an LLS direction instead of the affine scaling
direction whenever £(w) < 10n3/2y. Consider now the case when an affine scaling
direction is used, that is, £*(w) > 10n3/?y. According to Lemma 4.3.10(ii), ||Rx" —
Rx?||, ||Rs" — Rs®|| < 6n3/%y. This implies that f}}(w) > 4n3/%y > 4ny. Therefore,
in cases (ii) and (iii), an LLS step will be performed.

Starting with any given iteration, in each case we will identify a set J C [n] of
indices with |J| > 1, and start a phase of O (\/n|J|log(* +n)) iterations (that can be
either affine scaling or LLS steps). In each phase, we will guarantee that ¥ increases
by at least |J| — 1. As we can partition the union of all iterations into disjoint phases,
this yields the bound O (n?- log nlog(¢* + n)) on the total number of iterations.

We now consider each of the cases. We always let u denote the normalized duality
gap at the current iteration, and we let ¢ € [p] be the layer such that 6?7 (w) = Eq (w).
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Case (i): fg(w) > 4yn. Lemma 4.4.2 guarantees the existence of x;,s; € J, such
that x7 /x;, s%/s; > 4yn/(3vn) > 1/(2'%33). Further, according to Lemma 4.4.1,
o#(i, j) = —|Jg4|. Thus, Lemma 4.4.3 is applicable for J/ = J,. The phase starting
at u comprises O (\/n|J,|log(yx* + n)) iterations, after which we get a normalized
duality gap y’ such that W' (i, j) > 2|J41, and for each ¢ € [n] \ {i, j}, either
PH (i, £) > 2|J,], or PH (L, j) = 2|J,].

We can take advantage of these bounds for indices £ € J,. Againby Lemma4.4.1,
for any £,¢" € J,, we have WH((,t') < oM (L,{") < |Jy|. Thus, there are at least
| /4| — 1 pairs of indices (¢, £") for which W¥ (¢, £) increases by at least |J,| between
iterations at p and u’.

We note that this analysis works regardless whether an LLS step or an affine
scaling step was performed in the iteration at .

Case (ii): fg(w) < 4ynand €% (J) < 4yn. As explained above, in this case we
perform an LLS step in the iteration at u, and we let w* denote the iterate obtained by
the LLS step. For J = J,, Lemma 4.4.4 guarantees the existence of i, j € J, such that
x:/xt, sj./s;'. > B/(16n°/%), and further, o*" (i, j) > —|J4|. We can therefore apply
Lemma 4.4.3. The phase starting at u includes the LLS step leading to u* (and the
subsequent centering step), and the additional O (v/n|J,|log(x* + n)) iterations (B is
a fixed constant in Algorithm 4) as in Lemma 4.4.3. As in Case I, we get the desired
potential increase compared to the potentials at u in layer J,,.

Case (iii): §317(w) < 4yn and €% (J) > 4yn. Again, the iteration at u will use an
LLS step. We apply Lemma 4.4.5, and set J = J, UJ, as in the lemma. The argument
is the same as in Case II, using that Lemma 4.4.5 explicitly states that ¥# (¢, £') < |J|
forany £,¢ € J, £ # (. O

4.4.1 The iteration complexity bound for the Vavasis-Ye algorithm

We now show that the potential analysis described above also gives an improved
bound O (1 log n log(jga + n)) for the original VY algorithm [198].

We recall the VY layering step. Order the variables via 7 such that §,(1) <
O0x(2) £ ... < 0x(n). The layers will be consecutive sets in the ordering; a new layer
starts with (i + 1) each time 0 (;+1) > g0 (i), for a parameter g = poly(n) x.

As outlined in the Introduction, the VY algorithm can be seen as a special
implementation of our algorithm by setting k;; = gy/n. With these edge weights,
we have that /?l.‘sj > y/n precisely if g6; > 0;. Note that, for simplicity, in the
Introduction we used gx; > x; instead. These quantities are almost the same when in
close proximity to the central path.
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With these edge weights, it is easy to see that our LAYERING(J, k) subroutine
finds the exact same components as VY. Moreover, the layers will be the initial
strongly connected components C; of G 5, /,: due to the choice of g, this partition is
automatically o-balanced. There is no need to call VERIFY-LIFT.

The essential difference compared to our algorithm is that the values &;; = gy/n
are not lower bounds on «; ; as we require, but upper bounds instead. This is convenient
to simplify the construction of the layering. On the negative side, the strongly
connected components of 6577 /n May not anymore be strongly connected in G5 /5.
Hence, we cannot use Lemma 4.4.1, and consequently, Lemma 4.4.3 does not hold.

Still, the &; ; bounds are overestimating ; ; by at most a factor poly(n) y. Therefore,
the strongly connected components of G s,n/y are strongly connected in G s - for some
o =1/(poly(n) Y).

Hence, the entire argument described in this section is applicable to the VY
algorithm, with a different potential function defined with jy instead of j*. This is
the reason why the iteration bound in Lemma 4.4.3, and therefore in Theorem 4.3.16,
also changes to y dependency.

Itis worth noting that due to the overestimation of the «;; values, the VY algorithm
uses a coarser layering than our algorithm. Our algorithm splits up the VY layers into
smaller parts so that £°(7) remains small, but within each part, the gaps between the
variables are bounded as a function of y’, instead of y 4.

4.5 Properties of the layered least square step

This section is dedicated to the proofs of Proposition 4.3.8 on the duality of lifting
scores and Lemma 4.3.10 on properties of LLS steps.

Proposition 4.3.8 (Repetition). For a linear subspace W C R”" and index set I C [n]
with J = [n] \ 1,
ILY 1 < max{1, IL}"|I}.

In particular, €V (I) = (V" (J).

Proof. We first treat the case where 17 (W) = {6} ormy(Wt) = {6}. If (W)= {6}
then ||}V || = ¢V (1) = 0. Furthermore, in this case R! = 7, (W)* = r; (W N R}),
and thus 7rgn (W+) € W+ In particular, ILY |l < 1and Y (J) = 0. Symmetrically,
if 77 (Wh) = {0} then LY || = ¢W*(J) = 0, LV || < 1 and £V (1) = 0.

We now restrict our attention to the case where both 7; (W), n; (W) # {6}.
Under this assumption, we show that ||L¥V | = ||L3VL || and thus that £V (1) = v (J).
Note that by non-emptyness, we clearly have that ||L})V Il ||L‘JVL || = 1.
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We formulate a more general claim. Let {6} # U,V C R" be linear subspaces
such that U +V = R" and U NV = {0}. Note that for the orthogonal complements in
R", we also have {0} # U+, V+, U+ +V+ =R" and U+ N V+ = {0}.

Claim 4.5.1. Let {6} # U,V C R" be linear subspaces such that U +V = R" and
unv = {6}. Thus, for z € R", there are unique decompositions z = u+v withu € U,
veVandz=u'+v' withu’' € U+ andv’ € V*. Let T : R" — V be the map sending
Tz=v. LetT' : R" — V* be the map sending T’z =v’. Then, ||T|| = ||T’||.

Proof. To prove the statement, we claim that it suffices to show that if ||T'|| > 1 then
IT’|] = |IT||. To prove sufficiency, note that by symmetry, we also get that if ||7”|| > 1
then ||T|| > ||T’||.Note that V,V+ # {6} by assumption, and Tz = z for z € V,
T’z = z for z € V. Thus, we always have ||T||, ||T’|| = 1, and therefore the equality
IT]| = |IT’]| must hold in all cases. We now assume ||T|| > 1 and show ||T”|| > ||T]|.
Representing T as an n X n matrix, we write 7 = Zg‘zl a',-vl-ulT using a singular
value decomposition with o > -+ > 0% > 0. Assuch, vy,..., v is an orthonormal
basis of V, since the range(7T) = V, and uy, ..., ux is an orthonormal basis of U+,
since Ker(T) = U, noting that we have restricted to the singular vectors associated
with positive singular values. By assumption, we have that ||T|| = ||Tu,|| = o1 > 1.
The proof is complete by showing that

7" (vi —ur/o)ll = ollvi —ur /ol (4.33)

and that ||v; —uy /o1 || > 0, since then the vector vi —uy /o will certify that ||T7]| > o7.

The map T is a linear projection with 7> = T. Hence u;'v; = o-l._l and u,-ij =0
foralli # j.

We show that v — o-l‘lul can be decomposed as v| — oju; + (o — o-l‘l)ul such
that vi —ouy € V*and (o — oy Huy € U, Therefore, T’ (v — o 'uy) = vi —ouy.

The containment (o7 — o] Du, € Ut is immediate. To show v; —oju; € V4, we
need that vi — oju;"'v; = 0 for all i € [k]. Fori > 2, this is true since uiij =0and
viij =0. Fori =1, we have v{ — oqju; vy = 0 since ||vq]| = 1 and u;"v; = 0'1‘1.
Consequently, 77 (v — o-l_lul) =V, —ou].

We compute ||v1 - a'l’lu1|| =4/1- 0'1‘2 > 0, since o > 1, and ||vi — oquq|| =
\Jo 7 — 1. This verifies (4.33), and thus ||T’|| > o = ||T||. |

To prove the lemma, we define J = (J,I), U = W;,l @ W;,z and V = W
and let 7 : R" — V and T’ : R" — V= be as in Claim 4.5.1. By assumption,
{0} # (W) = {0} # V and {0} # n,(W*) = W%, = {0} # U. Applying
Lemma 4.3.7, U,V satisfy the conditions of Claim 4.5.1 and T = LLS?J. In
particular, ||7’|| = ||T||. Using the fact that U+ = W71 & W7, and V*+ = W, we
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similarly get that 7" = L’ESY;L’], where J = (I,J). By (4.22) we have, for any
t € mrn (W), that Tt = LLS\V}/’](Z) = L}’V (t7). Thus ||T|| = ||L¥V|| > 1.

To finish the proof of the lemma from the claim, we show that ||T|| < ||L¥V |. By
a symmetric argument we get ||7”|| = ||Lﬁvl Il

Ifx e R?, then Tx € WnN R” because any s € WJ 2
must have s = ¢ = 0 since W; , is orthogonal to 77 (W). But W N R’} and Wl  are
orthogonal, so ||Tx|| < ||x|| because x = Tx+ (x—Tx) is an orthogonal decomposmon

Ify e R}, theny; = 0 and hence (Ty); =(Ty—-y)y. Since (Ty—y)y € W ’
ny(WNRj )L we see that Ty € (WOR )*. As such, for any x € R,y € R}, we

seethatx L yand Tx L Ty. Forx,y # O, we thus have that

t € mp(W) withs+7 =0

ITG+IE _ ITQ@IP+ TR {||T(x>||2 ||T(y>||2}
e RET D2 S EEREE
||T<y>||2}
1, .
Smax{ Tk

Since ||L¥V|| > 1, we must have that [|T¢[|/||¢|| is maximized by some ¢ € R}.
From Ker(T) = U it is clear that ||T¢||/||¢]| is maximized by some ¢ € U*. Now,
U+NRY = g (W), so any t maximizing [|T7(|/[[z]| satisfies T7 = L;V (t7). Therefore,
LY 1= ITIl. o

Our next goal is to show Lemma 4.3.10: for a layering with small enough £°(.7),
the LLS step approximately satisfies (4.14), that is, SAx"! + ' As'l ~ —x!/251/2. This
also enables us to derive bounds on the norm of the residuals and on the step-length.
We start by proving a few auxiliary technical claims. The next simple lemma allows
us to take advantage of low lifting scores in the layering.

Lemma 4.5.2. Let u,v € R" be two vectors such thatu —v € W. Let I C [n], and
0 € RY,. Then there exists a vector u’ € W + u satisfying u; = vy and

ISt (g = wpap\DIF < €2 (D67 (ur = vl

Proof. We let
w =u+8"LE(51(vi —ur)).

The claim follows by the definition of the lifting score £° (I). O

The next lemma will be the key tool to prove Lemma 4.3.10. It is helpful to recall
the characterization of the LLS step in Section 4.3.4.
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Lemma4.5.3. Letw = (x,y,s) € N (B) for B € (0,1/4], let u = u(w) and 6 = 5(w).
Let J = (J1,...,Jp) be a §(w)-balanced layering, and let Aw' = (Ax", Ay", As')
denote the corresponding LLS direction. Let Ax € Eszl Wik and As € @le W;’k
as in (4.26) and (4.27), that is

SAx" + 67 As + x1/2512 =0 (4.34)
SAx + 67 As" + x1/2512 = 0, (4.35)
Then, there exist vectors AX € EB;(’:I W7k and As € EB;:zl W;,k such that
16, (AZy, — AxY )|l < 2n€°(T)VE Vk € [p]  and (4.36)
167, (A5, = ANl < 2n€° (TR Yk € [p]. (4.37)

Proof. Throughout, we use the shorthand notation A = £° (7). We construct AX; one
can obtain A5, using that the reverse layering has lifting score A in W+ Diag(5")
according to Lemma 4.3.9.

We proceed by induction, constructing Axy, € Wy yfork = p,p—1,...,1. This
will be given as Ax;, = Axif) for a vector Ax'¥) € W such that Axyi =0. We prove
the inductive hypothesis

p
||5Jgk (Ax(") AxY )|| <2avr > AWl (4.38)

qg=k+1

Note that (4.36) follows by restricting the norm on the LHS to J; and since the sum
on the RHS is < n.

For k = p, the RHS is 0. We simply set Ax(?) = Ax", that is, Axy, = Axg ,
trivially satlsfylng the hypothesis. Consider now k < p, and assume that we have a
Axy,,, = Ax ) satisfying (4.38) for k+ 1. From (4.34) and the induction hypothesis,
we get that

1/2 1/2 _
Jk+1 Jk+1 ” + ||5Jk+1 (A-xJk+1 - Jk+1)||

<12 V2 1420 ) Wl < VT BYRITal + 200 < 2l

q= k+2

”6~/k+1A‘x~lk+l +6 Asjkﬂ” B ||

T+l

using also that w € N(B), Proposition 4.3.2, and the assumptions g < 1/4,
A < B/(32n%). Note that AXy,,, € Wy and Asy,,, € W , are orthogonal vectors.
The above inequality therefore implies

107 A% g || < 24 Tk | -
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Let us now use Lemma 4.5.2 to obtain Ax®) for u = Ax(k*D = 6 and I = J-x.
That is, we get Axyjc =0, Ax®) € W, and

k k+1 k+1
167, (A — AEDY || < 16, A

= A6y A% || < 24Vl k1| -

By the triangle inequality and the induction hypothesis (4.38) for k& + 1,

k k k+1 k+1
1672, (A5 = Ax I < 1182, (AxSE) = Axf D)+ o, (A — Al )|

J<k
P
< 20plra | +20 D7 \JulJgl.

q=k+2
yielding the induction hypothesis for k. O

Lemma 4.3.10 (Repetition). Letw = (x, y,s) € N(B) for B € (0,1/4], let u = u(w)
and 6 = 5(w). Let J = (J1,...,Jp) be a layering with £°(J) < B/(32n?), and
let Aw' = (Ax", Ay, As'Y) denote the LLS direction for the layering J. Then the
following properties hold.

(1) We have
65, AYY, + 87 AsY +x}/25 )2 < 6nt°(T) Vi, Vk € [pl, and  (4.28)
6Ax" + 67T As" + x12512| < 6132 0% (T )V . (4.29)
(ii) For the affine scaling direction Aw* = (Ax?, Ay?®, As?),

IRx" = Ra? . [IRs" — Rs*[| < 6n*2¢°(T).

(iii) For the residuals of the LLS steps we have ||qu||, ||Rsn|| < \2n. For each
i € [n], max{|Rx|, IRs}!|} 2 - 35.

(iv) Let e (w) = max;e[n] min{le1.1|, |Rs1.1|}, and define the step length as
a :=sup{a’ € [0,1] : V& € [0,a'] : w + @Aw" € N (28)}.
We obtain the following bounds on the progress in the LLS step:

uw+aAw" = (1 —a)u, and

~ 3vnel(w)
— 5

a>1
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(v) We have " (w) = 0 if and only if @« = 1. These are further equivalent to
w+ Aw! = (x + Ax, y + Ay, s + Asll) being an optimal solution to (4.1).

Proof. Again, we use 1 = £%(7).
Part (i). Clearly, (4.28) implies (4.29). To show (4.28), we use Lemma 4.5.3 to
obtain Ax and A§ as in (4.36) and (4.37). We will also use Ax € 69‘,’;1 W« and
As € ®7_, W7  as in (4.34) and (4.35).

Select any layer k € [p]. From (4.34), we get that

16, A%y, + 87 Asy +x)/2 )20 = (16, (A%g, — A )| < 2nAyE. (439)

Similarly, from (4.35), we see that

1/2 1/2 - _
Y2521 = 11670 (A5, - AsY)I < 2navE.

From the above inequalities, we see that

“1 A=
”(SJkASJk +5JkA.XJk + X

167, (A%, = Axy) + 67! (Asy, = Asy )| < 4navi.
Since 6, (Axy, — Axy, ) and 6}; (Asy, — A5y, ) are orthogonal vectors, we have

”6],( (Mfk - A)C]k)”, Ilé};(AS]k - AEJk)H < 41’11\/}7

Together with (4.36), this yields |6, (Axgk - Axy )|l £ 6na+/u. Combined with
(4.27), we get

_ 1/2 1/2
16, AXY, + 87 ASY +x32s 21 = 16, (Ax], = Axy )l < 6nAE,

thus, (4.28) follows.

Part (ii). Recall from Lemma 4.3.5(i) that yERx* + yERs* = x'/25!/2. From part
(i), we can similarly see that

IVERX" + VuRs" — x'/2s12|| < 6n®? A1 .
From these, we get
[(Rx" = Rx*) + (Rs" — Rs")|| < 6n*/%2.

The claim follows since Rx"' — Rx* € Diag(8)W and Rs'! — Rs* € Diag(6~")W+ are
orthogonal vectors.

Part (iii). Both bounds follow from the previous part and Lemma 4.3.5(iii), using
the assumption £°(7) < B/(32n?).
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Part (iv). Let w* = w + @Aw". We need to find the largest value @ > 0 such
that w* € A/ (28). To begin, we first show that the normalized duality gap u(w*) =
(1 — @)u for any @ € R. For this purpose, we use the decomposition:

(x+aAx) (s+aAs™) = (1 —a)xs+a(x+Ax") (s +As") — (1 - @) Ax"As". (4.40)

Recall from Part (i) that there exists Ax € @}_, W7 x and As € @;_ W%  asin

(4.34) and (4.35) such that 6Ax" + 67 'As = —6x and 6Ax + 6 'As" = =67 's. In
particular, x + Ax"" = 672As and s+ As"" = 62Ax. Noting that Ax" L As" and Ax L As,
taking the average of the coordinates on both sides of (4.40), we get that

uw +aAw™) = (1 —a)u(w) + alx + Ax", s + As™y /n — a(1 - @)(Ax", As") /n
= (1 -a)u(w) + a(67%As, 5*Ax)/n
= (1 -a)u(w), (4.41)

as needed.
Let & := £''(w). To obtain the desired lower bound on the step-length, given (4.41)
it suffices to show that forall0 < @ < 1 — 3"/58 that

(x + aAxM) (s + aAs'h) _q
(1 -a)u

<28. (4.42)

We will need a bound on the product of the LLS residuals:

2126172 sAl 4 5 1A 4 1725172
Vi Vi
<6(1+2B)n* 21 <

RillRgl! — le“As“’
u

(4.43)

bl

ENT )

using Proposition 4.3.1, part (i), and the assumptions 1 < B/(32n?), 8 < 1/4.
Another useful bound will be

IRARSP = S R RS < &2 ) max{|ny|2,|Rsy|2}
i€[n] ie[n] (4.44)
< (IR + |Rs"[1?) < 2ne?.
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The last inequality uses part (ii). We are ready to get a bound as in (4.42).

“ (x + aAx") (s + aAs™) _3

(1- a)ﬂ
” (1 (x + AN (s + A + = (xs +xAs" + sAxH)H
1
<B+ 1— ||Rx“Rs“|| +a ||Rx"Rs" — —Ax"As"
—a Py
<+ 2ne [3 ﬁ 2ns
a 4 - 4 -—a’

This value is < 28 whenever 2ne/(1 —a) < 3/H)p=a <1 - 3\/@9’ as needed.

Part (v). From part (iv), it is immediate that £''(w) = O implies @ = 1. If @ = 1, we
have that w + Aw!! is the limit of (strictly) feasible solutions to (4.1) and thus is also
a feasible solution. Optimality of w + Aw!" now follows from Part (iv), since @ = 1
implies u(w+Aw'") = 0. The remaining implication is that if w+Aw! is optimal, then
e(w) = 0. Recall that Rx!! = §;(x; + Axl')//it and Rs!l = 57 (s; + As!')/y/i. The
optimality of w + Aw! means that for each i € [n], either x; + Ax“ 0 or s; + Asu =0.
Therefore, £'(w) = 0. m]

4.6 Proofs of the main lemmas for the potential analysis

Lemma 4.4.2 (Repetition). Let w = (x,y,s) € N(B) for B € (0,1/8] and let
w* = (x*, y", s%) be the optimal solution corresponding to u* = 0 on the central path.
Let further J = (J1,...,Jp) be a 6(w)-balanced layering (Definition 4.3.13), and
let Aw' = (Ax", Ay, As™M) be the corresponding LLS direction. Then the following
statement holds for every q € [p]:

(i) There exists i € J, such that

x; > 3 (||Rx || —2vyn). 4.31)
(i1) There exists j € J, such that
st > 255 ~(IRsY || = 2yn) (4.32)
= vﬁ Jq ’y . .
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Proof of Lemma 4.4.2. We prove part (i); part (ii) follows analogously when using
Lemma 4.3.9. Let z be a vector fulfilling the statement of Lemma 4.5.2 for u = x*,
v=x+Ax"andI =J., Thenz e W+d, 2z, =xy, +Axg>q and by €°(J) <y

11
60 G, = 2| < v [0 (63, = Gy 4808

Restricting to the components in J,, and dividing by /u, we get

6-](1 (qu - Z-Iq) 6‘]>‘1 (xj>q - (x‘]>‘1 + Ax}}>q)) 6J>qx‘>;>q 11
<y <yl =y R |
VA VA VA
(4.45)
Since w € N (B), from Proposition 4.3.1 and (4.17) we see that for i € [n]
Oi < 1 6 (w(w)) _ 1 1
VET JT-28 VH Vi—28 xi(p)’
and therefore
6-’>qu 1 1 n
>4q -1 = -1 _x
< it x| < == |rwilx,| < ,
VH Ji-28 Falall T T 2p Fa Sl T =28

where the last inequality follows by Lemma 4.3.3.
Using the above bounds with (4.45), along with ||Rxl}>q | < IRXY| < V2n from
Lemma 4.3.10(iii), we get )

07 72 5]()6* (5_] x*
Jg<Jg 17" Jq yn +’yms a”Jq +2’yn’
Vi Vi 1-28

using that 8 < 1/8 and n > 3. Note that z is a feasible solution to the least-squared
problem which is optimally solved by xgq for layer J,; and so

64,2
IRxY || < =2
q \//_1
It follows that 5
Jaxs, 1l
> ||Rx; || —2yn.
Vi ’

Let us pick i = argmax; .;_|6,x;]. Using Proposition 4.3.2,

=

. . noy
;.‘ 1 6,-xl. S HRqu” 2yn 2

£ > . > >
X 1+ﬂ \//7 (1+ﬁ)\/ﬁ 3\/ﬁ

completing the proof. m|

(IR, || = 2yn) ,
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Lemma 4.4.3 (Repetition). Let w = (x,y,s) € N'(2B) for g € (0,1/8], let u = u(w)
and 6 = 6(w). Leti,j € [n] and 2 < T < n such that for the optimal solution
w* = (x*,y%,s%), we have x} > Bxi /(213 and sj. > ,BSJ-/(ZIOnS"S), and assume
o1 (i, j) = —t1. After O(B~'\ntlog(¥* + n)) further iterations the duality gap u’
fulfills W (i, j) > 271, and for every € € [n] \ {i, j}, either Y¥ (i,£) > 27, or
P (L, j) > 2.

Proof of Lemma 4.4.3. Let us select a value y” such that

*

4
logu —logu’ > STlog( il )+3110gn+44—410g,8.
Y

The normalized duality gap decreases to such value within O(8~'vnt - log(¥* +n))
iterations, recalling that log(¢* +n) = ®(log(x* +n)). The step-lengths for the affine
scaling and LLS steps are stated in Proposition 4.3.4 and Lemma 4.3.10(iv). Whenever
the algorithm chooses an LLS step, £*(w) < 10n3/?y. Thus, the progress in yu will
be at least as much (in fact, much better) than the (1 — 8/+/n) guarantee we use for
the affine scaling step in Proposition 4.3.4.

Let w' = (x’,y’,s’) be the central path element corresponding to u’, and let
6’ = 6(w’). From now on we use the shorthand notation

Ank*
0= log( K ) .
Y
We first show that
0 (i, j) > 401 + 18logn +221og2 — 2log B (4.46)

for u’, and therefore, @P* (i, j) > min(20n, 407 + 18logn + 22log2 — 2log B) >
2071 as T < n. Recalling the definition Kfj = k;j0/06;, we see that according to
Proposition 4.3.2,

Thus,

®0" (i, )
> 00" (i, j) +log u —log " +2log(1 — B) +logx; — logx; +log s’; —log s,
> 00" (i, j) + 507 +31logn + 44 — 4log f + 2log(1 — B) +log(x;/x;) +log(s}/s;).
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’

Using the near-monotonicity of the central path (Lemma 4.3.3), we have x;
x;/n and s;. > sj./n. Together with our assumptions x} > Bxi/(2'%33) and s}
Bsi/(2'%33), we see that

vV v

log(x{/x;) +1og(s;/sj) = —13logn —20log2 +2log .

Using the assumption o (i, j) > —7 of the lemma, we can establish (4.46) as 8 < 1/8.

Next, consider any ¢ € [n]\{i, j}. From the triangle inequality Lemma 4.2.16(ii)
it follows that Kfj' < Kk - K?],., which gives o (i,€) + o (€, ) = o* (i, ). We
therefore get

/ , 1 / (4.46)
max{@®o" (i,£),00" (¢, )} = E@Q’“ (i,7j) = 207t+9logn+11log2 —1logp.

We next show that if ®o# (i, £) > 20t +9logn+111log2—1log B, then W (i, £) >
2. The case ®oH (£, j) = 207 +9logn + 111og 2 — log A follows analogously.
Consider any 0 < g < u’ with the corresponding central path point w = (%, ¥, §).
The proof is complete by showing ®@o# (i, £) > @t (i,€) —9logn — 11log2 +log .
Recall that for central path elements, we have k% =k jxi/x", and ko =k iXi /%]
ij il ij
Therefore

©0" (i, j) = ©0" (i, j) + log &; — log x| — log %, +logx}.

Using Proposition 4.3.1, Lemma 4.3.3 and the assumption x; > Sx;/ (2'%33), we
have x; < nx} and
¥ . 1- 4 4
X Bx; S B(1 = B)x; S Bx;

= i
Xz — = > > .
n = 210,655 210,75 211,75

Using these bounds, we get
00" (i, j) = 0" (i, j) —9logn — 111og 2 + log B,
completing the proof. |

It remains to prove Lemma 4.4.4 and Lemma 4.4.5, addressing the more difficult
case §\“7 < 4yn. It is useful to decompose the variables into two sets. We let

B:={te[n]:|Rs!!| <4yn}, and N:={re[n]:|Rx| <dyn}. (4.47)

The assumption 6117 < 4yn implies that for every layer Jg, either Jx € B or Jx C N.
The next two lemmas describe the relations between § and 6+.
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Lemma 4.6.1. Let w € N'(B) for B € (0, 1/8], and assume £°(J) <y and €"(w) <
4yn. For the next iterate w* = (x*, y*, s%) € N(28), we have

(i) Fori € B,
1 6] * 3ut
S Ll A T LA (5;1s;’SL.
2 \u "6 H Vi

(i) Fori e N,

(iii) Ifi,j € Bori,j € N, then

lg K;{-r :5;61 <4
4 Kij 0i0;
(iv) Ifi € Nand j € B, then
5
ij 3.5
F >4n .
ij

Proof. Part (i). By Lemma 4.3.10(i), we see that

1/2 1/2

I68Ag|leo < 6pAXY + 05 Asly +x lloo + 165" (Asy + 58) [l

= |6 AXL + 675 Asl) +xg2 1/2||<x, + VAR oo
< \/ﬁ(6n€6(j) +4ny) < 10ny+p < \u/64,

by the assumption on £°(.7) and the definition of B.
By construction of the LLS step, |x] — x;| = a*|Ax"| < |Ax"|, recalling that
0 < a* < 1. Using the bound derived above, for i € B we get
sl A E 1
Xi 51‘)61' - 6451')6[ 32 ’

Ay
— -1 <
Xi

+ ‘

where the last inequality follows from Proposition 4.3.2. As

5 _ ot w -y a1+
L =4/ .=Z an < <
0; xXisi X7 L+B u XiSi 1-8 u

1

by Proposition 4.3.2 the claimed bounds follow with 8 < 1/8.
To get the upper bound on 6._1s4.r again with Proposition 4.3.2

575t = yl=§\Mw<a/
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Part (ii). Analogously to (i).
Part (iii). Immediate from parts (i) and (ii).

Part (iv). Follows by parts (i) and (ii), and by the lower bound on /u/u* obtained
from Lemma 4.3.10(iv) as follows

o
Kij _ 010 m ! B .55

= >t = > >
Kf}f 0i0; — Aut 41 -a*) T 12vnel(w)

Lemma 4.4.4 (Repetition). Let w = (x,y,s) € N(B) for B € (0,1/8], and let
J = (J1,...,Jp) be a 6(w)-balanced partition. Assume that fg(w) < 4yn, and
let wt = (x*,y*,s%) € N(2B) be the next iterate obtained by the LLS step with
ut = u(w') and assume ut > 0. Let q € [p] such that f}ly(w) = fgq (w). If
5" (J) < 4yn, then there exist i,j € Jg such that x; > ﬁx;/(16n3/2) and s >
ﬂs}f/(16n3/2). Further, for any £,{’ € J,, we have oM (L, 0) > —|Jgl.

Proof of Lemma 4.4.4. Without loss of generality, let 5317 = fyq = ||Rxljlq || for a layer

g with J, € N. The case ‘fgq = ||Rs9q || and J, C B can be treated analogously.

By Lemma4.3.10(iii), ||Rsljlq|| > %—%,8 > %+2n7,andtherefore Lemma 4.4.2 pro-

videsa j € Jg such that s%/s; > 1/(6+/n). Using Lemma 4.3.3 and Proposition 4.3.1
we find that s¥/s; < 2n and so 57 /s% = 57 /s; - 5;/5% 2 1/(12n32) > 1/(16n3/?).
The final statement o' (¢, ') > —|J4| for any £, £’ € J, is also straightforward.
From Lemma 4.6.1(iii) and the strong connectivity of J, in G 5 /., we obtain that J,; is
strongly connected in G s+ y/(4n). Hence, o*" (¢, ¢") > —|J,| follows by Lemma 4.4.1.
The rest of the proof is dedicated to showing the existence of an i € J,;, such that
x> pxf/( 16n3/2). For this purpose, we will prove following claim.

Claim 4.6.2. [|6,,%;, || > £

In order to prove Claim 4.6.2, we define
z:= (5+)_1L§:q (51(1 (X, ~ xlq)) andw :=x" - x" -z,

as in Lemma 4.5.2. By construction, w € W and w,__ = 0. Thus, wy, € Wg 4 as
defined in Section 4.3.4.
Using the triangle inequality, we get

16,7, 11 = 16, (x5 +wiu )l = 16,20, - (4.48)
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We bound the two terms separately, starting with an upper bound on [|6,,zy, ||. Since
25" (J) < 4yn, we have with Lemma 4.5.2 that

+ * +
5J>,, (xJ>q _xJ>q)
5.y (30, 20,

xl .
5 x5 (—q - 1)
>q J>q x:;
+ Vn,u*)
3 4
< d4ny va . 5” + n;ﬁ)

< 16n2\/;?y,

where the penultimate inequality follows by Proposition 4.3.1, Proposition 4.3.2 and
Lemma 4.3.3. We can use this and Lemma 4.6.1(ii) to obtain

<% (J)

+
6qu_]q

< 4dny

=4ny

(4.49)

< dny | 16X |0 -

x+

1

iyt put

VE T 32n3yr’

3
167,22, < W6, /87, lleo - 167, 20,1l < (4.50)

using the definition of vy.
The first RHS term in (4.48) will be bounded as follows.

Claim 4.63. (|6, (), +wy,)l| > TyE£Y .

Proof. [Claim 4.6.3] We recall the characterization (4.26) of the LLS step Ax e
W. Namely, there exists As € W7 & --- @ Wy , that is the unique solution to

6~ 'As + Ax!" = —5x. From the above, note that
167, A5, 1l = 116, (s, + A ) = VIR || = VEEY .
From the Cauchy-Schwarz inequality,
183 85,11+ 165, (x5, 4wl = (85 85,64, G5, +w,))
| 4.51)
- +
= |<5JqASJq’ 6qujq>| .

Here, we used that As,, € W;’q and wy, € Wy 4. Note that

xr=x+aA = x + A = (1 - a)Ax! = —672As — (1 — a)AX".
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Therefore,
67 Asy 65 x5 M =(67'Asy =63 As; — (1 — )8y Ax"
Jq Jq>0Jg Jg Jg Jg> Jq Jq Jq Jg

2 157880, 7 = (1 = a) (63} 85,. 65,401, )|

By Lemma4.5.3, there exists Ax € Wy 1®---®@Wy ,, suchthat |6, (Axgq —Axy)| <
2nt°(J) 1. Therefore, using the orthogonality of As;, and Ax,,, we get that

(o71880,000,805, )| = (97,852,000, (A, = A% )| < 200°(T) V-3, As1,
From the above inequalities, we see that

167, (x5, +wa )l 2 1167} Asy, I =2(1=)nt® (T = Vuéy —2(1-a)nt® (T)VE -
It remains to show (1 — @)nt®(J) < § /4. From Lemma 4.3.10(iv), we obtain

(1-a)nt®(J) < 3n’2e°(J7)ér B!

using £ > ', The claim now follows by the assumption £°(J) < y, and the choice

Of)/ ;|

Proof. [Claim 4.6.2] Using Lemma 4.3.10(iv),

1l
< 3vVné
B
implying [0, (xJ +wy )|l = Bu*/(6+/nu) by Claim 4.6.3. Now the claim follows
using (4.48) and (4 50). J

By Lemma 4.6.1(ii), we see that

3ynu*
\/ﬁ

Thus, the lemma follows immediately from Claim 4.6.2: for at least one i € J,, we
must have

16,3, 1| < Viall6s, 5 llo <

x_;‘ N 167, . B ,3 8
16,37, 11— 24n = Tonl2”
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Lemma 4.4.5 (Repetition). Let w = (x,y,s) € N(B) for B € (0,1/8], and let
J = (J1,...,Jp) be a §(w)-balanced partition. Assume that f}(w) < 4yn, and
let wt = (x*,y%,s%) € N(2B) be the next iterate obtained by the LLS step with
wt = p(w*) and assume ut > 0. If €57 (J) > 4yn, then there exist two layers Jq and
Jrandi € J,and j € J, such that x; > x;r/(8n3/2), and s]*. > s;/(8n3/2). Further,

oM (i, ) = =|JqUJ,|, and forall £,t" € J,UJ,, € # " we have WH (€, L") < |J,UJ,|.

Proof of Lemma 4.4.5. Recall the sets B and N defined in (4.47). The key is to show
the existence of an edge

@, j) e Es+ y/4n) such that i’ e Jy € B, j'eJ.CN, r<gqg. (452

Before proving the existence of such i’ and j’, we show how the rest of the statements
follow. The existence of i € J, and j € J, such that x; > x:f/(8n3/2) and sj. >
s;'. /(8n3/?) follow immediately from Lemma 4.4.2. The other statements are that
o (i, ) > —|Jg U J;|, and for each ¢,¢" € J, U J,, £ # ', PF (L") < |J, U
Jr|. According to Lemma 4.4.1, the latter is true (even with the stronger bound
max{|J4|, |J-|}) whenever £,£" € J,,or €, ¢’ € J.,orif £ € J,and £’ € J,. Itis leftto
show the lower bound on o' (i, j) and WH (¢, ¢) < |Jq UJ | for ¢’ € J,and € € J,.

From Lemma 4.6.1(iii), we have that if £,{" € J, € B or {,{’ € J. C N,
then Kf{,, /4 < Kf;,. Hence, the strong connectivity of J, and J; in G, implies
the strong connectivity of these sets in G s+ ,/(4n). Together with the edge (', j'),
we see that every ¢’ € J, can reach every £ € J, on a directed path of length
< |Jg UJr| = 1in Gg+ y4n). Applying Lemma 4.4.1 for this setting, we obtain
PH(E,E) < oM (€,0) < |J4 U J| for all such pairs, and also oM (i, ) > —|Jg U Jr].

The rest of the proof is dedicated to showing the existence of i’ and j’ as in (4.52).
We let k € [p] such that £9" (Jsx) = €57 (J) > 4ny. To simplify the notation, we let
I =Js.

When the subroutine LAYERING(J, K) was constructing 7, the subroutine VERIFY-
Lirr(Diag(5)W, I,y) was called for the set I = J>j, with the answer ‘pass’. Besides
€%(I) < v, this guaranteed the stronger property that max ; |Bj;| < y for the matrix
B implementing the lift (see Remark 4.2.18).

Let us recall how this matrix B was obtained. The subroutine starts by finding
a minimal I’ C I such that dim(zr;,(W)) = dim(zr; (W)). Recall that 7r; (W) = RY’
and L;S(p) = L;s,(pp) for every p € n;(Diag(6)W).

Consider the optimal lifting Lf : 7 (Diag(6)W) — Diag(6)W. We defined
B € RUPNDXI" a5 the matrix sending any ¢ € 77/ (Diag(6)W) to the corresponding
vector [L?,(¢)](n)\7- The column B; can be computed as [L? (e')] s for e’ € R,

We consider the transformation

B := Diag(6*6~")B Diag ((61,)'61).
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This maps ;- (Diag(6*)W) — mp,\ (Diag(6*)W).

Let z € n;(Diag(6*)W) be the singular vector corresponding to the maximum
singular value of L", namely, ||[L¢"(z)] (a7l > 4nyllzl|. Let us normalize z such
that ||z;/|| = 1. Thus,

LS (zi) ] papva || > 4ny .

Let us now apply B to z; € m;-(Diag(6Y)W). Since L;s+ is the minimum-norm lift
operator, we see that

1Bz |l 2 1L (z1)nva |l > 4ny .

We can upper bound the operator norm using the Frobenius norm ||B|| < ||B||r =

\/ZJ, i <nmaxj, |B,,| and therefore

max |Bj;| > 4y.
Ji

Letus fixi’ € I’ and j’ € [n]\ I as the indices giving the maximum value of B. Note
that Bj/if = Bj'i’é}éi’/(é;téj’)-
Let us now use Lemma 4.2.17 for the pair i/, j’, the matrix B and the subspace

Diag(6)W. Noting that B = [L¢,(e")] 7, we obtain K, 2 |Bjir|. Now,
N 5,61
Ko = Ki i > |Bji| - =|Bjy| > 4y. (4.53)
=R s 5+5

The next claim finishes the proof.

Claim 4.6.4. Fori’ and j' selected as above, (4.52) holds.

Proof. (i’,]’) € Es+ y)(4n) holds by (4.53). From the above, we have

55650

Bii| > 4y - :
|]l| 7 61'/6;-—,

According to Remark 4.2.18, |B /| < y follows since VERIFY-LIFT(Diag(6)W,1,7y)
returned with ‘pass’. We thus have

/)
5p6%, 4

Lemma 4.6.1 excludes the scenarios i’, j* € N,i’,j’ € B,and i’ € N, j’ € B, leaving
i’ € Band j’ € N as the only possibility. Therefore, i’ € J, C Band j' € J, C N.
Wehave r < gsincei € I =Jsrand j € [n]\ I = J. O
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4.7 Initialization

Our main algorithm (Algorithm 4 in Section 4.3.6), requires an initial solution w® =
(x2,19,5%) € N(B). In this section, we remove this assumption by adapting the
initialization method of [198] to our setting.

We use the “big-M method”, a standard initialization approach for path-following
interior point methods that introduces an auxiliary system whose optimal solutions
map back to the optimal solutions of the original system. The primal-dual system we
consider is

min ¢'x+M TT)_c max y'b +2M 1z

Ax—Ax=Db Aly+z+s=c
x+%=2Me 7+5=0 (Init-LP)
X, X, X >0 —ATy+§=Me
s,§,§26

The constraint matrix used in this system is
~ [A -A O
i=(7 %)

The next lemma asserts that the  condition number of A is not much bigger than that
of A of the original system (4.1).

Lemma 4.7.1 ([198, Lemma 23]). ¥4 < 3V2(ga + 1).
We extend this bound for y*.
Lemma 4.7.2. y", < 3\/5()22 +1).

Proof. Let D € D,, and let D € D3, the matrix consisting of three copies of D, i.e.

D 0 0
D=0 D 0
0 0 D

Then
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Row-scaling does not change j as the kernel of the matrix remains unchanged. Thus,
we can rescale the last n rows of AD, to the identity matrix, i.e. multiplying by
(I, D7) from the left hand side. We observe that

AD -AD 0 _
Xap =X <3V2(gap +1)
1 0 1
where the inequality follows from Lemma 4.7.1. The lemma now readily follows as
¥ =inf{¥4p : D € Dan} <inf{3V2(Yap +1): D € D,} =3V2(g,+1). O

We show next that the optimal solutions of the original system are preserved

for sufficiently large M. We let d be the min-norm solution to Ax = b, i.e., d =
AT(AAT) b,
Proposition 4.7.3. Assume both primal and dual of (4.1) are feasible, and M >
max{(xa+ llcll, xalldll}. Every optimal solution (x,y, s) to (4.1), can be extended
to an optimal solution (x,x,X, y, s, s, 5) to (Init-LP); and conversely, from every opti-
mal solution (x,x,X,V,2,S5,5,5) to (Init-LP), we obtain an optimal solution (x,y, s)
by deleting the auxiliary variables.

Proof. 1If system (4.1) is feasible, it admits a basic optimal solution (x*, y*, s*) with
basis B such that Agxy = b,x* > 0, Ang)fk = ¢ and ATy* < c. Using Proposi-
tion 4.2.1(ii) we see that

Ixpll = A5 bl = |A5' Adll < galldll < M, (4.54)
and using that ||A|| = ||AT|| we observe
IATY | = |ATAG cll < |ATAG Illlcll = [IAG' Alllicll < gallell < M. (4.55)

We can extend this solution to a solution of system (Init- LP) via setting X*=2Me -
x5, x* = 0 =5 = Oands = Me+ ATy*. Observe that ¥* > Oands > 0by(454)
and (4.55). Furthermore observe that by complementary slackness this extended
solution for (Init-LP) is an optimal solution. The property that s* > 0 immediately
tells us that x vanishes for all optimal solutions of (Init-LP) and thus all optimal
solutions of (4.1) coincide with the optimal solutions of (Init-LP), with the auxiliary
variables removed. O

The next lemma is from [146, Lemma 4.4]. Recall that w = (x, y,s) € N(B) if
llxs/pu(w) = 1] < B.
Lemmad.74. Letw = (x,y,s) € P**xD* andletv > 0. Assume that ||xs/v—T|| <

7. Then (1 —7v/\n)v < u(w) < (1 +71/\n)vandw € N(v/(1 - 1)).
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The new system has the advantage that we can easily initialize the system with a
feasible solution in close proximity to central path:

Proposition 4.7.5. We can initialize system (Init-LP) close to the central path with
initial solution w® = (x°,y°,5%) € N'(1/8) and parameter u(w®) ~ M? if M >
15max{(ra + Dllcll, xalld|l}-

Proof. The initialization follows along the lines of [198, Section 10]. We let d as
above, and set

= Me,xo = Me,,_vO =Me—-d
yo = O,ZO =—Me
50 =Me,s0 =Me+c,§O =Me.

This is a feasible primal-dual solution to system (Init-L.P) with parameter

w0 =0Gn) ' Ts +x0 s+ 10 sO)—(Sn) (3nM2+McT1—MdT1)~M2.

We see that
S ’ 1 1
7 OsO | —el| =M2|c))? + M72||d|* < syt
x0s° Xa

With Lemma 4.7.4 we conclude that w® = (1%, y0, s%) e A/ ( : 1/139) =N(1/8). O

Detecting infeasibility To use the extended system (Init-LP), we still need to assume
that both the primal and dual programs in (4.1) are feasible. For arbitrary instances,
we first need to check if this is the case, or conclude that the primal or the dual (or
both) are infeasible.

This can be done by employing a two-phase method. The first phase decides
feasibility by running (Init-LP) with data (A, b, 6) and M > yalld||. The objective
value of the optimal primal-dual pair is O if and only if (4.1) has a feasible solution. If
the optimal primal/dual solution (x*, x*, X*, y*, s*, s¥, 5§*) has positive objective value,
we can extract an infeasibility certificate in the following way.

By the characterlzatlon of ya as in Proposition 4. 2 1(ii), there exists an optimal
solution x! " with ¥ > 0, and so by strong duahty, 5 = 0. From the dual, we conclude
that z = 0, and therefore ATy* < ATy* + s* +z = ¢ = 0. On the other hand, by
assumption the objective value of the dual is positive, and so y'b > yTh+2M 1"z > 0.

Feasibility of the dual of (4.1) can be decided by running (Init-LLP) on data (A, 0, c)
and M > (ja + 1)||c|| with the same argumentation: Either the objective value of
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the dual is 0 and therefore the dual optimal solution (y*, s*, s*, 5*) corresponds to a
feasible dual solution of (4.1) or the objective value is negative and we extract a dual
infeasibility certificate in the following way: By assumption ¢'x < ¢Tx + M1'x < 0.
Furthermore, there exists a basic optimal solution to the dual of (Init-LP) with s > 0
and therefore x* = 0 for the optimal primal solution (x*,x*,x*). So, we have
Ax* =b =0, together with ¢Tx < 0 yielding the certificate.

Finding the right value of M While Algorithm 4 does not require any estimate
on y* or y, the initialization needs to set M > max{(ia + 1)l||c||, xalld||} as in
Proposition 4.7.3.

A straightforward guessing approach (attributed to J. Renegar in [198]) starts
with a constant guess, say y4 = 100, constructs the extended system, and runs the
algorithm. In case the optimal solution to the extended system does not map to an
optimal solution of (4.1), we restart with 4 = 100% and try again; we continue
squaring the guess until an optimal solution is found.

This would still require a series of loglog y4 guesses, and thus, result in a
dependence on j4 in the running time. However, if we initially rescale our system
using the near-optimal rescaling Theorem 4.2.5, the we can turn the dependence from
X to i, The overall iteration complexity remains O (n?>>lognlog( X4 +n)), since
the running time for the final guess on y7; dominates the total running time of all
previous computations due to the repeated squaring.

An alternative approach, that does not rescale the system, is to use Theorem 4.2.5
to approximate ya. In this case we repeatedly square a guess of y, instead of ja
which takes O(loglog i) iterations until our guess corresponds to a valid upper
bound for y 4.

Note that either guessing technique can handle bad guesses gracefully. For the
first phase, if neither a feasible solution to (4.1) is returned nor a Farkas’ certificate
can be extracted, we have proof that the guess was too low by the above paragraph.
Similarly, in phase two, when feasibility was decided in the affirmative for primal
and dual, an optimal solution to (Init-LP) that corresponds to an infeasible solution
to (4.1) serves as a certificate that another squaring of the guess is necessary.



Chapter 5

A Simple Method for Convex Optimization in the
Oracle Model

We give a simple and natural method for computing approximately optimal solutions
for minimizing a convex function f over a convex set K given by a separation oracle.
Our method utilizes the Frank—Wolfe algorithm over the cone of valid inequalities
of K and subgradients of f. Under the assumption that f is L-Lipschitz and that K
contains a ball of radius r and is contained inside the origin centered ball of radius
R, using O( (RFLZ) s ’:—22) iterations and calls to the oracle, our main method outputs a
point x € K satisfying f(x) < & + mingex f(2).

Our algorithm is easy to implement, and we believe it can serve as a useful
alternative to existing cutting plane methods. As evidence towards this, we show
that it compares favorably in terms of iteration counts to the standard LP based
cutting plane method and the analytic center cutting plane method, on a testbed of
combinatorial, semidefinite and machine learning instances.

5.1 Introduction

We consider the problem of minimizing a convex function f: R" — R over a compact
convex set K C R”. We assume that K contains an (unknown) Euclidean ball of radius
r > 0 and is contained inside the origin centered ball of radius R > 0, and that f
is L-Lipschitz. We have first-order access to f that yields f(x) and a subgradient
of f at x for any given x. Moreover, we only have access to K through a separation
oracle (SO), which, given a point x € R", either asserts that x € K or returns a linear
constraint valid for K but violated by x.

Convex optimization in the SO model is one of the fundamental settings in
optimization. The model is relevant for a wide variety of implicit optimization
problems, where an explicit description of the defining inequalities for K is either
too large to store or not fully known. The SO model was first introduced in [152]

This chapter is based on [48], a joint work with Daniel Dadush, Christopher Hojny, and Stefan
Weltge.
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where it was shown that an additive e-approximate solution can be obtained using
O(nlog(LR/(er))) queries via the center of gravity method and O (n? log(LR/(&r)))
queries via the ellipsoid method. This latter result was used by Khachiyan [122]
to give the first polynomial time method for linear programming. The study of
oracle-type models was greatly extended in the classic book of Grotschel, Lovész,
and Schrijver [103], where many applications to combinatorial optimization were
provided. Further progress on the SO model was given by Vaidya [191], who showed
that the O(nlog(LR/(er))) oracle complexity can be efficiently achieved using the
so-called volumetric barrier as a potential function, where the best current running
time for such methods was given very recently [114,133].

From the practical perspective, two of the most popular methods in the SO model
are the standard linear programming (LP) based cutting plane method, independently
discovered by Kelley [120], Goldstein-Cheney [41] as well as Gomory [99] (in the
integer programming context), and the analytic center cutting plane method [175]
(ACCPM).

The LP based cutting plane method, which we henceforth dub the standard cut
loop, proceeds as follows: starting with finitely many linear underestimators of f
and linear constraints valid for K, in each iteration it solves a linear program that
minimizes the lower envelope of f subject to the current linear relaxation of K. The
resulting point x is then used to query f and the SO to obtain a new underestimator
for f and a new constraint valid for K. Note that if f is a linear function, it repeatedly
minimizes f over linear relaxations of K. While it is typically fast in practice, it can
be unstable, and no general quantitative convergence guarantees are known for the
standard cut loop.

To link to integer programming, in that context K is the convex hull of integer
points of some polytope P and the objective is often linear, and the method is initialized
with a linear description of P. A crucial difference there is that the separator SO is
generally only efficient when queried at vertices of the current relaxation.

ACCPM is a barrier based method, in which the next query point is the minimizer
of the barrier for the current inequalities in the system. ACCPM is in general
a more stable method with provable complexity guarantees. Interestingly, while
variants of ACCPM achieving O (nlog(1/&)?) queries exist, achieved by judiciously
dropping constraints [8], the more practical variants achieve only converge in O (n/&?)
queries [153].

In this chapter, we describe a new method for convex optimization in the SO model
that computes an additive -approximate solution within O (R*L?/r2£2) iterations. Our
algorithm is easy to implement, and we believe it can serve as a useful alternative to
existing methods. In our experimental results, we show that it compares favorably in
terms of iteration counts to the standard cut loop and the analytic center cutting plane
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method, on a testbed of combinatorial, semidefinite and machine learning instances.

Before explaining our approach, we review the relevant work in related models.
To begin, there has been a tremendous amount of work in the context of first-order
methods [16,18], where the goal is to minimize a possibly complicated function, given
by a gradient oracle, over a simple domain K (e.g., the simplex, cube, ¢, ball). These
methods tend to have cheap iterations and to achieve poly(1/&) convergence rates.
They are often superior in practice when the requisite accuracy is low or moderate,
e.g., within 1% of optimal. For these methods, often variants of (sub-)gradient
descent, it is generally assumed that computing (Euclidean) projections onto K as
well as linear optimization over K are easy. If one only assumes access to a linear
optimization (LO) oracle on K, K can become more interesting (e.g., the shortest-
path or spanning-tree polytope). In this context, one of the most popular methods is
the so-called Frank—Wolfe algorithm [84] (see [111] for a modern treatment), which
iteratively computes a convex combination of vertices of K to obtain an approximate
minimizer of a smooth convex function.

In the context of combinatorial optimization, there has been a considerable line
of work on solving (implicit) packing and covering problems using the so-called
multiplicative weights update (MWU) framework [87,158,171]. In this framework,
one must be able to implement an MWU oracle, which in essence computes optimal
solutions for the target problem after the “difficult” constraints have been aggregated
according to the current weights. This framework has been applied for getting fast
(1 + &)-approximate solutions to multi-commodity flow [87,171], packing spanning
trees [40], the Held—Karp approximation for TSP [39], and more, where the MWU
oracle computes shortest paths, minimum cost spanning trees, minimum cuts respec-
tively in a sequence of weighted graphs. The MWU oracle is in general just a special
type of LO oracle, which can often be interpreted as a SO that returns a maximally
violated constraint. While certainly related to the SO model, it is not entirely clear
how to adapt MWU to work with a general SO, in particular in settings unrelated to
packing and covering.

A final line of work, which directly inspires our work, has examined simple
iterative methods for computing a point in the interior of a cone X that directly apply in
the SO model. The application of simple iterative methods for solving conic feasibility
problems can be traced to Von Neumann in 1948 (see [61]), and a variant of this
method, the perceptron algorithm [164] is still very popular today. Von Neumann’s
algorithm computes a convex combination of the defining inequalities of the cone,
scaled to be of unit length, of nearly minimal Euclidean norm. The separation
oracle is called to find an inequality violated by the current convex combination, and
this inequality is then used to make the current convex combination shorter, in an
analogous way to Frank—Wolfe. This method is guaranteed to find a point in the cone
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in O(1/0?) iterations, where o is the so-called width of X (the radius of the largest
ball contained in X centered at a point of norm 1). Starting in 2004, polynomial time
variants of this and related methods (i.e., achieving log 1 /o dependence) have been
found [19,42,73], which iteratively “rescale” the norm to speed up the convergence.
These rescaled variants can also be applied in the oracle setting [17, 44, 54] with
appropriate adaptations. The main shortcoming of existing conic approaches is that
they are currently not well-adapted for solving optimization problems rather than
feasibility problems.

Our approach. In this work, we build upon von Neumann’s approach and utilize
the Frank—Wolfe algorithm over the cone of valid inequalities of K as well as the sub-
gradients of f in a way that yields a clean, simple, and flexible framework for solving
general convex optimization problems in the SO model. For simpler explanation, let
us assume that f(x) = {c,x) is a linear function and that we know an upper bound
UB on the minimum of f over K. Given some linear inequalities {(a;,x) < b; that
are valid for all x € K, our goal is to find convex combinations p of the homogenized
points (¢, UB) and (a;, b;) that are “close” to the origin. Note that if p = 0, the fact
that K is full-dimensional implies that (¢, UB) appears with a nonzero coefficient
and hence (—c,—UB) is a nonnegative combination of the points (a;, b;), which in
turn shows that UB is equal to the minimum of f over K. In view of this, we will
consider a potential ®: R"™! — R, with the property that if ®(p) is sufficiently
small, then the convex combination will yield an explicit certificate that UB is close
to the minimum of f over K.

Given a certain convex combination p, note that the gradient of ® at p provides
information about whether moving towards one of the known points will (signifi-
cantly) decrease ®(p). However, if no such known point exists, it turns out that
the “dehomogenization” of the gradient (a scaling of its projection onto the first n
coordinates) is a natural point x € R"” to query the SO with. In fact, if x € K, it will
have improved objective value with respect to f. Otherwise, the SO will provide a
linear inequality such that moving towards its homogenization decreases ®(p).

In this work, we will show that the above paradigm immediately yields a rigorous
algorithm for various natural choices of @ and scalings of inequalities. We will
also see that general convex functions can be directly handled in the same manner
by simply replacing (¢, UB) with all subgradient cuts of f learned throughout the
iterations. The same applies to pure feasibility problems for which we set f = 0. The
convergence analysis of our algorithm is simple and based on standard estimates for
the Frank—Wolfe algorithm.

Besides its conceptual simplicity and distiction to existing methods for convex
optimization in the SO model, we also regard it as a practical alternative. In fact,
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in terms of iterations, our vanilla implementation in Julia [49] performs similarly
and often even better than the standard cut loop and the analytic center cutting
plane method evaluated on a testbed of oracle-based linear optimization problems
for matching problems, semidefinite relaxations of the maximum cut problem, and
LPBoost. Moreover, the flexibility of our framework leaves several degrees of freedom
to obtain optimized implementations that outperform our naive implementation.

5.2 Algorithm

Recall that we are given first-order access to a convex function f: R" — R that we
want to minimize over aconvex body K € R". In the case where f is not differentiable,
with a slight abuse of notation we interpret V f(x) to be any subgradient of f at x.
We can access K by a separation oracle that, given a point x € R", either asserts that
x € K orreturns a point (a, b) € A € R™! with (a,x) > b such that {a, y) < b holds
for all y € K. Here, (-, -) denotes the standard scalar product and we assume that all
points in A correspond to linear constraints valid for K. To state our algorithm, let
|| - || denote any norm on R”*! and || - ||. its dual norm. Moreover, let ®: R™*! — R,
be any strictly convex and differentiable function with min, cpn+t ®(x) = CD(6) = 0.
Our method is given in Algorithm 5, in which we denote the number of iterations
by T for later reference. However, T does not need to be specified in advance, and
the algorithm may be stopped at any time, e.g., when a solution or bound of desired
accuracy has been found.

In line 5, V®(p;)[1 : n] denotes the first n components of V®(p,), and
V®&(p;)[n + 1] denotes the last component of VO (p;). The sets A; and G, denote
the already known/separated inequalities and objective gradients during iteration .

Lemma 5.2.1. When x;, € R" is computed in iteration t of Algorithm 5, it is well-
defined and we have {c,x;) < d for every (c,d) € A; U G;.

Proof. Since p, minimizes ® over conv(A; U G;), for every ¢ € conv(A; U G;)
we have (V®(p;),q — p;) = 0. If p, # O then from strict convexity of @ and
min,. cgn+1 @(x) = ®(0) = 0 we get

(VO(p;), q) 2 (VO(p;), ps) > 0. (5.1

First, apply this inequality to g = (6, 1)/||(6, )|« € A; and conclude V®(p;)[n +
1] > 0. This makes sure that x, can be computed. Second, we apply (5.1) to
g = (c,d) € A; UGy and find that d — (c,x;) = W(V@(p,), (c,d)) > 0,
thus x, satisfies {c,x;) < d for all (¢,d) € A; U G;. O



192 5. A Simple Method for Convex Optimization in the Oracle Model

Algorithm 5
1: UB « o0, A; « {(0, )/]|(0, D][s}, G| — 0
2. fort=1,2,...,T do
3: pr «— argmin{®(p) : p € conv(A; U G;)}
4: if p, = 0 then return UB.
5: Xy «— =VO(p)[1:n]/VO(p;)[n+1]
6: if x, € K then
7: UB <« min{UB, f(x;)}
8: Al — A;.
9: Gt — G U{(Vf(xe), (Vf(xe), %)) }
10: else
11: get (a, b) € A, with (a,x;) > b and ||(a, D). =1
12: Al — A U{(a,b)}.
13: G <« Gy

14: return UB.

Note that, for the sake of presentation, in line 3 we require p, to be the convex
combination of minimum ®-value. However, it is usually not necessary to compute
such a minimum. The same convergence rates can be obtained if, in every itera-
tion, p; is a suitable convex combination of p,_; and some (c¢,d) € A; U G, with
(VO(p;-1), (c,d)) < 0. If the last coordinate of p;_i, as discussed in the above
proof, is not positive, then such an update can be made towards (6, D/l (6, Dl € A;.
Any such update will significantly decrease ®(p;), and the computation in line 3
is guaranteed to make at least that much progress. This shows that simple updates
of p;, which may be more preferable in practice, still suffice to achieve the claimed
convergence rates.

Definition 5.2.2. A continuously differentiable function g : RF — R is called 8-
smooth with respect to a norm || - || if the gradient Vg is 8-Lipschitz, that is

Vg (x) = VeIl < Bllx -yl
holds for all x, y € RX.

Lemma 5.2.3. Suppose that @ is 1-smooth with respect to || - ||. and that

I(Vf (), (Vf (), D)l < 1

for every x € K. Then foreveryt = 1,...,T, Algorithm 5 satisfies ®(p;) < z%'



5.2. Algorithm 193

Proof. Lety, = % If we added a constraint v in iteration ¢, i.e., if A;11 U Gyq =
{v} U A, U Gy, then we are guaranteed that (1 — y;)p; + y;v € conv(A;+1 U Gy41)
and that (V®(p;),v) < 0. Therefore we get, by 1-smoothness, by construction, and

by convexity, that

1
D(prs1) = P(ps) < (VO (pr), (Pr41 — 1)) + §||Pt+1 - Pt||2

< ¥ (VO(p,), (v — p1)) +2y7
< ¥ (VO(p,), (0= p;)) +2y2
<~y ®(p,) + 27

From this, we can derive that ®(p;41) < (1 — y;)®(p;) + 2y>. Furthermore, by 1-

smoothness we know that ®(p;) < 1/2. By induction it follows that ®(p;) < %. m|

The proof of the above lemma is in line with standard proofs for the analysis of
Frank—Wolfe algorithms, see, e.g., Theorem 1 in [111].

The following lemma yields conditions under which a small value of ®(p,)
implies that UB is close to the minimum of f over K. Note in particular that it proves
that if || p;|| = 0 then UB = OPT, where OPT := min,cx f(x) is the optimal value of
the optimization problem.

Lemma 5.2.4. Assume that ||(x,—1)|| < 2 holds for every x € K, and there exist
z € K and a € (0, 1] such that {(a,b), (-z,1)) > a||(-z, D||||(a, b)||« holds for
every (a,b) € AU {(6, 1)}. Moreover, assume that ||(Vf(x),{(Vf(x),x))]. < 1
holds for every x € K. If ||pr| < a/2 in Algorithm 5, then the returned value
satisfies UB > OPT > UB — Hprl.(+a),

a

Proof. Let x* € K minimize f(x) over x € K and let F C [T — 1] be the set of
iterations ¢ (except the last one) in which x; € K. Now write the point pr as a convex
combination

pr= 27 Aap(@b)+ D>y (V ), (Vf(xr),x))

(a,b) €At teF
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where A > 6,7 > 0 and [[(A4,¥)]l1 = 1. Then we have

207 (flx) = F() < D5yl (x0), %0 = x7)
teF

teF

= { S 7 (V) T F )x)), (=)

teF

< DV V@) + >, Aan(ab), (2 1)
teF (a,b)eAr

= (pr, (=", 1)

<lIprll- - (=" DIl < 2llpr ..

Here, the inequalities respectively arise from convexity of f, that x* € K satisfies
{(a,b), (=x",1)) = 0 for every (a, b) € Ar, and the Cauchy—Schwarz inequality. In
particular, we find that min,cp f(x;) — f(x*) < 2lprl. whenever SierY: > 0. To

. 2rer Vi . . ..
lower bound the denominator, we use the assumptions on z to derive the inequalities

@ (1 - Z%) Iz Dl =all=z DI 25 Aan

teF (a,b)eAr

<{ D) Aamlab),(-z,1)) (sincell(a,b)|.=1)

(a,b)eAT

= {pr, (=2, 1)) = 2 ¥l (V) AV f (), %)), (=2, 1))

teF

< prlls - N2, DI+ 23 vell(VF Ger)y (V F G)s xe Dl - (=2, DI

telF

Now observe that || (V£ (x;), {Vf(x:),x:))|l« < 1 forevery ¢t € F and divide through

by [[(=z, DIl to find @(1 = Zser v:) < llprlls + Zrer ye. Hence, if [Iprll < 5
then a/2 < (@ + 1) X;er y:. This lower bound on X ;cr v; suffices to prove the
lemma. O

Combining the previous two lemmas, we obtain the following convergence rate
of our algorithm:

Theorem 5.2.5. Assume that B > 0 is such that ®(x) > B|x||? for all x € R™.
Under the assumptions of Lemmas 5.2.3 and 5.2.4, Algorithm 5 computes, for every

T > [% a value UB < oo satisfying

16 1+a

\VB(T +2) @

UB > min f(x) > UB —
xeK
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Proof. After T iterations, we have B||pr|> < ®(pr) < % < Ba?/4 from using

Lemma 5.2.3. Since then ||pr|l« < B < a/2, Lemma 5.2.4 tells us that
VB (T+2)
OPT > UB — —2ta) O

\VBT+2)a’

Let us now apply the previous findings to a concrete setting, in which we assume
that the objective function f is L-Lipschitz, i.e., |f(x) — f(y)| < L|jx — y||» for all
x,y € R™,

Theorem 5.2.6. Let K C R" be a convex body satisfying z +rB} C K C RBJ, given
by a separation oracle A, and let f: R"™ — R be an L-Lipschitz convex function
given by a subgradient oracle.

Apply Algorithm 5 to the function ﬁf using norm ||(x, y)|| = V2||(x/R, W2
and potential ®(a, b) = i“(Ra, b)||§ Then, for every € > 0, after

iterations we have UB > min,cx f(x) > UB —¢&.

Proof. By replacing f(x) by f(Rx)/(RL), K by K/R, € by &/(RL), r by r/R,
we may assume that R = L = 1, that r € (0,1]. After this rescaling, note
Ix I = V2l (x, y)l2 and @(a, b) = §ll(a,b)I3 = 3lI(a,b)|12. Crucially, note
that Algorithm 5 is invariant under the above replacement.

We now claim that our choice of input satisfies the conditions of Theorem 5.2.5
with 8 = 1/2 and @ = r/4. Given the claim, Theorem 5.2.5 directly proves the result.
To prove the claim, apart from verifying that the bounds on 8 and « hold, we must
verify smoothness of @ with respect to the dual norm, a bound of 2 on the norm of
(=x,1) for x € K, as well as a dual norm bound of 1 on (Vf(x),{Vf(x),x)) for
x € K.

The setting 8 = 1/2 is direct by definition of ®. Since || - || is a Euclidean norm,
it is immediate that @ is 1-smooth with respect to || - ||.. For each x € K, using that
R =L =1, we may also verify that

G DI = V2l e Dl = V24 Ixl3+ 1 < V2VR +1 =2,



196 5. A Simple Method for Convex Optimization in the Oracle Model

and

(V£ (). V), ) = %H(Vf(x), (Vf(x), )2

< VIV A+ 197

L2+ 2R = 1.

We now show the lower bound a > r/4. Firstly, since ||( Z, 1)||||(0 1)||* =

(=2, DN, D]l2 < V2, we see that {(~z,1), (0,1)) = 1 > L[|(- Z,l)llll(0 DIf..

Next, any (a, b) returned by the oracle is normalized so that ||(a,b)||. = 1 &
l(a, b)|l> = V2. Note then that ||(—z, 1)|[||(a, b)||s < 2. From here, we observe that

((a,b),(=z,1)) =b - (a.2) =b —(a,z+ra/llall) +rllallz = rllall,

since z+ra/|lall» € K by assumption. Furthermore, b —{a,z) > b —||al|»||z]l» = b -
llall2 and 0 < b—{a, z) < b+||a|l>. Thus, b—{a, z) = max{r||al||2, b—||a|2}. Wenow
examine two cases. If ||a|l, > 1/2,then b — {a,z) > r/2 > r/4-||(=z, D|ll|(a, b)||..
If [|all, < 1/2, then |b| > 1 since ||(a, b)||3 = 2. Since b + ||all > 0 = b > 1. This
gives b — (a,z) > b —||a]la = 1/2 > r/2. Thus, a > r/4, as needed. o

5.3 Computational experiments

In this section, we provide a computational comparison of our method with the
standard cut loop, the ellipsoid method, and the analytic center cutting plane method
on a testbed of linear optimization instances. For comparison purposes, all four
methods are embedded into a common cutting plane framework such that the same
termination criteria apply.

Framework. Each method has access to a separation oracle that is equipped with
a set of initial linear inequalities valid for K (such as bounds on variables), which
are incorporated within each method in a straightforward way. For instance, we
initialize our algorithm by adding these constraints to the set A;. Moreover, for
each instance, we will be given a finite upper bound UB and incorporate the linear
inequality f(x) < UB in a similar way. This upper bound gets updated whenever
a feasible solution of better objective value was found. Our framework collects all
inequalities queried by the current method and computes the resulting lower bound on
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the optimum value in every iteration. Each method is stopped whenever the difference
of upper and lower bound is below 1073,

We will also inspect the possibility of a smart oracle that, regardless of whether
a given point x is feasible, may still provide a valid inequality as well as a feasible
solution (for instance, by modifying x in a simple way so that it becomes feasible).
For some problems we consider, such an oracle is available and will be specified
below.

Implementation. The framework has been implemented in julia 1.6.2 [20]
using JuMP [74] and Gurobi 9.1.1 [104]. To guarantee a fair comparison, all four
methods have been implemented in a straightforward fashion. We use the textbook
implementation of the ellipsoid method, and Badenbroek’s [10] implementation of
the analytic center cutting plane method. Our method is implemented [49] in the
spirit of Theorem 5.2.6, where p, is computed using Gurobi.

Test sets. We use three problem classes in our experiments: linear programming

formulations of the maximum-cardinality matching problem, semidefinite relaxations

of the maximum cut problem, and LPBoost instances for classification problems.
For the maximum-cardinality matching problem, we consider the linear program

max {er 1Xx € [O,I]E, Z Xe < 1forallv eV,
ecE eed(v)

Z Xe < % for all U C V with |U| odd},
ecE[U]

due to Edmonds [76], where G = (V, E) is a given undirected graph, 6(v) is the set
of all edges incident to v, and E[U] is the set of all edges with both endpoints in
U. The latter constraints are handled within an oracle that computes an inequality
minimizing (|U| — 1)/2 = Y.eg[u] Xe, Whereas the other inequalities are provided
as initial constraints. For the above problem, the smart version of the oracle does
not provide a feasible point since there is no obvious way of transforming a given
point into a feasible one. However, the smart version always provides the minimizing
inequality.

We consider 16 random instances with 500 nodes, generated as follows. For
eachr € {30,33,...,75} webuild an instance by sampling r triples of nodes {u, v, w}
and adding the edges of the induced triangles to the graph. We believe that these
instances are interesting because the r triangles give rise to many constraints to
be added by the oracle. Moreover, we selected all 13 instances from the Color02
symposium [46] with less than 300 edges.
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Our second set of instances is based on the semidefinite relaxation of Goemans
and Williamson [90] for the maximum cut problem

max {Z{v w)eE cv,w)(1 =X, w)/2: Xy =Xy, forallv,w eV,
Xy, y=1forallv eV,

X is positive semideﬁnite},

where ¢ are edge weights on the edges of (V,E). We add the constraints X €
[-1,1]V*Y to the initial constraints and handle the semidefiniteness constraint by
a separation oracle that, given X, computes an eigenvector 4 of X of minimum
eigenvalue and returns the inequality (hhT, X) > 0.

Within the smart version of the oracle, this constraint is returned regardless of the
feasibility of X. If X is not feasible, the semidefinite matrix ﬁX - ﬁl is returned,
where A denotes the minimum eigenvalue and / the identity matrix. We generated 10
complete graphs with edge weights chosen uniformly at random in [0, 1].

Our third set of instances arises from LPBoost [65], a classifier algorithm based on
column generation. To solve the pricing problem in column generation, the following
linear program is solved:

m
max {y (3, ) € [=1, 1] X [0,D1", (1,2 = 1, > yih(x, w)d; < —y forw e g},
i=1

where Q is a set of parameters, for i € [m], x' is a data point labeled as y; = +1,
h(-, w) is a classifier parameterized by w € Q that predicts the label of x* as h(x', w) €
{-1,+1}, and D > 0 is a parameter. In our experiments, we restrict 4(-, w) to be a
decision tree of height 1, so-called tree stumps, and choose D = % To separate a
point (y’, 1), we use julia’s DecisionTree module to compute a decision stump
with score function A’ that weights the data points, whose corresponding inequality
classifies (y’,1’) as feasible or not. A smart oracle always returns the computed
inequality and decreases y’ until (y’,1”) becomes feasible according to the found
decision stump.

We extracted all data sets from the UC Irvine Machine Learning Repository [189]
that are labeled as multivariate, classification, ten-to-hundred attributes, hundred-to-
thousand instances. Data sets with alpha-numeric values or too many missing values
have been discarded.

Results. In what follows, we report on the number of iterations, i.e., oracle calls,
each method needs to obtain a gap (upper bound minus lower bound) below 1073, We
impose a limit of 500 iterations per instance. Since we are testing naive implementa-
tions of each method, we do not report on running time.
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Figure 5.1: Typical primal/dual bounds for a random matching instance.

To get more insights on the primal and dual performance of the tested methods, we
also report on their primal and dual integrals. Note that we are solving maximization
problems in this section, as opposed to minimization problems in Section 5.2. That s,
primal (dual) solutions provide lower (upper) bounds on OPT. If ¢; is the lower bound
on the optimal objective value OPT in iteration 7, the primal integral is ng? %.
The dual integral is computed analogously. If an integral is small, this indicates quick
progress in finding the correct value of the corresponding bound.

Table 5.1 summarizes our results without smart oracles, where all numbers are
average values. Here, “matching” refers to the random instances and “matching(02”
to the instances from the Color02 symposium. The standard cut loop is referred to
as “LP”, the ellipsoid method as “ellipsoid”, the analytic center method as “analytic”,
and Algorithm 5 as “our”. Note that Table 5.1 does not report on the primal integral
of “LP” since the standard cut loop is a dual method.

We see that the ellipsoid and analytic center methods are struggling with solving
any instance within 500 iterations independent from the problem class. Our algorithm
solves the instances of the matching and max-cut problem much faster than the
standard cut loop. Only for LPBoost, the standard cut loop clearly dominates our
algorithm. To better understand this behavior, the integrals reveal that our algorithm
is better in improving the primal bound than the dual bound, with the only exception
being LPBoost. The analytic center method, however, performs significantly worse
than our algorithm in improving the primal bound. Regarding the dual bound, it
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Table 5.1: Comparison of iterations and dual/primal integral without smart oracles.

number of iterations

instance LP ellipsoid analytic our
matching 175.44 500.00 500.00 99.81
matching(02 283.77 460.77 491.69 47.15
maxcut 265.30 500.00 500.00 193.30
LPboost 91.94 489.06 479.12 278.06

dual integral

matching 48.34 473.02 22.13 21.10
matching02 257.76 339.67 194.26 21.64
maxcut 7.72 44.32 3.48 6.14
LPboost 3.15 13.62 20.65 53.15

primal integral

matching — 52.12 9.29 4.40
matching02 — 23.41 591 2.13
maxcut — 21.15 9.04 6.32
LPboost — 459.97 100.71 64.08

performs better than our algorithm (with the exception of matching02). The ellipsoid
method is much worse in improving the primal bound in comparison with the analytic
center method and our algorithm. Regarding the dual bound, a similar trend can be
observed with LPBoost being an exception.

In summary, the analytic center cutting plane method improves the dual bound
more quickly than our algorithm. It can find a good primal solution early as the primal
integral is small, however it fails to close the remaining gap within the iteration limit.
Our algorithm is able to close the primal gap faster, with the trade-off of a slightly
slower dual convergence. A typical plot of the of the relative primal and dual gaps is
given in Figure 5.1.

In a second experiment, we investigate the effect of smart oracles. As Table 5.2
shows, there is no impact of smart oracles on the matching instances. For max-cut,
our algorithm gets slightly slower and the other methods do not seem to be affected
by smartness. For LPBoost, all methods benefit from a smart oracle with the biggest
effect for analytic center and our algorithm. The reason for the positive effect for
LPBoost might be in the particular structure of these instances: the objective just
consists of y and every truncated convex combination A is feasible.
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Table 5.2: Comparison of iterations and dual/primal integral with smart oracles.

number of iterations

instance LP ellipsoid analytic our
matching 175.44 500.00 500.00 99.81
matching02 283.77 460.77 491.69 47.15
maxcut 265.30 500.00 500.00 231.00
LPboost 86.94 346.38 88.00 127.00
dual integral
matching 48.34 473.02 22.13 21.10
matching02 257.76 339.67 194.26 21.64
maxcut 7.72 42.90 3.48 6.15
LPboost 3.04 13.50 5.54 5.46
primal integral
matching — 52.12 9.29 4.40
matching02 — 23.41 591 2.13
maxcut — 20.42 8.91 5.59
LPboost — 25.41 6.83 6.95
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Hoofdstuk 6

Samenvatting

Lineaire programmering (LP) is een wiskundige manier om verschillende praktische
optimalisatieproblemen te formuleren. Lineaire programmeringsproblemen komen
op veel plekken in de praktijk voor, zoals bij productieplanning. Er bestaan daarom
verschillende softwarepakketten die deze lineaire programmeringsproblemen kunnen
inlezen en vervolgens een goede oplossing uitrekenen. In dit proefschrift bestuderen
we enkele veelgebruikte algoritmes in deze software, en aan de hand van meetkundige
principes analyseren we hoe snel deze algoritmes zijn.

Een LP-probleem wordt omschreven aan de hand van randvoorwaarden, gegeven
door een matrix A € R"" en vector b € R™, en een doelfunctie ¢ € R”. De taak
is om een vector x € R” te vinden met zo groot mogelijk inproduct c¢"x, onder de
voorwaarde dat x voldoet aan het stelsel van lineaire ongelijkheden Ax < b. Dit
schrijven we ook al op als

maximaliseer ¢'x

met voorwaarde Ax < b.

De verzameling van alle vectoren die aan de randvoorwaarden voldoen noemen
we het roegestane gebied. Meetkundig gezien vormt dit gebied een veelvlak. Gegeven
dit veelvlak, vraagt een lineair programmeringsprobleem om een punt daarin te vinden
dat zo ver mogelijk in een aangegeven richting ligt.

6.1 De simplexmethode

Er worden verschillende algoritmes gebruikt om LP-problemen op te lossen. De
oudste hiervan is de simplexmethode, en vandaag de dag is dit nog steeds een van de
snelste algoritmes.

De simplexmethode kiest in het begin een deelverzameling B C {1,...,m} van
de rijen van de matrix A. Voor de deelmatrix Ag en vector bg vindt het algoritme
het punt xg € R" dat voldoet aan het stelsel van vergelijkingen Agxp = bg. De
keuze van B wordt zo gedaan, dat het punt xp uniek gedefinieerd is en voldoet aan
alle randvoorwaarden Axp < b. Dit kunnen we meetkundig interpreteren als dat het
algoritme begint op een hoekpunt van de toegestane verzameling.
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Figuur 6.1: Een oranje veelvlak, met dikgedrukt een pad van hoekpunten verbonden
met ribben.

In elke stap van de simplexmethode wordt een enkel element uit de verzameling
B vervangen met een nieuwe index uit {1,...,m}, op zo een manier dat het nieuwe
punt xp ook weer voldoet aan alle randvoorwaarden. Dit vervangen gebeurt zodanig
dat het inproduct ¢"xp groter wordt. Dit proces herhaalt zich totdat het een optimale
oplossing vind.

Meetkundig kunnen we ons voorstellen dat de simplexmethode op “reis” gaat
langs de rand van het toegestane gebied. Deze reis gaat van hoekpunt naar hoekpunt
over de ribben van dit veelvlak, en komt elke stap dichter bij de bestemming. Een
voorbeeld van een toegestane gebied en een mogelijke reis is te vinden in Figure 6.1.

In Hoofdstuk 2 bestuderen we hoeveel stappen de simplexmethode nodig heeft
om een LP-probleem op te lossen. Hier zullen we aannemen dat de data een kleine
hoeveelheid toevallige “ruis” bevat. We omschrijven een nieuwe variant op de sim-
plexmethode die weinig stappen nodig heeft. In Hoofdstuk 3 bestuderen we toevallige
veelvlakken. We bewijzen boven- en ondergrenzen op de lengte van de kortste reis
tussen hoekpunten.

6.2 Inwendige-punt methoden

De andere veelgebruikte algoritmen voor lineaire programmeringsproblemen zijn de
inwendige-punt methoden. Deze algoritmen werken met punten in het inwendige
van het toegestane gebied, in plaats van punten op de rand zoals de simplexmethode.
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Veel inwendige-punt methoden volgen gedurende hun looptijd een centraal pad door
het toegestane gebied, met een optimale geldige oplossing aan het einde van het pad.
Deze methoden zijn in praktijk erg snel, en in theorie kunnen we de looptijd van deze
methoden van boven begrensen met behulp van het “formaat” van de data A, b, en c.

Er bestaan inwendige-punt methoden die schaal-invariant zijn. Dit houdt in dat
het voor het algoritme niet uit maakt in welke schaal de grootheden in A, b, en ¢ zijn
geformuleerd, zoals bijvoorbeeld in meters en kilogrammen of in yards en pounds.
In theorie is dit een gewenste eigenschap.

Eerder onderzoek heeft uitgewezen dat er ook inwendige-punt methoden bestaan
waarvan de looptijd enkel athangt van het formaat van de matrix A, en dus niet van
de vectoren b en c. In 2003 stelde Monteiro en Tsuchiya de vraag of er een methode
bestaat die allebei deze eigenschappen heeft: zowel schaal-invariant en met looptijd
begrensd met behulp van het formaat van A. In Hoofdstuk 4 laten we zien dat dit
inderdaad het geval is. We omschrijven een inwendige-punt methode die op schaal-
invariante wijze het primaal-duale centrale pad van een LP-probleem kan volgen
om een oplossing te vinden. De looptijd van onze methode hangt enkel af van de
matrix A.

We introduceren een nieuwe maat om te meten hoe “gebalanceerd” de matrix A
is. We geven een methode om deze gebalanceerdheid bij benadering uit te rekenen,
en begrenzen de looptijd van onze inwendige-punt methode met behulp van deze
gebalanceerdheid.

6.3 Snijvlakmethode

Voor LP-problemen mogen we ervan uitgaan dat alle randvoorwaarden op voorhand
bekend zijn. In Hoofdstuk 5 laten we deze aanname los. In plaats van een lijst met alle
randvoorwaarden, mogen we nu vragen stellen aan een “orakel”. We leggen dit orakel
telkens een punt x € R voor, en het orakel laat weten of dit punt in het toegestane
gebied ligt. Als het punt niet toegestaan is, dan geeft het orakel daarvoor een “reden”:
we krijgen een lineaire ongelijkheid die geldig is voor het hele toegestane gebied maar
ongeldig is voor ons voorgestelde punt x.

Algoritmes voor optimalisatie in dit orakel-model worden snijvlakmethoden ge-
noemd, omdat elke nieuwe lineaire ongelijkheid punten “afsnijd” van het toegestane
gebied. In Hoofdstuk 5 omschrijven we een nieuwe snijvlakmethode. Onze methode
geeft zowel boven- als ondergrenzen op de waarde van het optimalisatieprobleem, en
de twee grenzen bewegen bewijsbaar snel naar elkaar toe.

Ook doen we ook enkele experimenten met verschillende optimalisatieproblemen.
Vergeleken met drie bestaande snijvlakmethoden, heeft ons algoritme maar weinig
vragen aan het orakel nodig om een toegestane oplossing met goede waarde te vinden.
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