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Abstract

We study Linear Programming (LP) and present novel algorithms. In particular, we study LI’ in the
context of circuits, which are support-minimal vectors of linear spaces. Our results will be stated in
terms of the circuit imbalance (CI), which is the worst-case ratio of nonzero entries of circuits and
whose properties we study in detail. We present following results with logarithmic dependency on
CIL. (i) A scaling-invariant Interior-Point Method, which solves LI in time that is polynomial in the
dimensions, answering an open question by Monteiro-Tsuchiya in the affirmative. This closes a
long line of work by Vavasis-Ye and Monteiro-Tsuchiya; (ii) We introduce a new polynomial-time
path-following interior point method where the number of iterations admits a singly exponential
upper bound. This complements recent results, that path-following method must take at least
exponentially many iterations; (iii) We further provide similar upper bounds on a natural notion of
curvature of the central path; (iv) A black-box algorithm that requires only quadratically many
calls to an approximate LI’ solver to solve LI’ exactly. This significantly strengthens the framework
by Tardos, which requires exact solvers and whose runtime is logarithmic in the maximum
subdeterminant of the constraint matrix. The maximum subdeterminant is exponentially bigger
than CI, already for fundamental combinatorial problems such as matchings; (v) Furthermore, we
obtain a circuit diameter that is quadratic in the number of variables, giving the first polynomial
bound for general LI’ where CI is exponential. Unlike in the simplex method, one does not have
to augment around the edges of the polyhedron: Augmentations can be in any circuit direction;
(vi) Lastly, we present an accelerated version of the Newton-Dinkelbach method, which extends
the black-box framework to certain classes of fractional and parametric optimization problems.
Using the Bregman divergence as a potential in conjunction with combinatorial arguments, we
obtain improved runtimes over the non-accelerated version.
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Introduction

In real life, when emotions and sentiments
are involved and the very continuity of life
is at stake, there are no quantitative
theories, linear programming, and applied
mechanics available to solve those
problems.

Some Mistakes Have No Pardon

GIRDHAR JOSHI

Fortunately, we do not study real life here. Even if this thesis is submitted for the degree of
Doctor of Philosophy, we do not make an attempt at discussing the relation of the most important
real life problems to emotions and sentiments. The study of LP’ can still solve various problems,
even if they might be unrelated to emotions, sentiments, and the context of real life. This does not
degrade their importance in the world.

Linear programming is viewed as a revolutionary development giving man the ability
to state general objectives and to find, by means of the simplex method, optimal policy
decisions for a broad class of practical decision problems of great complexity.

(GeorGe DanTzIG)

This is the positive perspective we need. From here, we focus on the mathematics of LP.

Linear Programming (LP) in matrix formulation. We will use LPs in the following standard
primal and dual form for A € R"™", b € R™, c € R™.

System 1.1. Linear Program (LP)

Data: A triple (A, b, c), where A is an m X n matrix and b € R™ and ¢ € R".

3 max ,b
m}gn {c, x) 13 (y,b)
st. Ax=b, st. ATy+s=g,
x>0 s=>0

Linear Programming in subspace formulation Since our main focus is on properties of subspaces,
it will be more natural to think about linear programming in the following subspace formulation. For
A, b and c as above, let W = ker(A) € R". We can write System 1.1 in the following equivalent
form, where d is a vector fulfilling Ad = b:

10
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Max central path
== Simplex path
Circuit walk
== Central path

= [PM
Blackbox

opt

Figure 1.1: The several geometric objects considered in the thesis.

System 1.2. Linear Program (LP) — subspace formulation

Data: A triple (W, d, c), where W C R" is a subspace, and d, ¢ € R".

min {c,x max {(d,c—s

in (e, x) ax (d,c—s)

st. xeW+d, st. seWt+g,
x>0 s>0

In this thesis we present several exact algorithms with varying methods, as depicted in Figure 1.1.
For the primal and dual feasible regions we write

P={xeR":Ax=b,x2>20}={xeR":xeW+d,x>0} and

1.1
D:={S€R":E|y:ATy+S=C,SZO}={S€]R":SEWJ‘+C,SZO}. 1)

An outstanding open question is the existence of a strongly polynomial algorithm for LP,
listed by Smale as one of the most prominent mathematical challenges for the 21% century
[Sma98]. Such an algorithm amounts to solving LI’ using poly(n, m) basic arithmetic operations
in the real model of computation." Known strongly polynomially solvable .’ problems classes
include: feasibility for two variable per inequality systems [Meg83], the minimum-cost circulation
problem [Tar85], the maximum generalized flow problem [OV20; Vég17], and discounted Markov
decision problems [Ye05; Yell].

n the bit-complexity model, a further requirement is that the algorithm must be in PSPACE.
11



1 INTRODUCTION 1 Introduction

Algorithmic Perspective

Linear Programming has a long history and is a central tool in optimization in both theory and
practice. The study of |’ dates back at least as far as the early 19" century to Fourier. In the mid
20™ century it was formalized by Kantorovich. Shortly after, the first efficient algorithms were
developed.

The Simplex Method. The simplex method is the oldest of the practical algorithms for LI’ and was
invented by Dantzig in 1947. Its fundamental role earned it a place in a list of the top 10 algorithms
of the 20™ century [Nas00]. The simplex method traverses a path formed by vertices and edges
of # according to a certain pivot rule. Albeit efficient in practice, there is no polynomial-time
variant known, and there are exponential worst case examples for several pivot rules. The first
such construction was given by Klee and Minty [KM?72] for Dantzig’s pivot rule. While the simplex
method may be exponential, it is never worse: for any non-cycling pivot rule, the number of pivot
steps can be bounded by the number of bases, at most () < 2".

The Ellipsoid Method. Khachiyan [Kha79] 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).

On a high level, the ellipsoid method aims to find a feasible solution in a polytope, by encircling
the feasible region by an ellipsoid. If the center of the ellipsoid is not contained in the polytope, then
a separation oracle provides a separating hyperplane, which allows cutting off a part of the ellipsoid to
recurse with an ellipsoid of smaller size that still fully contains the feasible region. These methods
are called cutting plane methods.

The excellent performance of cutting plane methods in theory led to a hype, even though people
were not immediately able to translate the theoretical guarantees into a practical algorithm able to
compete with the by then well-established simplex method. It remains a challenge today to design
practical cutting plane methods. In theory, more breakthroughs were achieved in recent years
[JLSW20; LSW15].

Interior Point Methods. The advent of Interior-Point-Methods (IPM) brought the first class of
algorithms for LI’ that performs well in both, theory and practice. Karmarkar [Kar84] was the first
to devise such a method in 1984. Contrary to the simplex method, it solves LI’ by traversing the
interior of the polytope. [PM follow a central path which corresponds to the set of optimal solutions
to problems of the form min (¢, x) + uF(x), x € ¥, where F(x) is a so-called barrier function defined
which penalizes getting to close the boundary of . A standard barrier for LI’ is the log-barrier,
whose so called central path is the set of solutions defined in (CI’), parametrized by p.

x(wis(u)i = p, Vi€ ln]
Ax(p) = b, x(u) > 0, (CP)

ATy(w) +s(u) =c, s(u) >0,
IPM are at the heart of recent breakthrough results for LP, see [Bra20; Che+22; CLS19; LS19] to

only name a few which appeared during the author’s PhD studies.
Geometric Perspective
Related to algorithms, but allowing for separate study, are certain geometric properties of LP.

12



1 INTRODUCTION 1 Introduction

The combinatorial diameter of a polyhedron P C R4 is the diameter of the vertex-edge graph
associated with P. Hirsch’s famous conjecture from 1957 asserted that the combinatorial diameter
of a polytope (a bounded polyhedron) in d dimensions with n facets is at most n — d. This
was disproved by Santos in 2012 [San12]. The polynomial Hirsch conjecture, i.e., finding a
poly(n, d) bound on the combinatorial diameter remains a central question in the theory of linear
programming. In particular is such a bound necessary to devise a strongly polynomial simplex
algorithm.

The first quasipolynomial bound was given by Kalai and Kleitman [Kal92; KK92], see [Suk17]
for the best current bound and an overview of the literature. Dyer and Frieze [DF94] showed the
polynomial Hirsch conjecture for Totally Unimodular (TU) matrices.

As a natural relaxation of the combinatorial diameter, Borgwardt, Finhold, and Hemmecke
[BEFH15] initiated the study of circuit diameters. Consider a polytope in the standard equality form
#. All edge directions of ¥ are elementary vectors, and the set of elementary vectors E(A) equals
the set of all possible edge directions of ¥ for varying b € R" [ST97].

A circuit walk is a set of consecutive points xW x@ . xk+D) e P guch that foreachi =1, ...k,
x0T = x4 o0 for ¢() € £(A), and further, x) +(1+¢)g® ¢ ¥ forany ¢ > 0, i.e., each consecutive
circuit step is maximal. The circuit diameter of ¥ is the minimum length of a circuit walk between
any two vertices x, y € . Note that, in contrast to walks in the vertex-edge graph, circuit walks are
non-reversible and the minimum length from x to y may be different from the one from y to x; this
is due to the maximality requirement. The circuit-analogue of the Hirsch conjecture, formulated in
[BEH15], asserts that the circuit diameter of a polytope in d dimensions with n facets is at most
n — d; this may be true even for unbounded polyhedra, see [BSY18]. For #, d = n — m and hence
the conjectured bound is m.

Circuit diameter bounds have been shown for some combinatorial polytopes such as dual
transportation polyhedra [BFH15], matching, travelling salesman, and fractional stable set polytopes
[KPS19]. The paper [BDF16] introduced several other variants of the circuit diameter, and explored
the relation between them.

Another geometric object that has been studied is the central path and a natural notion of its
curvature [S5791], defined as

7(0, 00) = /0 Yiv) dv, Y():=|prms0)]. 1.2)

It was related very closely tied to the number of iterations an IPM requires if the error one allows
while approximately following the paths converges to 0 [MTO08].

Condition numbers of the constraint matrix

Towards the goal of finding more classes of LI’ that are strongly polynomially solvable, the principal
line of attack has been to develop LI’ algorithms whose running time is bounded in terms of natural
condition measures. Such condition measures attempt to measure the “intrinsic complexity” of
LPs. 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 examples include the Goffin
measure [Gof80] for conic systems and Renegar’s distance to ill-posedness for general LPs [Ren94;
Ren95], and bounded ratios between the nonzero entries in basic feasible solutions [Chul4; KIM13].

Parametrizing by the constraint matrix. A second line of research, and one of the main topics
of this thesis, focuses on the complexity of the constraint matrix A. In a seminal work, Vavasis
13
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and Ye [VY96] introduced a new type of interior-point method that optimally solves System 1.1
within O(n%° log(a + 1)) iterations, where the condition number | s controls the size of solutions
to certain linear systems related to the kernel of A (see Section 4.2 for the formal definition).
Monteiro and Tsuchiya [MT03], noting that the central path is invariant under rescalings of
the columns of A and c, asked whether there exists an LI’ algorithm depending instead on the
measure (s, defined as the minimum i ap 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.

Theorem I (Theorem 3.4.7). There exists a strongly polynomial algorithm, that given a matrix A computes
a rescaling D such that Y ap < poly(n, ¥"a).

This result is in surprising contrast to that of Tungel [Tun99], who showed NP-hardness for
approximating i’ to within 2poly(rk(a))

While this resolves Monteiro and Tsuchiya’s question by appropriate preprocessing, it falls
short of providing either a truly scaling invariant algorithm or an improvement upon the base
Layered-Least-Squares (LLS) analysis. In this vein, as a second main contribution in this theory we

develop a scaling invariant LLS algorithm.

Theorem II (Theorem 4.3.16). There exists a scaling-invariant [PM that solves LP in 5(712'5 log(*A))
iterations, each of which can be computed in strongly polynomial poly(n, m) time.

Besides being scaling-invariant and hence depending on i* instead of i, this also constitutes a
n/log n improvement on the iteration complexity bound of the original Vavasis-Ye Algorithm in
[VY96] (VY) algorithm and follow-up works by Monteiro and Tsuchiya.

As other [PM our algorithm follows very closely the central path (CP) induced by the barrier.
In particular, matching the result on the number of iterations of the VY algorithm Monteiro and
Tsuchiya bounded the total curvature of the central path by O(n%°log(i"a + n)). We show that
their result can naturally be improved based on our improvement on the number of iterations in
our scaling-invariant IPM.

Theorem III (Theorem 6.3.3). The total curvature of the central path is bounded by 7(0,00) =

O(n?5 log 7"a)-

However, while this results in an [PM with logarithmic dependency on log i, they do not admit
even an exponential dependency on the dimensions m and 7 only, as i can be arbitrarily big even
in fixed dimension. To the extent of our knowledge, no variant of the ellipsoid or interior point
methods have been shown to admit a bound f(n) on the number of iterations for any function
f:IN — IN prior to 2022. We design an [’M that finally admits an exponential iteration bound.

Theorem IV (Informal, Theorem 5.1.2). There exists an [PM that solves L.P within O(n'>2" log(n))
iterations. Each iteration can be implemented in strongly polynomial time poly(n, m).

Moreover, the running time of the algorithm is within a polynomial factor of any path following
method.

We also show how this algorithmic bound can be translated into a purely geometric bound on
the curvature of the central path.

Theorem V (Theorem 6.2.4). The total curvature of the central path is bounded by I(0,00) =
O(n'>2" log(n)).

14
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Proximity— based solvers. The first breakthrough in the area of conditioned matrices predates
Vavasis and Ye by 10 years and was achieved by Tardos [Tar86]. She showed that if A has integer
entries and all square submatrices of A have determinant at most A in absolute value, then
System 1.1 can be solved in poly(n, m, log A) arithmetic operations, independent of the encoding
length of the vectors b and c. At the heart of this approach lie proximity results. Such proximity
results allow to deduce information about optimal solutions to LI’ based on nearly-optimal solutions
to slightly perturbed problems. We introduce a new condition number, « o, which is the largest
ratio of two non-zero coordinates in support-minimal elements in the kernel of A, which fulfills
ka < Ap for all A € Z™". We provide an in-depth study of its properties as well as related

condition numbers in Chapter 3 and extend Tardos’ results to « o, while requiring weaker oracle
assumptions.

Theorem VI (Informal, Theorem 7.8.1). There exist algorithms that for feasible primal-dual instances of
LP can find

(i) a feasible point within m calls to any approximate solver to [P with precision (nx)~°M, and

(ii) an optimal point within mn calls to any approximate solver to P with precision (ni)~CW,

The running time is dominated by the calls to the approximate solvers.

For the dual © with integer constraint matrix A, polynomial diameter bounds were given in
terms of the maximum subdeterminant Aq [Bon+14; BR13; DH16; EV17]. These arguments can be
strengthened to using a parametrization by a ‘discrete curvature measure’ 55~ > 1/(nA%). The best
such bound was given by Dadush and Hihnle [DH16] as O(d® log(d/5a7)/5aT), using a shadow
vertex simplex algorithm.

By relating 65 to k5 we are able to show that the diameter is also polynomially bounded in «4.
Theorem VII (Theorem 3.3.12). The diameter of ¥ is bounded by O(n®mi o log(ica + 1)).

Unlike for the simplex method, it can be shown that there is always a circuit direction which
relative to the optimal solution improves the objective geometrically. Similarly to the blackbox
approach, this can be used to show constructive bounds on the circuit diameter.

Theorem VIII (Theorem 8.1.4). The circuit diameter of P is O(m?log(ica + 1)).

Interestingly, we can extend these results to capacitated LI formulations without significantly
increasing the diameter.

System 1.3. Capacitated Linear Program (CLP)

Data: A quadruple (A, b, ¢, u), where A is an m X n matrixand b € R” and ¢, u € R".

Capacitated Primal Capacitated Dual

g max ,bYy —{(u,t
min (c, x) 13 (y,b) = (u,t)
st. Ax=b, st. ATy+s—t=c,

0<x<u s,t >0

Theorem IX (Theorem 8.1.5). The circuit diameter of the feasible region in Capacitated-Primal is
O(m?log(ra + n) + nlog(n)).
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Beyond Linear Programs

System 1.4. Fractional Linear Program (FLP)

Data: A tuple (A, b, c, q), where A is an m X n matrix and b € R™ and ¢ € R", d € R" and
(q,x) > 0 forall x € Primal(A, b).
min (e, x)

x <q/ x)

In the last chapter of this thesis we look into Fractional Linear Programming. The discrete
Newton method solves Fractional LP by reducing it to a sequence of LI” with objective function
(c,x)y = A(q,x),A € R. We develop a novel accelerated discrete Newton method, for which we
show improved running times and simplified analyses for problems such as linear fractional
combinatorial optimization and parametric submodular function minimization.

We also develop a proximity-based solver for Fractional L in terms of «a.

Theorem X (Theorem 9.3.1). System 1.4 can be solved within O(n log i« a) calls to an exact solver to LP
with the same constraint matrix A.

16



2 Preliminaries

Welet IN = {1, 2, ...} denote the positive integers, Z the integers, ) the rational numbers and R
the real numbers. Further, let R := R U {£o0}, R4, the set of positive reals, and R. the set of
nonnegative reals. We let [n] := {1,...,n}. For k € IN, a number g € () is 1/k-integral if it is an
integer multiple of 1/k. Let P C IN denote the set of primes.
For a prime number p € P, the p-adic valuation for Z is the function v, : 7 — IN U {co} defined by
- .
vy () = {max{ve]\.p |n} ifn#0 @.1)

00 ifn =0.

Linear Algebra. We denote the support of a vector x € R" by supp(x) = {i € [n] : x; # 0}. We
let 1, denote the n-dimensional all-ones vector, or simply 1, whenever the dimension is clear from
the context. Analogously 0, (and 0) are the all-zero vectors. Let e! denote the i-th vector in the
standard basis.

For vectors v, w € R" we denote by min{v, w} the vector z € R" with z; = min{v;, w;},i € [n];
analogously for max{v, w}. Further, we use the notation v* := max{v, 0, } and v~ := max{-v,0,};
note that both v* and v~ are nonnegative vectors. For two vectors x,y € R", we let (x,y) = xTy
denote their scalar product and we let [x, y] = {(1 - A)x + Ay : 0 < A < 1} denote the line-segment
connecting x and y. We use the notation xy € IR" to denote the Hadamard product xy = (x;Vi)ie[n]-
Further, with p € Q, we also use the notation x? to denote the vector (xf )ie[n]- Similarly, for
x € R",y € (R\ {0})", we let x/y denote the vector (x;/Vi)ie[n]-

Forsets S, T C RweletS-T={st:seS,teT}.

We let I, € R™" denote the n-dimensional identity matrix and ©,, denote the set of all positive
definite n X n diagonal matrices. For a vector v € X", we denote by diag(v) the diagonal matrix
whose i-th diagonal entry is v;.

For a matrix A € R™" let A1, Ay, ..., A, € R" denote the column vectors, and A1, AZ,... A" e

R™ denote the transposed row vectors.

ForI C [m]and | C [n] we let A7 denote the submatrix of A restricted to the set of rows in I and
columns in J. We also use Aj. = Aj;jand Aj = A.j = Ay,;. Fori € [n], we set A<; = Ajc[u)j<iy
and Az; = Ayje[n1;j>i)- We define 0/(A) to be the i-th smallest singular value of A. We let Af e Rmm
denote the Moore-Penrose pseudo-inverse of A. The matrix A is said to be in basis form for a basis B
if Ag = I,,. We denote by rk(A) its rank, by ker(A) its kernel and by im(A) its image. Analogously,
let range(-) denote the range of a matrix or an operator.

We will use #1, £, and {« vector norms, denoted as ||.||1, ||.|l2, and ||.||«, respectively. By |[[v]|, we
always mean the 2-norm ||v||,. Further, for a matrix A € R"™*", ||A|| will refer to the ¢, — ¢, operator
norm, [|Allr = \/X; ; |Aij|? to the Frobenius norm, and ||Allmax = max;,; |Ayj| to the max-norm.

For an index subset I C [n], we use 7t;: R — RR! for the coordinate projection. Thatis, 7t;(x) = xj,
and for a subset S € 1", m;(S) = {x;: x € S}. Welet R = {x € R" : x;;; = 0 }.

For a subspace W C R", we let W; = i;(W N R}).

We will often use the following identity:
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Proposition 2.0.1. For 0 # I C [n] and a linear subspace W C R", iy(W)* = mp(W* N RY) holds.

For a subspace W C R", we define by IIyy: R" — R" the orthogonal projection onto W and let
W+ = W N ]Ri.
For a vector x € R” and a real threshold t € R, define the essential support ess(x, t) € R" as

ess(x, 7); = (2.2)

x; i x| = 7T,
{0 otherwise
Given a concave function f: R — R, let dom(f) := {x: —c0 < f(x) < o} be the effective do-

main of f. For a point xo € dom(f), denote the set of superqgradients of f at x¢ as df(xg) =
{g:f(x) < fxo) + g(x — x0) Vx € R }. If xgisin the interior of dom(f), then d f (xo) = [ f/(x0), f1(x0)],
where f7(xo) and f](xo) are the left and right derivatives.

The linear spaces {0} and R” will be called trivial subspaces; all other subspaces are nontrivial. A
linear subspace of IR" is a rational linear space if it admits a basis of rational vectors. Equivalently, a
rational linear space can be represented as the image of a rational matrix. For an integer vector
v € 7", let lem(v) denote the least common multiple and ged(v) denote the greatest common divisor of
the entries |v;], i € [n].

For a set of vectors V C IR" we let span(V') denote the linear space spanned by the vectors in V.
For a matrix A € R™*", span(A) C R™ is the subspace spanned by the columns of A.

Matroids. A matroid on a finite ground set E is given as M = (E, I'), where 7 C 2F is a nonempty
collection of independent sets. This collection is required to satisfy the independence axioms:

(I1) Non-Emptiness: 0 € 1.
(I2) Monotonicity: if X € 7 thenY € 1 forall Y € X, and

(I3) Exchange property: if X,Y € I, |X| < [Y], then there existsa y € Y \ X such that X U {y} € 1.

Bases and Circuits. For a linear subspace W € R" and a matrix A such that W = ker(A), a circuit
C C [n] is an inclusion-wise minimal dependent set of columns of A. Analogously, a basis B C [n]
is an inclusion-wise maximal independent set of columns of A.

These notions only depend on the subspace W, and not on the particular representation A; an
equivalent definition is that C C [n] is a circuit if and only if W N IR is one-dimensional and that
no strict subset of C has this property. Equivalently, B is a basis if W N IR} = {0}, but no strict
superset of B has this property. The set of bases of W is denoted by By . The set of circuits of W is
denoted by Cw.

For a subset I C [n], we let cl(I) denote its closure in the matroidal sense.

That is, cl(I) = ] is the unique maximal set containing | 2 I such that rk(A;) = rk(Aj).
Equivalently,

cd(Il)=1uU{je[n]\I:ICeCw,jeCCIU{j}}

For a linear space W C R", g € W is an elementary vector if g is a support minimal nonzero
vector in W, that is, no h € W \ {0} exists such that supp(h) G supp(g), where supp denotes the
support of a vector. A circuit in W is the support of some elementary vector; these are precisely the
circuits in the associated linear matroid M(W). We let E(W) € W and Cw C 2" denote the set of
elementary vectors and circuits in the space W, respectively.

A circuit basis of a subspace W € R" isaset F C &(W) of rk(W) linearly independent elementary
vectors, i.e., span(F) = W.

18
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Linear matroids. For a linear subspace W € IR, let M(W) = ([n], I') denote the associated linear
matroid, i.e., the matroid defined by the set of circuits Cy. Here, 7 denotes the set of independent
sets; S € 7 if and only if there exists no z € W \ {0} with supp(z) € S; the maximal independent
sets are the bases. We refer the reader to [Sch03, Chapter 39] or [Frall, Chapter 5] for relevant
definitions and background on matroid theory.

Assume rk(A) = m and W = ker(A) for A € R™", Then B C [n], |B] = m is a basis in
M(A) := M(W) if and only if Ap is nonsingular; then, A’ = AglA is in basis form for B such that
ker(A’) = W.

The matroid M is separable if the ground set [1] can be partitioned into two nonempty subsets
[n]=SUTsuchthatl € 7 ifandonlyif INS,INT € 1. In this case, the matroid is the direct
sum of its restrictions to S and T. In particular, every circuit is fully contained in S or in T.
For the linear matroid M(A), separability means that ker(A) = ker(Ag) @ ker(Ar). In this case,
we have ka = max{kay, Ka;} and ks = lem{i g, £ }; solving 1.1 can be decomposed into two
subproblems, restricted to the columns in As and in Ar.

Thus, for most concepts and problems considered in this thesis, we can focus on the non-separable
components of M(W). The following characterization will turn out to be very useful, see e.g.
[Frall, Theorem 5.2.5].

Proposition 2.0.2 (See Proposition 3.2.21). A matroid M = ([n], I') is non-separable if and only if for
any i,j € [n], there exists a circuit containing i and j.

Conformal circuit decompositions. We say that the vector y € R" conforms to x € R" if x;y; > 0
whenever y; # 0. Given a subspace W C R", a conformal circuit decomposition of a vector z € W

Z=Zh:gk,

k=1

is a decomposition

where i < n and g',¢?,...,¢" € &(W) are elementary vectors that are conformal with z. A
fundamental result on elementary vectors asserts the existence of a conformal circuit decomposition,
see e.g. [Ful68; Roc69].

We write y C x if y conforms to x and |y;| < |x;| forall i € [n].

Lemma 2.0.3. For every subspace W C IR", every z € W admits a conformal circuit decomposition.

Proof. Let F C W be the set of vectors conformal with z. The set F is a polyhedral cone; its faces
correspond to inequalities of the form yx > 0, yx < 0, or yx = 0. The rays (edges) of F are of the form
{ag:a>=0}for g € E(W). As z € F, it can be written as a conic combination of at most # rays by
the Minkowski-Weyl theorem. Such a decomposition yields a conformal circuit decomposition. O

Computational Model. We use the real model of computation, allowing basic arithmetic opera-

tions +, —, X, /, comparisons, and square root computations. Exact square root computations could

be omitted by using approximate square roots; we assume exact computations for simplicity.
Throughout, we use O(-) to hide polylogarithmic factors in m and 1, and we use poly(-) to denote

polynomial running time in the arguments.

LP formulation We write the feasible regions of Primal(W, d) and Dual(W, c) as

P={xeR":xeW+d, x>0}, DZZ{SEH":SEWL+C,SZO}. (2.3)
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3 Circuit imbalance measures and linear
programming

We study properties and applications of various circuit imbalance measures associated
with linear spaces. These measures describe possible ratios between nonzero entries
of support-minimal nonzero vectors of the space. The fractional circuit imbalance
measure turns out to be a crucial parameter in the context of linear programming,
and two integer variants can be used to describe integrality properties of associated
polyhedra.

We give an overview of the properties of these measures, and survey classical and
recent applications, in particular, for linear programming algorithms with running time
dependence on the constraint matrix only, and for circuit augmentation algorithms.
We also present new bounds on the diameter and circuit diameter of polyhedra in
terms of the fractional circuit imbalance measure.

This chapter is based on joint work with Farbod Ekbatani and Laszl6 A. Végh [ENV22].
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3 CIRCUIT IMBALANCE MEASURES 3.1 Introduction

3.1 Introduction

Recall that an elementary vector in a subspace is a support-minimal nonzero vector. Elementary
vectors were first studied in the 1960s by Camion [Cam64], Tutte [Tut65], Fulkerson [Ful68], and
Rockafellar [Roc69]. Circuits play a crucial role in matroid theory and have been extremely well
studied. For regular subspaces (i.e., kernels of totally unimodular matrices), elementary vectors
have +1 entries; this fact has been at the heart of several arguments in network optimization since
the 1950s.

The focus of this chapter is on various circuit imbalance measures. We give an overview of
classical and recent applications, and their relationship with other condition measures. We will
mainly focus on applications in linear programming, mentioning in passing also their relevance to

integer programming.

Three circuit imbalance measures. There are multiple ways to quantify how ‘imbalanced’
elementary vectors of a subspace can be. We define three different measures that capture various
fractionality and integrality properties.

For every C € Cy, the elementary vectors with support C form a one-dimensional subspace of
W. We pick a representative g&" € &(W) from this subspace. If W is not a rational subspace, we
select g&" arbitrarily. For rational subspaces, we select g&" as an integer vector with the largest
common divisor of the coordinates being 1; this choice is unique up to multiplication by —1. When
clear from the context, we omit the index W and simply write g©. We now define the fractional

circuit imbalance measure and two variants of integer circuit imbalance measure.

Definition 3.1.1 (Circuit imbalances). For a non-trivial linear subspace W C R", let us define the
following notions:

® The fractional circuit imbalance measure of W is

C
]

8
Ky = max c

8i

:CeCw,i,jeC}.

o IfW is a rational linear space, the lcm-circuit imbalance measure is
Ky = lcm{ lcm(gc) :CeCw } .

e IfW is a rational linear space, the max-circuit imbalance measure is
‘w = max{ [|§ o : C € Cw }.

For trivial subspaces W, we define kw = cw = kw = 1. Further, we say that the rational subspace W is
anchored if every vector g€, C € Cy has a 1 entry.

Equivalently, in an anchored subspace every elementary vector ¢ € &(W) has a nonzero entry
such that all other entries are integer multiples of this entry.

The term circuit imbalance measure will refer to the fractional measure <. Note that 1 < ky <

iw < kw and kw = 1 implies iy = «w = 1. This case plays a distinguished role and turns out to
be equivalent to W being a regular linear space (see Theorem 3.2.4).

Another important case is when <y = p® is a prime power. In this case, W is anchored, and
Kw = kw = kw. The linear space will often be represented as W = ker(A) for a matrix A € R,
We will use E(A), Ca, ka, ka, Ka to refer to the corresponding quantities in ker(A).
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3 CIRCUIT IMBALANCE MEASURES 3.2 Properties of the imbalance measures

An earlier systematic study of elementary vectors was done in Lee’s work [Lee89]. He mainly
focused on the max-circuit imbalance measure; we give a quick comparison to the results in
Section 3.2. The fractional circuit imbalance measure played a key role in the paper [DHNV20] on
layered-least-squares interior point methods; it turns out to be a close proxy to the well-studied
condition number jw. As far as the authors are aware, the lem-circuit imbalance measure has not
been explicitly studied previously.

Overview and contributions. Section 3.2 gives an overview of fundamental properties of «y and
Kw. In particular, Section 3.2.1 relates circuit imbalances to subdeterminant bounds. We note that
many extensions of totally unimodular matrices focus on matrices with bounded subdeterminants.
Working with circuit imbalances directly can often lead to stronger and conceptually cleaner
results. Section 3.2.2 presents an extension of the Hoffman-Kruskal characterization of TU matrices.
Section 3.2.3 shows an important self-duality property of «y and . Section 3.2.4 studies ‘nice’
matrix representations of subspaces with given lem-circuit imbalances. Section 3.2.6 proves
a multiplicative triangle-inequality for xw. Many of these results were previously shown by
Lee [Lee89], Appa and Kotnyek [AK04], and by Dadush et al. [DHNV20]. We present them in a
unified framework, extend some of the results, and provide new proofs.

Section 3.3 reveals connections between « and the well-studied condition numbers i studied
in the context of interior point methods, and ¢ studied—among other topics—in the analysis of the
shadow simplex method. In particular, we show that previous diameter bounds for polyhedra can
be translated to strong diameter bounds in terms of the condition number «w (Theorem 3.3.12).

Section 3.4 studies the best possible values of x that can be achieved by rescaling the variables.
We present the algorithm and min-max characterization from [DHNV20]. Further, we characterize
when a subspace can be rescaled to a regular one; we also give a new proof of a theorem from [Lee89].

Section 3.6 gives an outlook to integer programming, showing the relationship between the
max-circuit imbalance and Graver bases. Finally, Section 3.7 formulates a conjecture on circuit
decompositions with bounded fractionality.

3.2 Properties of the imbalance measures

Comparison to well-scaled frames. Lee’s work [Lee89] on ‘“well-scaled frames” investigated the
following closely related concepts. For a set S C () the rational linear space W is S-regular if for
every elementary vector ¢ € &(F), there exists a A # 0 such that all nonzero entries of Ag are in
S. For S = {-k, ..., k}, the subspace is called k-reqular. For k, Q) € IN, a subspace is k-adic of order
Q if it is S-regular for S = {+1, £k,..., +k9}. The frame of the subspace W refers to the set of
elementary vectors &(W).

Using our terminology, a subspace is k-regular if and only if kw = k, and every k-adic subspace is
anchored. Many of the properties in this section were explicitly or implicitly shown in Lee [Lee89].
However, it turns out that many properties are simpler and more natural to state in terms of either
xw and . Roughly speaking, the fractional circuit imbalance «y is the key quantity of interest
for continuous properties, particularly relevant for proximity results in linear programming. On
the other hand, the lcm-circuit imbalance i captures most clearly the integrality properties. The
max-circuit imbalance i interpolates between these two, although, as already noted by Lee, it is
the right quantity for proximity results in integer programming (see Section 3.6).

Appa and Kotnyek [AK04] also use the term k-regularity in a different sense, as a natural
extension of unimodularity. This turns out to be strongly related to iy ; see Lemma 3.2.3 and
Corollary 3.2.9.
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3 CIRCUIT IMBALANCE MEASURES 3.2 Properties of the imbalance measures

The key lemma on basis forms. The following simple proposition turns out to be extremely
useful in deriving properties of iy and «w. The first statement is from [DINV20].

Proposition 3.2.1. For every matrix A € R™ " with rk(A) = m,
KA = max{ ||AglA||max : Ap non-singular m X m-submatrix ofA} .

Moreover, for each nonsingular A, all nonzero entries of Az' A have absolute values between 1/xa and 1 a
and are 1/ p-integral.

Proof. Consider the matrix A’ = A;'A for any non-singular m x m submatrix Ap. Let us renumber
the columns such that B corresponds to the first m columns. Then, for every m +1 < j < n, the
jth column of A’ corresponds to an elementary vector ¢ where g; =1, and g; = —A;], fori € [m].
Hence, ||A’||max gives a lower bound on « 5. This also implies that all nonzero entries are between
1/1a and ©a. To see that all entries of A’ are 1/« 4-integral, note that g = ¢’/ for a vector g’ where
all entries are integer divisors of a. Since g; = 1, it follows that « itself is an integer divisor of 4.

To see that the maximum in the first statement is achieved, take the elementary vector ¢© that
attains the maximum in the definition of i ; let g]C be the minimum absolute value element. Let
us select a basis B such that C \ {j} C B. Then, the largest absolute value in the j-th column of
Al_glA will be «4. ]

3.2.1 Bounds on subdeterminants

mxn

For an integer matrix A € Z"™*", we define

Ap = max{ | det(B)| : B is a nonsingular submatrix of A }, and 3.1)
Ap = lcm{ | det(B)| : B is a nonsingular submatrix of A } '

The matrix is TU if Ap = 1: thus, all subdeterminants are 0 or +1. This class of matrices plays a

foundational role in combinatorial optimization, see e.g., [Sch98, Chapters 19-20]. A significant

example is the node-arc incidence matrix of a directed graph. A key property is that they define

integer polyhedra, see Theorem 3.2.5 below. A polynomial-time algorithm is known to decide

whether a matrix is TU, based on the deep decomposition theorem by Seymour from 1980 [Sey80].
The next statement is implicit in [Lee89, Proposition 5.3].

mxn

Proposition 3.2.2. For every integer matrix A € Z™*", ikp < Ap and ip < Aa.

Proof. Let C € Cp be a circuit, and select a submatrix A e 7(CI=DXICl of A where the columns
are indexed by C, and the rows are linearly independent. Let A_; be the square submatrix
resulting from deleting the column corresponding to i from A. From Cramer’s rule, we see that
|gz.c| = |det(A_;)|/a for some & € ), @ > 1. This implies both claims s < Aa and a < Ap. O

In Propositions 3.2.18 and 3.2.19, we show that for any matrix A € )"*" there exists a matrix
A € 7" such that ker(A) = ker(A) and A < ()™

To see an example where Ap can be much larger than «a, let A € 7mx(3) be the node-edge
incidence matrix of a complete undirected graph on n nodes (see Figure 3.1); assume # is divisible
by 3. The determinant corresponding to any submatrix corresponding to an odd cycle is +2. Let H
be an edge set of % node-disjoint triangles. Then Ay is a square submatrix with determinant +2"/3.
In fact, Ap = 2"/3 in this case, since A4 for a node-edge incidence matrix equals the maximum
number of node disjoint odd cycles, see [GKS95]. On the other hand, xa = s = ks € {1,2} for the
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s

N

e

(a) Vertex disjoint triangles

O O

(b) the two types of circuits for incidence matrix in undirected graphs

Figure 3.1: Showcased difference in « and A.

incidence matrix A of any undirected graph; see Section 3.2.2. The difference between the two is
displayed in Figure 3.1.

For TU-matrices, the converse of Proposition 3.2.2 is also true. In 1956, Heller and Tompkins
[Hel57; HT56] introduced the Dantzig property. A matrix A € R™" has the Dantzig property if AZ;TA
is a 0, £1-matrix for every nonsingular m X m submatrix Ag. According to Proposition 3.2.1, this is
equivalent to ka4 = 1. Theorem 3.2.4 below can be attributed to Cederbaum [Ced57, Proposition
(v)]; see also Camion’s PhD thesis [Cam64, Theorem 2.4.5(f)]. The key is the following lemma that
we formulate for general 1/1 4 for later use.

Lemma 3.2.3. Let A = [Im A’] € R™". Then, for any nonsingular square submatrix M of A, the

inverse M1 is 1/ a-integral, with non-zero entries between 1/1 o and « o in absolute value.

Proof. Let M be any k x k nonsingular submatrix of A; w.L.o.g., let us assume that it uses the first k
rows of A. Let B be the set of columns of M, along with the m — k additional columns i € [k + 1, m],
i.e., the last m — k unit vectors from I,,. Thus, Ap € R is also nonsingular. After permuting the
columns, this can be written in the form

Ap = (3.2)

| PR P

v
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for some L € 7("~k*k 'We now use Proposition 3.2.1 for A = A;A. Note that the first m columns
of A correspond to Agl. Moreover, we see that

A = (3.3)

LM I,

M 0 ]

Thus, M1 is 1/# a-integral, with non-zero entries between 1/x 5 and x5 completing the proof. O

Appa and Kotnyek define k-regular matrices as follows: a rational matrix A’ € R"*" is k-regular
if and only if the inverse of all nonsingular submatrices is 1/k-integral. From the above statement,
it follows that A’ is k-regular in this sense for k = «[y,, a]. See also Corollary 3.2.9.

Theorem 3.2.4 (Cederbaum, 1957). Let W C IR" be a linear subspace. Then, the following are equivalent.
(i) kw=kw =xw =1
(ii) There exists a TU matrix A, such that W = ker(A).
(iii) For any matrix A in basis form such that W = ker(A), A is a TU-matrix.

Proof. (iii) = (ii) is straightforward, and (ii) = (i) follows by Proposition 3.2.2. It remains to show
(i) = (iii). Let tk(W) = n — m, and consider any A € R"™*" in basis form such that W = ker(A). For
simplicity of notation, assume the basis is formed by the first m columns, that is, A = [I,, A’] for
some A’ € R"X(n=m),

Proposition 3.2.1 implies that all entries of A are 0 and +1. Consider any nonsingular square
submatrix M of A. By Lemma 3.2.3, M~! is also a 0, +1 matrix. Consequently, both det(M) and
det(M™!) are nonzero integers, which implies that | det(M)| = 1, as required. O

3.2.2 Fractional integrality characterization

Hoffman and Kruskal [HK56] gave the following characterization of TU matrices. A polyhedron
P C R™ is integral if all vertices (i..e., basic feasible solutions) are integer.

Theorem 3.2.5 (Hoffman and Kruskal, 1956). An integer matrix A € 7" is T if and only if for every
b e 7™, the polyhedron
{xeR":Ax<b,x>0} (3.4)

is integral.

Since « is a property of the subspace, it will be more convenient to work with the standard
equality form of an LP. Here as well as in Section 3.3.2, we use the following straightforward
correspondence between the two forms. Recall that an edge of a polyhedron is a bounded one
dimensional face; every edge is incident to exactly two vertices. The following statement is standard
and easy to verify.

Lemma 3.2.6. Let A € R™" be of the form A = [A’ Im] for A’ = R"™1=m)For g vector b € R™, let
Pp={xeR":Ax=b,x20} and P,:={x"eR"™:Ax" <bx"20}. (3.5)

Let I = [n — m] denote the index set of A’. Then, P, = 1;(Py), i.e., P, is the projection of Py to the
coordinates in 1. For every vertex x of Py, x" = x| is a vertex of P}, and conversely, for every vertex x" of P},
there exists a unique vertex x of P such that x; = x’. There is a one-to-one correspondence between the edges
of Py and P;. Further, if b € 7™, then Py is 1/ k-integral if and only if P is 1/k-integral.
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Using Theorem 3.2.4 and Lemma 3.2.6, we can formulate Theorem 3.2.5 in subspace language.

Corollary 3.2.7. Let W C IR" be a linear space. Then, xw = 1 if and only if for every d € 7", the
polyhedron
{xeR":xeW+d, x>0} (3.6)

is integral.

Proof. Let n’ = n —m = dim(W). W.Lo.g., assume the last m variables form a basis, and let us

represent W in a basis form as W = ker(A) for A = [A Im], where A’ € R™" It follows by

Theorem 3.2.4 that «w = 1if and only if A is TU, which is further equivalent to A’ being TU.
Further, note that the system {x € R” : x € W +d,x > 0} coincides with

Pb:<xelR”: [A’ Im]xzb,xzo}, (3.7)

where b = Ad.

Note that b = Ad is integer whenever d € 7. Moreover, we can obtain every integer vector in
b € 7' this way, since A contains an identity matrix. According to Lemma 3.2.6, P}, is integral if
and only if P; = {x € R"™™: A’x’ < b, x" > 0} is integral. The claim follows by Theorem 3.2.5. O

We provide the following natural generalization. Related statements, although in substantially
more complicated forms, were given in [Lee89, Proposition 6.1 and 6.2].

Theorem 3.2.8. Let W C R" be a linear space. Then, iy is the smallest integer k € 7. such that for every
d € 7", the polyhedron {x e R" : x €e W +d,x > 0} is 1/k-integral.

Proof. Let dim(W) = n —m, and let us represent W = ker(A) for A € R"*". Then, x e W+d, x > 0
can be written as Ax = Ad, x > 0. Let x be a basic feasible solution (i.e., vertex) of this system.
Then, x = A;'Ad. By Proposition 3.2.1, A;'A is 1/iw-integral. Thus, if d € 7" then x must be also
1/%w-integral.

Let us now show the converse direction. Assume {x € R" : x € W +d, x > 0} is 1/k-integral for
every d € Z". For a contradiction, assume there exists a circuit C € Cw such that the entries of
the elementary vector are not all divisors of k (or that g€ is not even a rational vector if W is not a
rational space). In particular, select an index ¢ € C such that gec t k, or such that (1/ gf) ¢Cis not
rational.

Let us select a basis B C [n] such that C \ B = {¢}. For simplicity of notation, let B = [m]. We can
represent W = ker(A) in a basis form as A = [Im A’]. Let ¢ € " be defined by g¢ =1, gj = —Ajy
for j € B and g; = 0 otherwise; thus, ¢ = (1/gf)gc.

Let us pick an integer t € IN, t > |||, and define d € Z" by d; = t for j € B,dy = —1,and d; =0
otherwise. Then, the basic solution of x € W + d, x > 0 corresponding to the basis B is obtained as
xj=t+gjforje Bandx;=0forje€ [n]\B. The choice of t guarantees x > 0. By the assumption,
x is 1/k-integer, and therefore g is also 1/k-integer. Recall that ¢ = (1/ gic) ¢, where either ¢© € 7"
with lem(g©) = 1 and gf 1 k, or g is not rational. Both cases give a contradiction. m]

Using again Lemma 3.2.6, we can write this theorem in a form similar to the Hoffman-Kruskal
theorem.

Corollary 3.2.9. Let A = [A’ Im] € R™*". Then, i 5 is the smallest value k such that for every b € 7™,
the polyhedron
{xeRM":AX <b,x' >0} (3.8)

is 1/ k-integral.
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Appa and Kotnyek [AK04, Theorem 17] show that k-regularity of A’ (in the sense that the inverse
of every square submatrix is 1/k-integral) is equivalent to the property above.

Subspaces with s = 2. The case «w = 2 is a particularly interesting class. As already noted, it
includes incidence matrices of undirected graphs, and according to Theorem 3.2.8, it corresponds
to half-integer polytopes. This class includes the following matrices, first studied by Edmonds and
Johnson [E]70]; the following result follows e.g., from [AK04; GS86; HMNT93].

Theorem 3.2.10. Let A € 7" such that for each column j € [n], X7, |Aij| < 2. Then icp € {1,2}.

Appa and Kotnyek [AK04] define binet matrices as A’ = A3' A for a matrix A as in Theorem 3.2.10
for a basis B. These matrices have ica- € {1,2} since they define the same subspace.

Deciding whether a matrix has 5 = 2 (or more generally, s = k for a fixed constant k) is an
interesting open question: is it possible to extend Seymour’s decomposition [Sey80] from TU
matrices? The matrices in Theorem 3.2.10 could be a natural building block of such a decomposition.

3.2.3 Self-duality

We next show that both «w and iy are self-dual. These rely on the following duality property of
circuits. We introduce the following more refined quantities that will also come useful later on.

Definition 3.2.11 (Pairwise Circuit Imbalances). For a space W C IR" and variables i, j € [n] we define

TN i) < supp(g), g € 5W) } G = max Gy

W ._

(3.9)

We call 1\'1.’]‘/ the pairwise imbalance between i and j.

Cleary, Ky = max; je[u] 1\‘1./]‘./ for a nontrivial linear space W. We use the following simple lemma.

Lemma 3.2.12. Consider a matrix A € R™" in basis form for B C [n], i.e., Ap = L,. Let W = ker(A);
thus, W+ = span(AT). The following hold.

(i) The rows of A form a circuit basis of W+, denoted as Eg(W).

(ii) For any two rows Al AT, i,j€B,i#j and k € [n]\ B, the vector h = AjkAi —Aj A/ fulfills
h e EWH).

Proof. For part (i), the rows are linearly independent and span W+. Therefore, every ¢ € W+ must
have supp(g) N B # 0, and if supp(g) N B = {i} then g = g;A’. These two facts imply that each A’
is support minimal in W+, that is, A’ € S(W+).

For part (ii), there is nothing to prove if Ajx = 0 or Aj; = 0; for the rest, assume both are nonzero.
Assume for a contradiction & ¢ &(W+); thus, there existsa g € W+, ¢ # 0 and supp(g) < supp(h).
We have supp(h) N B = {i, j}. If supp(g) N B ¢ {i,j}, as above we get that ¢ = g;A’ or g = gjA/,
a contradiction since iy = 0 but Ajx, Ajx # 0. Hence, supp(g) N B = {i,j}. By part (i), we have
g = g,'Ai + ngf; and since hy = 0 it follows that g;/g; = —Ax/Ajx; thus, g is a scalar multiple of 7,
a contradiction. O

Lemma 3.2.13. Forany i, ] € [n] we have i y]" = {a‘l raeXK }’}“ } Equivalently: for every elementary
vector ¢ € S(W) with indices i,j € supp(g) there exists an elementary vector h € E(W) such that
|hi/hjl =g/ 8il-
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Proof. Let ¢ € &(W) such that i,j € supp(g). If supp(g) = {i,j} then any h € (W) with
i € supp(h) fulfills gih; + gjhj = (g, h) =0,s0 j € supp(h) and |h;/hj| = |g;/gil-

Else, there exists k € supp(g) \ {i,j}. Let us select a basis B of M(W) with supp(g) \ B = {k}.
Let A € R™*" be a matrix in basis form for B with ker(A) = W, and let h = A]-kAi — Aj A/, an
elementary vector in &(W+) by Lemma 3.2.12(ii).

By the construction, |h;/hj| = |Ajk/Ajk|. On the other hand, (g, Ai> =0and supp(g) \ B = {k}
implies g; = —gxAjx and similarly < g, A > = 0 implies g; = —gxAjk. The claim follows. ]

For i, duality is immediate from the above:
Proposition 3.2.14 ([DHNV20]). For any linear subspace W C IR", we have kw = k.

Let us now show duality also for iy ; this was shown in [Lee89, Lemma 2.1] in a slightly different
form.

Proposition 3.2.15. For any rational linear subspace W C R", we have icyy = .

Proof. Recall the p-adic valuation v, (1) defined in (2.1). It suffices to show that v, (icw) = v, ()
for any prime p € P. We can reformulate as

vp(kw) = vp (lcm{ lem(g©): C e Cw })
= max{ Vp(lcm(gc)) :CeCw }
= max{ vpla):i,je[n],ae ‘K}/J‘./ } .
Lemma 3.2.13 implies that the last expression is the same for W and W+. m]
We next show that «w and & are monotone under projections and restrictions of the subspace.

Lemma 3.2.16. For any linear subspace W C R", ] C [n]and i, ] € ], we have

7y (W)
ij

(W

KM ea, gy col, kP ekW, and K K.

Proof. Let g € E(Wj). Then (g, 0p,77) € E(W) and so (K:./]Y’ c ‘K}’]V. Note that 7t;(W) = (W+);)* and
so by Lemma 3.2.13,

?](W) _

1M ={a e ek c {a e K = . (3.10)

The same arguments extend to %jj. m]

Proposition 3.2.17. For any linear subspace W € R" and | C [n], we have

Kwp SKw, Ky < Kw,  Kwp < Kw, and Kryw) < Kw -

3.2.4 Matrix representations

Proposition 3.2.1 already tells us that any rational matrix of the form A = [Im A’] is 1/% a-integral,
and according to Lemma 3.2.3, the inverse of every non-singular square submatrix of A is also 1/ A-
integral. It is natural to ask whether every linear subspace W can be represented as W = ker(A) for
an integer matrix A with the same property on the inverse matrices.
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We show that this is true if the dual space is anchored but false in general. Recall that this means
that every elementary vector ¢, C € Cy has a 1 entry. In particular, 1y = p® for some prime
number p € P implies that both W and W+ are anchored; in this case we also have «w = .

In [Lee8Y, Section 7], it is shown that if B is a basis minimizing | det(Ag)| for a full rank A € R">*",
then every nonzero entry in A;'A is at least 1 in absolute value. Moreover, a simple greedy
algorithm is proposed (called 1-OPT) that finds such a basis within m pivots for k-adic spaces.
Our next statement can be seen as the variant of this for anchored-spaces, using the lcm-circuit
imbalance ©a. We note that finding a basis minimizing | det(Ap)| is computationally hard in
general [Kha95b].

Proposition 3.2.18. Let W € R",dim(W) = n — m be a rational subspace such that W+ is an anchored
space. Then there exists an integer matrix A € Z"" such that ker(A) = W, and

(i) All entries of A divide icyy.

.. . . 1 . 1 .

(ii) For all non-singular submatrices M of A, M~ is 7y -integral.
(iii) Aa is an integer divisor of (icw)™.

Proof. Let A € ()" be an arbitrary matrix with ker(A) = W. By performing row operations we
can convert A into A = [D A’] € 7™ where D € D, is positive diagonal and A’ € 7/"*(n=m)
(after possibly permuting the columns). If D = I, then we are already done. Property (i)
follows by Proposition 3.2.1; property (ii) follows by Lemma 3.2.3, and property (iii) holds since
det(M) - det(M~1) = 1, det(M) € 7, and det(M™!) is W—integral.

If D is not the identity matrix, then we show that A can be brought to the form [Im A”] with an
integer A” by performing further basis exchanges. Let us assume that gcd(A?) = 1 for all rows A,
i € [m]. By Lemma 3.2.13, A’ € &(W*). Assume Dj; = A;; > 1 for some i € [m]. As A’ is a circuit
and W+ is anchored, there exists an index k € [#n] such that |Aj| = 1.

Let us perform a basis exchange between columns i and k. That is, subtract integer multiples of
row i from the other rows to turn column k into e’. We then swap columns i and k and obtain the
matrix again in the form [D’ A”] . Notice that the matrix remains integral, D}, =1, and D;.]. =Dj;
for j € [m], j # i. Hence, repeating this procedure at most n times, we can convert the matrix to the

integer form |I,, A’[, completing the proof. o

Note that the proof gives an algorithm to find such a basis representation using a Gaussian
elimination and at most m additional pivot operations. If W+ is not anchored, we show the
following weaker statement.

Proposition 3.2.19. Let W C R", dim(W) = n — m be a rational subspace. Then there exists an integer
matrix A € 7" with ker(A) = W such that

(i) All entries of A divide 1cy;

1

(ii) For all non-singular submatrices M of A, M~ is T

-integral.
(iii) Aa is an integer divisor of (iw)™.

Proof. The proof is an easy consequence of Proposition 3.2.1 and Lemma 3.2.3. Consider any
basis form A = [Im A’] with ker(A) = W (after possibly permuting the columns). According
to Proposition 3.2.1, all entries of A are 1/« integral. By Lemma 3.2.13, the rows Al e S(WHY)
for i € [m]. We can write A’ = ¢'/d; for some g’ € S(W*) N Z" and d; € () such that gcd(g') =1
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for each i € [m]. By the definition of 4, the entries of each gi are divisors of ©a. Since A;; = 1
it follows that d; € Z and d; | ©a. Let D € ©,, be the diagonal matrix with entries D;; = d;.
Then, A = DA is an integer matrix where all entries divide s, proving (i). Part (ii) follows by
Lemma 3.2.3 and noting that the subdeterminants get multiplied by a submatrix D~!.

For part (iii), let us start use a basis B such that | det(Ap)| is maximal; w.l.o.g. assume B = [m].
Then, in the basis form [Im A’] for B, all subdeterminants are < 1. This holds as for any submatrix

M € Pk of A’ with det(M) # 0 we have that augmenting the columns of M by the columns i € B
det( Ly ) < det(I,)) = 1
Bm

by assumption on B. After multiplying by D as above, A = DA, all subdeterminants will be
< det(D) < (1a)™. O

such that i is not a row of M results in a basis By; with | det(M)| =

Note that parts (i) and (ii) are true for any choice of the basis form, whereas (iii) requires one
to select Agp with maximum determinant. The maximum subdeterminant is NP-hard even to
approximate better than ¢ for some c > 1 [DEFM14]. However, it is easy to see that even if we
start with an arbitrary basis, then Aa | (kw)?™, since every subdeterminant of AglA is at most
(w)™ follows by Lemma 3.2.3.

We now give an example to illustrate why Proposition 3.2.18(ii) cannot hold for arbitrary values
of ©w. The proof is given in the Appendix.

Example 3.2.20. Consider the matrix

1 4

A=t 3 3| (3.11)
0 13 9 10

For this matrix ic o = 5850 = 2x 3% x 52 x 13 holds, and there exists no A € 7.%* such that ker(A) = ker(A)

and the inverse of every nonsingular 2 X 2 submatrix of A is 1/5850-integral.

3.2.5 A basic matroid property

We need some simple concepts and results from matroid theory. We refer the reader to [Sch03,
Chapter 39] or [Frall, Chapter 5] for definitions and background. Let M = ([n], I') be a matroid
on ground set [1] with independent sets 7 C 2!"l. The rank rk(S) of a set S C [1] 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 will 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
rk([n]) = m under the assumption that A has full row rank.

Recall that the circuits of the matroid are the inclusion-wise minimal non-independent sets. Let
I € T be anindependent set, and i € [n]\ I such that I U {i} ¢ 7. Then, there exists a unique circuit
C(I,7) € T U {i} that is called the fundamental circuit of i with respect to I. Note that i € C(I, 7).

Recall that the matroid M is separable if the ground set [11] can be partitioned to two nonempty
subsets [n] = SUT such thatI € 7 ifand only if INS,INT € 7. In this case, the matroid is the
direct sum of its restrictions to S and T. In particular, every circuit is fully contained in S orin T.

For the linear matroid M (A), separability means that ker(A) = ker(Ag) X ker(Ar). In this case,
solving System 1.1 can be decomposed into two subproblems, restricted to the columns in Ag and
in Ar, and ©a = max{rxag, Kas}.

Hence, we can focus on non-separable matroids. The following characterization is well-known, see
e.g. [Frall, Theorems 5.2.5, 5.2.7-5.2.9]. For a hypergraph H = ([n], &), we define the underlying
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graph Hg = ([n], E) such that (i, j) € E if there is a hyperedge S € & with i, € 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 3.2.21. For a matroid M = ([n], I), the following are equivalent:
(i) M is non-separable.
(ii) The hypergraph of the circuits is connected.

(iii) Forany base B of M, the hypergraph formed by the fundamental circuits C® = { 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 [n] = S U T such
that for each i € S, C(B,i) € S, and for each i € T, C(B,i) € T. Consequently, rtk(S) = [BN S|,
rk(T) = |BNT|, and therefore rk([n]) = rk(S) +1k(T). Itis easy to see that this property is equivalent
to separability to S and T see e.g. [Frall, 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 [Frall, Theorem
5.2.5]: if (i, ), (j, k) € E, then also (7, k) € E. Consequently, whenever ([n], E) is connected, it must
be a complete directed graph. m]

3.2.6 The triangle inequality

An interesting additional fact about circuit imbalances is that the logarithm of the weights satisfy
the triangle inequality; this was shown in [DHNV20]. Here, we formulate a stronger version and
give a simpler proof. Throughout, we assume that M(W) is non-separable. Thus, according to
Proposition 3.2.21, for any i, j € [n] there is a circuit C € Cw withi,j € C.

Theorem 3.2.22. Let W C IR" be a linear space, and assume M(W) is non-separable. Then,
(i) for any distinct i,j,k € [n], ’K}/]V c Kl -‘kaj; and
(i) for any distinct i,],k € [n], xij < K - Kgj.

Proof of part (i) in [DHNV20]. 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 A = — gjc / gic. Let
h be any circuit solution with i, k € supp(h), and hence j ¢ supp(h). By assumption, the vector
W' = h—h;e' + Ahjel will satisfy Ah’ = 0 and have i ¢ supp(h’), j, k € supp(h’). We know that h’ 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 /, contradicting the assumption
that / is a circuit solution. Now we have |h;/h;{| Nhi/hi| = |h;,/hi| = |A| by construction. Thus, h
and h’ are the circuit solutions we are looking for.

Now assume C # {i,j}. If k € C, the statement is trivially true with C = C; = Cy, so assume
k¢C.PickleC,1¢{i,j}andset B=C)\{l}. Assume without loss of generality that B C [m]
and apply row operations to A such that Ag g = Ipxp is an identity submatrix and A, = 0.
Then the column A; has support given by B, for otherwise g¢ could not be in the kernel. The given
circuit solution satisfies gtc =—-A; glc for all t € B, and in particular g].c / gl.c =Aj /A
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Take any circuit solution h € ker(A) such that [,k € supp(h) and such that C U supp(h) is
inclusion-wise minimal. Such a vector exists by Proposition 3.2.21(iv). Now let | = supp(h) \ C.
Because Ap,\gc = 0 and Ak = 0, we must have 0 # hj € ker(Ay,)\p,).- We show that we can
uniquely lift any vector x € ker(Ap cuky) to a vector x” € ker(Acyy) 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 that dim(ker(Aj,\g,7)) = 1. For suppose that dim(ker(A,\5,7)) = 2, then ]| > 2
and there would exist some vector y € ker(Ay,\p,7) linearly independent of /1; with k € supp(y).
This vector could be uniquely lifted to a vector i € ker(A), and we could then find a linear
combination & + aj such that supp(h + ajj) ¢ CUJ butl, k € supp(h + ajj). The existence of such
a vector contradicts the minimality of C U supp(h). As such, we know that dim(ker(A,pp,5)) = 1.

This clear linear relation between any two entries in | for any vector in ker(Ay,,\p,;) implies that
we can apply row operations to A such that Ap ; has non-zero entries only in the column Agp (1.
Note that these row operations leave Ac unchanged because A[,,)\,c = 0. From this, we can see
that any element in ker(Ap cu(x}) can be uniquely lifted to an element in ker(Acyy). Hence we can
focus on ker(Ap cug})-

If Aijx = Ajx = 0, then any x € ker(Ap cuy) satisfies x; + A;;x; = x; + Aj;x; = 0 and, in
particular, any circuit [,k € C ¢ C U {k} contains {i,j} c C and fulfills |g].C/gl.C| = |Aj1/Ail =
|g].c/glc| = |g/.C_/gE||gE/giC|. Choosing C; = C, = C concludes the case.

Otherwise, we know that A; x # 0 or A x # 0, meaning that ker(Ay; j (i j,1,k}) contains at least
one circuit solution with k in its support. Observe that any circuit in ker(Ay; jy ¢i,j,1,k) can be lifted
uniquely to an element in ker(Ap, cuk}) since Ap p is an identity matrix and we can set the entries of
B\ {i, j} individually to satisfy 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 A(; j (i j,1,k}- If the
columns Ay; jy k, A(; j;,1 are linearly dependent, then any circuit solution to Ay; j; (i j,i3x =0, x; # 0,
such as g{cl.,jll}, is easily transformed into a circuit solution to A(; jy (i j,iyx = 0, xx # 0, and we are
done.

If Ai jyk, Agijy,1 are independent, we can write A jy,(ijky = (594 ), where g].c/gl.C =b/a. For
a = ad — bc, which is non-zero since a = det((} 7)) # 0 by the independence assumption, we can
check that («,0,-d,b)" and (0, a, ¢, —a) T are the circuits we are looking for. O

The alternative proof of Theorem 3.2.22 relies on the following technical lemma that analyzes
the scenario when almost all vectors in W are elementary.

Lemma 3.2.23. Let W C R" be a subspace s.t. M(W) is non-separable.
(i) IFEW) = {g € W\ {0} : supp(g) # [n]}, then (KZV]V c Ky Kzg

(ii) If there exists § € E(W) such that [supp(g)| = n — 1, then
E(W) ={geW\{0}:supp(g) # [n]}.

Proof. For part (i), let 6 € ‘K}’]\.’ and let ¢ € &(W) such that {i,j} C supp(g) and |g;/gi| = 6. If

k € supp(g), then |g;/gil = 1gx/&il - 18i/&x| shows the claim. i

Assume k ¢ supp(g), and pick i € E(W) such that {7, k} € supp(h)and let h = hjg — gjh; such
a h exists by Proposition 3.2.21. Then f1; = 0 and fix # 0, so /i € &(W) by the assumption. If 1; = 0
then h;g; = gjhi and so {i, j, k} C supp(h) with hj/h; = g;/gi, therefore h certifies the statement
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as |hj/hi| = |hg/hil - |hj/hel. Otherwise, i # 0 and h' := h;g — g;h fulfills h' € (W) as I, = 0,
{j, k} € supp(h’). Now, using that ﬁj =0and gx = 0itis easy to see that

By higj - gih
hi higk — gilix

e g

hi o gili

T

8
8i

. (3.12)

We now turn to part (ii). Since there exists g§ € &(W) with supp(g) # n, we cannot have [n] € C(W).

Let g € &(W)and i € [n] such that supp(g) = [1]\ {i}. Consider any h € W, supp(h) # supp(g)
such that supp(h) # [n]. If h ¢ E(W) there exists { € E(W) such that supp(¢) ¢ supp(h). We
must have i € supp({), since supp(f) \ supp(g) # 0. Then /t := h;{ — & fulfills i # 0, i;; = 0 and
supp(f) € [n]\ {i}, a contradiction to g € E(W). O

Proof of Theorem 3.2.22. Part (ii) immediately follows from part (i), when taking C € Cy such that
|gjc/gl,C| = ;. We now prove part (i).

Let 6 € ‘K}’]‘./ and C € Cy such thati,j € C and for ¢ = g%, |gj/gil = 6. If k € C then
i/ gil = Igx/gil - 18j/8k| € K -’kaj. Otherwise, let us select C’ € Cyy such that i,k € C’, and
|C U C’| is minimal. Let h = gc/ and | = C"\ (C U {k}).

Claim 3.2.23.1. Let G = (C U C’) \ . Then for the space W = nig(Weucr) we have that gc, hg € E(W).

Proof. The statement that h¢ € é}(W) is clear as hcucr € E(Weucr) and the variables we project
out J fulfill ] € supp(h). For the statement on g assume that there exists § € E(W) such
that supp(g) < supp(gc). Then there exists a lift § € E(Wcucr) of § and some ¢ € | such that
¢ € supp(g); note also that §y = gx = 0. The vector /i := hy§ — g¢h fulfills £ ¢ supp(h) and
k € supp(h).

Now pick any circuit 1 € &(W) such that k € supp(h) and supp(f) € supp(). Note that
J U {k} is independent, as ] U {k} C C’\ {i} € C’. Therefore, supp(i1) N supp(g) # 0. Hence,
for T := C U supp(/) we have that M (Wr) is non-separable. In particular there exists a circuit
h' € &(Wr) such that i, k € supp(h’). AsT C (CUC’)\ {¢}, this is a contradiction to the minimal
choice of C". ]

As supp(hp)Usupp(gp) = D and supp(hp) Nsupp(gp) # @ we have that &(W’) is non-separable.
Further [supp(gp)| = |D| — 1, so we can apply Lemma 3.2.23 to learn 6 € 'Ky]‘/ c ‘KI.’Z' . ‘KZ‘;’. We
can conclude 6 € K YZ - K g from Lemma 3.2.16. ]

If kw = 1, then the reverse inclusion K f]‘(’ . 'K% cK I/]V trivially holds, since 1 is the only element
in these sets. In Proposition 3.4.9, we give a necessary and sufficient condition for % y]‘/ =K I/Z -K Z‘]/

One may ask under which circumstances an element a € % n{’ - K g is also contained in % I/]V We
give a partial answer by stating a sufficient condition in a restrictive setting. For a basis B of M(W),
recall &p(W+) from Lemma 3.2.12. Then, Lemmas 3.2.12 and 3.2.13 together imply:

Lemma 3.2.24. Given a basis B C [n] in M(W) and g, h € Eg € E(WH) such that i € supp(g) N B,
j € supp(h) N Band k € supp(g) N supp(h). Then |hj/hi| - |8x/gil € ’K}’].V.
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3.3 Connections to other condition numbers

3.3.1 The condition number | and the lifting operator

For a full row rank matrix A € R"™*", the condition number ' can be defined in the following two
equivalent ways:

7a=sup{[aT(aADAT)"AD|: D e 7, }
(AT \ 6w
= sup T y minimizes ||D/“(A"y — p)|| for some 0 # p € R" and D € D, ;.
We provide a further definition which might help in developing some intuition:
ia =sup{|D'lIparD||: D e D, }. (3.14)

The interpretation in Equation (3.14) is as follows. If the matrix in the argument is applied to a
vector y € IR", then we first rescale the entries according to the norm corresponding to D to obtain
Dy. Then, an orthogonal projection of Dy onto the rescaled space im(DAT) is performed. Finally,
the rescaling is undone via multiplication by D7!.

This condition number was first studied by Dikin [Dik67], Stewart [Ste89], and Todd [Tod90].
There is an extensive literature on the properties and applications of i a, as well as its relations to
other condition numbers. In particular, it plays a key role in layered-least-squares interior point
methods, see Chapter 4. We refer the reader to the papers [HT02; MT03; VY96] for further results
and references.

Itisimportant to note that—similarly to x4 and ©ao— ' only depends on the subspace W = ker(A).
Hence, we can also write iw for a subspace W C IR", defined to be equal to s for some matrix
A € R with W = ker(A). We will use the notations 'a and i'w interchangeably. The following

characterization reveals the connection between x5 and i'a.

Proposition 3.3.1 ([TTY01]). For a full row rank matrix A € R"™",
XA = max{ ||A§1A|| : Ap is a non-singular m X m-submatrix ofA} . (3.15)

Together with Proposition 3.2.1, this shows that the difference between s and x4 is in using ¢,
instead of {s, norm. This immediately implies the upper bound and a slightly weaker lower bound
in the next theorem.

Approximating the condition number A is known to be hard; by the same token, ics also cannot
be approximated by any polynomial factor. The proof relies on the hardness of approximating the
minimum subdeterminant by Khachiyan [Kha95b].

Theorem 3.3.2 (Tungel [Tun99]). Approximating i a up to a factor of 2P°Y") is NP-hard.
The next lemma summarizes some important known properties of {'a.

Proposition 3.3.3. Let A € R™" with full row rank and W = ker(A).
(i) If the entries of A are all integers, then 7 a is bounded by 20, where L is the input bit length of A.
(i) fw = Xwe.

Proof.  Part (i) was proved in [VY96, Lemma 24]. The duality statement (ii) was shown in
[GL97]. O
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In connection with Y4, it is worth mentioning the lifting map, a key concept in the algorithms
presented in Chapter 4.

Definition 3.3.4. For 0 # I C [n] we define L}N: (W) — W by
LY (p) = argmin{||z| : z1 = p,z € W }.

Note that L}N is the unique linear map from 7i;(W) to W such that L}N(p)l = p and L}N(p) is

orthogonal to W N R{‘n e

Lemma 3.3.5. 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}N as a matrix in R

W _ +
L = BB} .

Proof. If p € my(W), then p = By .y for some y € R"™™. By the well-known property of the pseudo-
inverse we get B}Lf.p = argmin,_g . [|y]l. This solution satisfies nI(BB;’_p) =pand BB},_p ewW.
Since the columns of B form an orthonormal basis of W, we have ||BB}L,. pll = ||B}L,. pll. Consequently,
BB;‘,.p is the minimum-norm point with the above properties. m]

The condition number iw can be equivalently defined as the maximum norm of any lifting map
for an index subset.

Proposition 3.3.6 ([DHNV20; OLe90; Ste89]). For a linear subspace W C R",

fw=max{ L} :IC[n],I+0}. (3.16)
Proof. With Lemma 3.3.5 the statement is equivalent to

Tw = max{ IBB.I|:0 %1 C[n] } : (3.17)

The direction > was proved in [Ste89], and the direction < in [OLe90]. O
Even though L}" is defined with respect to the f,-norm, it can also be used to characterize .

Proposition 3.3.7 ([DNV20]). For a linear subspace W € R",

{ ILY (0)lloo
Kw = max

LR I n), I #0,pem(W)\ {0} }. (3.18)
llplih

Proof. We first show that for any I # 0, and p € (W) \ {0}, [IL}(p)ll < xwllpll1 holds. Let
z= L}N(p), and take a conformal decomposition z = 22:1 ¢F asin Lemma 2.0.3. For each k € [], let
Cx = supp(g¥). We claim that all these circuits must intersect I. Indeed, assume for a contradiction
that one of them, say Cj is disjoint from I, and let z’ = ZZ:Z gk. Then, z/ € W and z} =z; =p.
Thus, z’ also lifts p to W, but [|z’|]2 < ||z|l2, contradicting the definition of z = L}"/(p) as the
minimum-norm lift of p.

By the definition of xw, [|g¥]le < 1<W||g;‘||1 for each k € [h]. The claim follows since p = z; =

ZZZl g;‘, moreover, conformity guarantees that ||p|[; = ZZ=1 I g%‘ l1- Therefore,

h h
k . k ~
lzllo < DN oo < w D" l1gFIn = kwllplls
k=1 k=1
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We have thus shown that the maximum value in the statement is at most «w. To show that equality
holds, let C € Cy be the circuit and ¢© € W the corresponding elementary vector and i, j € C such
that kyw = |g]C/giC|.

Let usset I = ([n] \ C) U {i}, and define px = 0if k € [n] \ C and p; = gic. Then p € n;(W),
and the unique extension to W is ¢<; thus, L}N(p) = ¢©. We have ||L}/‘/(p)||c><> = | g}c |. Noting that
lpll =185, it follows that kw = [IL} (p)lls/Ilp[l1- O

The following theorem closely relates « and . Related results have already appeared in [HT02;
Vav94].

Theorem 3.3.8 ([DHNV20; DNV20]). For a matrix A € R"™ " we have |1 + r\'i < XA S nKa.

Proof. For the first inequality, let C € Cyy be the circuit and i # j € C such that |g;/gi| = xw for
the corresponding solution ¢ = ¢©. Let us use the characterization of fw in Proposition 3.3.6. Let
I=(n]\C)u{i},and p = giei, 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,

R 4 L Ly ey

Xw =
zeWz=p |lpll |81| el

The second inequality is immediate from Proposition 3.3.6 and Proposition 3.3.7, and the inequalities
between {1, {», and {., norms. The proof of the slightly weaker yw < /1 + (nxw)? follows from
Lemma 4.2.2. O

The next lemma will be needed to prove Lemma 4.2.2 and also to analyze the LLS algorithm. Let
us say that the vector y € R" conforms to x € R™ if x;y; > 0 whenever y; # 0.

Lemma 3.3.9. Fori € I C [n] with e} e iy(W), let z = L}N(e;). Then for any j € supp(z) we have

KEV > |zj|.

Proof. We consider the cone F C W of vectors that conform to 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 : a« > 0} with
supp(g) € Cw. Itis easy to see from the Minkowski-Weyl theorem that z can be written as

k=1

where h < n,Cq1,C»,...,Cjy € Cw are circuits, and the vectors gl, gz, ., gh € W conform to z and
supp(gF) = Ck for all k € [I]. Note that i € Cy for all k € [h], as otherwise, z’ = z — ¢g¥ would also
satisfy z; = e}, but ||z’[| < [|z]| due to gk being conformal to z, a contradiction to the definition of z.
Tia Ig,l
i 8!
K 2 1851881 2 Izl O

At least one k € [I1] contributes at least as much to |z;| = as the average. Hence we find

3.3.2 The condition number 6 and bounds on diameters of polyhedra

Another related condition number is 6, defined as follows:
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Definition 3.3.10. Let V C R" be a set of vectors. Then Oy is the largest value such that for any set of
linearly independent vectors {v; : i € I} CV and A € IR,

Z /\,”Oi

iel

> oy max |Aq] - ||oil .
i€l

For a matrix M € R™ " we let on denote the value associated with the rows M, M2, ..., M™ of M.

This can be equivalently characterized as follows: for a subset {v;:i€l} C Vandv; €V,
vj € W =span({v; : i € 1}), the sine of the angle between the vector v; and the subspace W is at
least Oy (see e.g., for the equivalence [DVZ]).

A line of work studied this condition number in the context of the simplex algorithm and
diameter bounds. The diameter of a polyhedron P is the diameter of the vertex-edge graph
associated with P; Hirsch’s famous conjecture from 1957 asserted that the diameter of a polytope
(a bounded polyhedron) in n dimensions with m facets is at most m — n. This was disproved by
Santos in 2012 [San12], but the polynomial Hirsch conjecture, i.e., a poly(n, m) diameter bound
remains wide open.

Consider the LP in standard inequality form with n variables and m constraints as

max{c,x)s.t.xeP, P={xeR"':Ax<b}, (3.19)

for A € R™", b € R™. Using a randomized dual simplex algorithm, Dyer and Frieze [DF94]
showed the polynomial Hirsch conjecture for TU matrices. Bonifas et al. [Bon+14] strengthened and
extended this to the bounded subdeterminant case, showing a diameter bound of O (n‘%’\i log(nAa))
for integer constraint matrices A € 7Z2">". Note that this is independent of the number of constraints
m.

Brunsch and Roglin [BR13] analyzed the shadow vertex simplex algorithm in terms of the
condition number Aa, noting that for integer matrices 0o > 1/(n/A3). They gave a diameter
bound O(mn?/ (ﬁ). Eisenbrand and Vempala [EV17] used a different approach to derive a bound
poly(n,1/04) that is independent of m. Dadush and Héahnle [DH16] further improved these
bounds to O(n®log(11/0a)/ ).

In recent work, Dadush et al. [DVZ] considered (3.19) in the oracle model, where for each point
x € R", the oracle returns x € P or a violated inequality (a;, x) < b; from the system Ax < b. Their
algorithm finds exact primal and dual solutions using O(n? log(n /o)) oracle calls, where

01
A b

M = . (3.20)

The running time is independent of the cost function c. They also show the following relation
between « and 0:

Lemma 3.3.11 ([DVZ]).

(i) Let A € R™" be a matrix with full row rank and m < n, with ||a;|| = 1 for all columns i € [n].

Then, ko < 1/0aT.
(i) Let A € R"™" be in basis form A = [Im A’]. Then, 1/0a7 < mlci.

(iii) If B is the basis maximizing | det(Ag)|, then for A = Al‘glA, it holds that 1/0z+ < mia.
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Proof. Part (i): Let ¢ € &(A) be an elementary vector. Select an arbitrary i € supp(g), and let
J =supp(g) \ {i}. Then, the columns { g; : i € ] } are linearly independent, and —gia; = }cs gja;-
Thus,

il - laill = iai|| = oar max|g;il - [la;ll,
il llaall = {| . 82| > 0ar max|g| - laj
€]
and using that all columns have unit norm, we get |g;/gi| < 1/0ar for all j € ]. This shows that
KA < 1/0aT.

Parts (ii) and (iii): LetA = [Im A’] in basis form, and let @ = max;e[,] [|A;]|. Let us first show

1

< Vmaxa . (3.21)
(5AT

Take any set {A; : i € I} of linearly independent columns of A, along with coefficients A € IR
Without loss of generality, assume |I| = m, i.e., I is a basis, by allowing A; = 0 for some coefficients.
Letz =3 AiA;. Then, A = Al‘lz. Lemma 3.2.3 implies that every column of AI‘1 has 2-norm at
most Vmica. Hence, |Ai| < Vmicallz| holds for all i € I, implying (3.21).

Then, part (ii) follows since ||A;|| < Vm¥ka by Proposition 3.2.1. For part (iii), let B be a basis
maximizing | det(Ag)|. Then, ||A1§1A||o0 < 1. Indeed, if there is an entry |A;;| > 1, then we can
obtain a larger determinant by exchanging i for j. This implies a < /m. o

Using this correspondence between 6 and i, we can derive the following bound on the diameter
of polyhedra in standard form from [DH16]. This verifies the polynomial Hirsch-conjecture
whenever i 4 is polynomially bounded.

Theorem 3.3.12. Consider a polyhedron in the standard equality form
P={xeR":Ax=b,x>0} (3.22)

for A € R™" and b € R™. Then, the diameter of P is at most O((n — m)>mi s log(ica + n)).

Proof. Without loss of generality, we can assume that A has full row rank. Changing to a standard
basis representation does neither change the geometry (in particular, the diameter) of P, nor the
value of © . Let B be the basis maximizing det(A), and let us replace A by A3'A; w.l.o.g. assume

that B is the set of the last m columns. Hence, A = [A’ Im] for A’ € R"™0=m)_ According to
Lemma 3.2.6, P has the same diameter as P’ defined as

Pr={x"eR"™:A'x"<b,x" >0}, (3.23)
in other words, P’ = {x’ € R"™™ : Cx’ < d }, where

0
b

_In—m

Al

C= . (3.24)

and d=l

There is a one-to-one correspondence between the vertices and edges of P and P’, and hence, the
two polyhedra have the same diameter. Thus, [DH16] gives a bound O((n — m)3log(n/oc)/oc)
on the diameter of P’. By the choice of B, from Lemma 3.3.11(iii), we obtain the diameter bound
O((n — m)3>mrcr log(iccr + n)). We claim that «cr = 4. Indeed, the kernels of A = [A’ Im] and
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C’ = [—In_m (A’)T] represent orthogonal complements, thus «cr = i 5 by Proposition 3.2.14.
This completes the proof. m|

The diameter bound in [DH16] is proved constructively, using the shadow simplex method.
However, in the proof we choose B maximizing | det(Ag)|, a hard computational problem to
solve even approximately [DEFM14]. However, we do not actually require a (near) maximizing
subdeterminant. For the argument, we only need to find a basis B C [1] such that for A = AZ'A,
|Al|c < p for some constant u > 1. Then, (3.21), gives 1/0 4+ < mpxa.

Such a basis B corresponds to approximate local subdeterminant maximization, and can be
found using the following simple algorithm proposed by Knuth [Knu85]. As long as there is
an entry |A;;j| > u, then swapping i for j increases |det(Ap)| by a factor |A;;| > u. Using that
| det(Ap)| < (iw)™ by Proposition 3.2.19, the algorithm terminates in O(m log(iw /1)) iterations.

We also note that 64 was also studied for lattice basis reduction by Seysen [Sey93]. A related
quantity has been used to characterize Hoffman constants (introduced in Section 3.5), see [GHR95;
KT95; PVZ20].

3.4 Optimizing circuit imbalances

Recall that ©, is the set of n X n positive definite diagonal matrices. For every D € ©,, AD
represents a column rescaling. This is a natural symmetry in linear programming, and particularly
relevant in the context of interior point algorithms.

The condition number « sp may vastly differ from «a. In terms of the subspace W = ker(A), this
amounts to rescaling the subspace by D™!; we denote this by D™'W. It is natural to ask for the best
possible value that can be achieved by rescaling:

K'w=inf{xpw:De®,}, and J'w:=inf{xpw:DeD,}.

In most algorithmic and polyhedral results in this thesis, the «y dependence can be replaced by
Kjy dependence. For example, the diameter bound in Theorem 3.3.12 is true in the stronger form
with 1, , since the diagonal rescaling maintains the geometry of the polyhedron.

A key result in [DHNV20] shows that an approximately optimal rescaling can be found. It
will be stated and proven in Theorem 3.4.7 in this section. This is in surprising contrast with the
inapproximability result Theorem 3.3.2. Note that there is no contradiction since the approximation
factor (K;\)2 is not bounded as 2P°Y(") in general.

The key idea of the proof of Theorem 3.4.7 is to analyze the pairwise imbalances r;; = 1\'1.’}/
introduced in Section 3.2.3. In the 4-dimensional example Example 3.4.3, we have 134 = 143 = M.
Let D € © and let d € R" denote the diagonal elements; i.e., the rescaling multiplies the i-th
coordinate of every w € W by d;. Then, we can see that 7<5W = «jdj/d;. In particular, for any pair
\EW KEW = ijjiji. Consequently, we get a lower bound ;i j; < (i}, ).
Theorem 3.4.7 is based on a combinatorial min-max characterization that extends this idea. For

of variables i and j, 1

the rest of this section, let us assume that the matroid M (W) is non-separable. In case it is separable,
we can obtain 7}, by taking a maximum over the non-separable components.

Let G = ([n], E) be the complete directed graph on n vertices with edge weights ;. Since M(W)
is assumed to be non-separable, Proposition 3.2.21 implies that «;; > 0 for any i, j € [1n]. We will
refer to this weighted digraph as the circuit ratio digraph.
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Figure 3.2: circuit imbalances « in the circuit ratio digraph under rescaling d > 0 of variables

Let H be a cycle in G, that is, a sequence of indices i1, 12, ..., ik, ix+1 = i1. We use |H| = k to
denote the length of the cycle. (In this terminology, cycles refer to objects in G, whereas circuits to
objects in Cw.)

We use the notation «(H) = kw(H) = H 1 z\I’Vl " . The observation for length-2 cycles remains
valid in general: «(H) is invariant under any rescaling. This leads to the lower bound (i (H NYHE <

Kjy- The best of these bounds turns out to be tight:

A min-max theorem. We next provide a combinatorial min-max characterization of «J,. Consider
the circuit ratio digraph G = ([n], E) on the node set [n] where (i,j) € Eifx;j >0, that is, there
exists a circuit C € C with i,j € C. We will refer to «;; = =xV jj 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.)

Let H be a cycle in G, that is, a sequence of indices i1, 12, ..., Ik, ik+1 = i1. 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) = ]‘[;«‘:l rc%"i For a vector d € R}, we denote zcﬁv(H ) =

Kdiag(@w (H). A simple but important observation is that such a rescaling does not change the
value associated with the cycle, that is,

r\W(H) =xw(H) VdeRY, foranycycleHinG. (3.25)
Theorem 3.4.1. For a subspace W C R", we have
Ky = 1;1151 K{’fv = max{ cwH)YM Hisa cycle in G} . (3.26)
>
Proof. For the direction ww (H YN < Kjy we use (3.25). Let d > 0 be a scaling and H a cycle. We

have 1\'?]. < Kg\/ for every i, € [n], and hence kw(H) = zcg\,(H) < (K{‘i\,)'H |. Since this inequality holds
for every d > 0, it follows that xw(H) < (K*W)|H|.
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For the reverse direction, consider the following optimization problem.

min ¢
I\’i]'dj/di <t V(,j)eE (3.27)
d> 0.

For any feasible solution (d, t) and A > 0, we get another feasible solution (Ad, t) 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 «“, which means that the
optimal value t* of (3.27) is t* = 1*. Moreover, with the variable substitution z; = logd;, s = logt,
(3.27) can be written as a linear program:

min s
logrij+zj—zi<s V(i,j)€E (3.28)

z € R".

This is the dual of a minimum-mean cycle problem with respect to the cost function log(x;;).
Therefore, an optimal solution corresponds to the cycle maximizing }’;;cp log rij/|H|, or in other
words, maximizing «(H YH/IHL O

Whereas this formulation verifies Theorem 3.4.1, it does not give a polynomial-time algorithm to

compute «},. The caveat is that the values 1\'1.’]\,/ are typically not available; in fact, approximating
them up to a factor 200m) js NP-hard, as follows from the work of Tuncel [Tun99].
Nevertheless, the following corollary of Theorem 3.4.1 shows that any arbitrary circuit containing

i and j yields a («*)? approximation to «;;.

Corollary 3.4.2. Let us be given a linear subspace W C R" and i,j € [n], i # j, and a circuit C € Cw
withi,j € C. Let g € W be the corresponding vector with supp(g) = C. Then,

Kij 18l w
(K;,V)Z il v

Proof. The second inequality follows by definition. For the first inequality, note that the same
circuit C yields |gi/gj| < K}’}’(C) < 7\'}’}’. Therefore, |gj/gil > 1/1\*}’}’.

From Theorem 3.4.1 we see that K}/]\.]K}/}/ < (k)% giving 1/ 1\‘}/}/ > K:./]\./ /(i},)?, completing the
proof. ]

In Section 3.4.1, 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.
The following example shows that «* < " can be arbitrarily big.

Example 3.4.3. Take W = span((0,1,1,M)T,(1,0,M,1)T), where M > 0. Then {2,3,4} and {1, 3,4}
are circuits with KSVX({Z, 3,4}) = M and lcg({l,?), 4}) = M. Hence, by Theorem 3.4.1, we see that k* > M.
3.4.1 Finding circuits: a detour in matroid theory

To prove Theorem 3.4.6, showing how to efficiently obtain a family C C Cyy such that for any
i,jen], C includes a circuit containing both i and j, provided there exists such a circuit.

41



3 CIRCUIT IMBALANCE MEASURES 3.4 Optimizing circuit imbalances

We give a different proof of (iii) = (iv) in Lemma 3.4.5 that will be convenient for our algorithmic
purposes. First, we need a simple lemma that is commonly used in matroid optimization, see e.g.
[Frall, Lemma 13.1.11] or [Sch03, Theorem 39.13].

Lemma 3.4.4. Let I be an independent set of a matroid M = ([n],I), and U = {uy,up,..., ue} €1,
V ={v1,02,...,0¢} C [n]\1such that I U {v;} is dependent for each i € [£]. Further, assume that for
eacht € [{], u; € C(I,v:) and uy ¢ C(I,vy) forall h < t. Then, I\U)UV € I.

We give a sketch of the proof. First, we note that for each t € [{], u; € C(I,v;) means that
exchanging v; for 1; maintains independence. The statement follows by induction on ¢: we consider
the independent set I’ = (I \ {u}) U {v¢}. We can apply induction for I, U’ = {uy,uz, ..., up-1},
and V' = {v1,v2, ..., 041}, noting that the assumption guarantees that C(I’, v¢) = C(I, v;) for all
t € [¢ —1]. Based on this lemma, we show the following exchange property.

Lemma 3.4.5. Let B be a basis of the matroid M = ([n],I), and let U = {u1,up,...,u} € B, and
V ={v1,v2,...,00, 011} C [n]\ B. Assume C(B,v1) NU = {u1}, C(B,ves1) NU = {uy}, and for each
2<t <, CB,v)NU = {us_1,us}. 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 vy
such that no shortcut is possible (note that this is weaker than requiring a shortest path).

Proof of Lemma 3.4.5. Note that S = (B\U) UV ¢ I since |S| > |B| and B is a basis. For any
i € [€+1], we can use Lemma 3.4.4 to show that S \ {v;} = (B\ U) U (V \ {v;}) € T (and thus, is a
basis). To see this, we apply Lemma 3.4.4 for the ordered sets V' = {v1,...,vi-1, V41,0, .- ., Vit1}
and U’ ={uq, ..., uj—1,ug, Ug—1,...,U}.

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 thatif C,C’ € C,C # C’and v € C N C’, then
there exists a circuit C” € C such that C” € (C U C’)\ {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 «;; values.

Theorem 3.4.6. Given A € R"™", there exists an O(n*m?) time algorithm FIND-CIircuITs(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 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 %;; as
the the maximum of |g;/gi| such that ¢ € W, supp(g) = C for some C € C containing i and j. For these
values, ©jj < jj < (K*)?14j.

Proof. Once we have found the set of circuits C , and computed 7;; as in the statement, the
inequalities ©j; < 1j; < (i*)?1;j follow easily. The first inequality is by the definition of «;j, and the
second inequality is from Corollary 3.4.2.

We now turn to the computation of C. We first obtain a basis B C [1] 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 basis form A = [Im H],

where H € Rmx(n-m) corresponds to the non-basis elements. In this form, the fundamental circuit
C(B, i) is the support of the i-th column of A together with i for every m + 1 < i < n. We let C?
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.
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The connected components of G correspond to the connected components of C? restricted to
B. Thus, due to the equivalence shown in Proposition 3.2.21 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 CB. We will then check all pairs i, j € [1], i # j. If no circuit C € 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 =
{v1,v2,...,0041} C [n]\ B, v1 =i, g1 = j, and U = {uy,uy,...,us} € B asin Lemma 3.4.5.
According to the lemma, S = (B \ U) U V contains a unique circuit C that contains all v;’s, including
iand j.

We now show how this circuit can be identified in O(m) time, along with the vector ¢©. Let Ag
be the submatrix corresponding to the columns in S. Since g = ¢€ is unique up to scaling, we can
set go, = 1. Note that for each t € [{], the row of Ag corresponding to u; contains only two nonzero
entries: Ay, and Ay,y,.,. Thus, the value g,, = 1 can be propagated to assigning unique values to
Svys 8uss -+ - » Qo - Once these values are set, there is a unique extension of g to the indicest € 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). 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 i € B, then
for any choice of V = {v1,v2,...,vp41} and U = {uy,up, ..., ue} as in Lemma 3.4.5 such that
i e C(B,v1)and i ¢ C(B,v¢) for t > 1, the unique circuit in (B \ U) U V also contains i. This follows
from Lemma 3.4.4 by taking V' = {vy11,v¢,...,v1} and U" = {uy,...,u1,1}, which proves that
S\{i} =(B\U)UV’' e 1. Similarly, if j € Bwith j € C(B,vs+1)and j ¢ C(B,v;) fort < £ +1,
taking V” =V and U” = {uy,...,ug, j} gives S\ {j} € 1.

The bottleneck for the running time is finding the shortest paths for the n(n — 1) pairs, in time
O(m?) each. O

Theorem 3.4.7. There is an O(n*m? + n3) time algorithm that for any matrix A € R"™" computes an
estimate & of \'w such that
£ w < n(Ty)*e
and a D € D such that
Uw < ipow <n(Ty).
Proof. Let us run the algorithm Finping-Circuits(A) described in Theorem 3.4.6 to obtain the
values #;; such that ©;; < «;; < (K;\,)%ij- We let G = ([n], E) be the circuit ratio digraph, that is,
(l,]) € Eif Kij > 0.
To show the first statement on approximating ', we simply set & = max; j)cg <;;. Then,

E<kw < iw S nkw < n(K;v)zcE <n(U'w)&

follows by Theorem 3.3.8.
For the second statement on finding a nearly optimal rescaling for i “w, we consider the following
optimization problem, which is an approximate version of (3.27) from Theorem 3.4.1.

min ¢
f(,‘]‘dj/di <t V(i,j) € E (3.29)
d > 0.
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Let d be an optimal solution to (3.29) with value f. We will prove that ol < (K’{N)3.
First, observe that I\’?j = 1\'1-]-21]-/21,- < (K*W)ngij&]-/&i < (N;v)zf for any (i,j) € E. Now, let d* > 0
be such that 4" = «},.. The vector d is a feasible solution to (3.29), and so < maxiy; Rijd:/d; <

maxi; Kl-jd]*. /d; = %" Hence we find that d gives a rescaling with

Xwp < nicd < n(7<;v)3 <n(iw)?,
where we again used Theorem 3.3.8.

We can obtain the optimal value f of (3.29) by solving the corresponding maximum-mean cycle
problem (see Theorem 3.4.1). It is easy to develop a multiplicative version of the standard dynamic
programming algorithm of the classical minimum-mean cycle problem (see e.g. [AMO93, Theorem
5.8]) that allows finding the optimum to (3.29) directly, in the same O(n3) time.

It is left to find the labels d; > 0, i € [n] such that %;;d;/d; < f for all (i,j) € E. We define
the following weighted directed graph. We associate the weight w;; = logt — log ; with every
(i, j) € E, and add an extra source vertex r with edges (7, i) of weight w,; = 0 for all i € [n].

By the choice of , this graph does not contain any negative weight directed cycles. We can
compute the shortest paths from r to all nodes in O(13) 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 Finping-Circuits(A) and the O(13) complexity of
solving the minimum-mean cycle problem and shortest path computation. ]

3.4.2 Perfect balancing: «}, =1
Let us now show that x“a = 1 can be efficiently checked.

Theorem 3.4.8. There exists a strongly polynomial algorithm, that given a matrix A € R™", returns one
of the following outcomes:

(a) A diagonal matrix D € Dy, such that xap = 1 showing that i, = 1. The algorithm also returns
the exact value of « a. Further, if ker(A) is a rational linear space, then we can select D with integer
diagonal entries that divide i .

(b) The answer 1y > 1, along with a cycle of circuits H such that xa(H) > 1.

Proof. As noted above, we can assume without loss of generality that the matroid M(W) is
non-separable, as we can reduce the problem to solving on all connected components separately.
We obtain estimates 1;; for every edge (i, j) of the circuit ratio graph using a circuit C € Cy
with 7,j € C. Assuming that 7}, = 1, Corollary 3.4.2 implies that ©;; = 1;; holds and the rescaling

factors d; must satisfy
kijdj=d; Vi, je€([n]. (3.30)

If this system is infeasible, then using the circuits that provided the estimates 1;;, we can obtain a
cycle H such that ka(H) > 1, that is, outcome (b). Let us now assume that (3.30) is feasible; then
it has a unique solution d up to scalar multiplication. We define D € ©, with diagonal entries
D;; = d;.

Since M(W) is non-separable, we can conclude that «}, = 1 if and only if xkap = 1. By
Theorem 3.2.4, this holds if and only if A’ = AZ'AD is a TU-matrix for any basis B.
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We run Seymour’s algorithm [Sey80] for A’. If it confirms that A is TU (certified by a construction
sequence), then we return outcome (a). In this case, | g}c/ gl.C| is the same for any circuit C with
i,] € C; therefore i;; = ©;, and we can return xa = max;,j)eg Kij-

Otherwise, Seymour’s algorithm finds a k X k submatrix T of A’ with det(T) ¢ {0, +1}. Asin
the proof of Proposition 3.2.2, we can recover a circuit C in Car = Cap with two entries i,j € C
such that |g;| # |g;| for the corresponding elementary vector ¢ € &(AD). Note that #;;d; = d; for
the rescaled estimates. Hence, the circuit C" with i, j € C" used to obtain the estimate «;;, together
with C certifies that «, > 1 as required for outcome (b).

Finally, if ker(A) is a rational linear space and we concluded «’, = 1, then let us select the
solution d; to (3.30) such that d € Z" and gcd(d) = 1. We claim that d; | kw for all i. Indeed, let
k = lcm(d). For each pair i,j € [n], dj/d; = r/q for two integers r, q | ©a. Hence, for any prime
p €P,vy(k) < vp(ia), implying k | 4. O

Let W C IR" be a linear space such that /(W) is non-separable. Recall from Theorem 3.2.22 that
K y]‘/ cK 1’]‘(1 - K g forall i, j, k € [n]. We now characterize when equality holds for all triples.

Proposition 3.4.9. Let W C R" be a linear space such that M(W) is non-separable. Then, the following
are equivalent:

(i) Kw =1,
.. Ve W _ . .
(ii) |K1.j | =1foralli,j € [n],
(iii) K} = L (kaj holds for all distinct i, j, k € [n].
Proof. (i) & (ii): Consider any rescaling D € ©, with diagonal entries d; = D;;. Then, K 5 W=11},
and ‘Kf;w = Z—i’K}//‘/. Hence, if kpw = 1 for some D € ©,, then ’Kﬁw = {1} implying |‘K}/].V| =1 for
every i,j € [n]. If | f]v| > 1 for some i, j, it follows that xpw # 1 for any diagonal rescaling.
(ii) = (iii): We have % Y]V c KW -K g by Theorem 3.2.22. If all three sets are of size one, then

equality must hold.
(iii) = (i): Let i, j € [n] arbitrary but distinct and let us define

Iij == {x(H) | H closed walk in G, (i, j) € E(H) } .

Note that either I';; = {1} or I';; is infinite as any cycle H can be traversed multiple times to form a
closed walk. Note that by (iii) we have for any i, j € [n] that

Tij € U{ Ik pyeeH) Kk 0 | H closed walk in G, (i, j) € E(H) } = Kij - Kiji. (3.31)

The set /Cjj - %Cjj is finite, implying that I';; = {1}. This, together with Theorem 3.4.1 gives (i). O

A surprising finding by Lee [Lee89; Lee90] is that if < is an odd prime power, then 1}, =1
holds." We first present a proof sketch following the lines of the one in [Lee89; Lee90]. We also
present a second, almost self-contained proof, relying only on basic results on TU matrices.

Theorem 3.4.10 (Lee [Lee89; Lee90]). Each W for which icw = p® wherep € P, p > 2, a € IN, then
Ky = 1.

Proof. A theorem by Tutte [Tut65] asserts that W can be represented as the kernel of an unimodular
matrix, i.e. j, = 1 or W has a minor W’ such that C(W’) = C (Ué) where U;l is the uniform matroid

IThe statement in the paper is slightly more general, for k-adic subspaces with k > 2; the proof is essentially the same.
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on four elements such that the independent sets are the sets of cardinality at most two. Here, a
matroid minor corresponds to iteratively either deleting variables or projecting variables out. In the
first case we are done, so let us consider the second case. Note that W’ c 1:* and by Lemma 3.2.16
we have that for all 7, j € [4] we have that % }’]\," cK lv;] and so in particular i = pf for some g < a.
An easy consequence of the proof of Proposition 3.2.18 and the congruence C(W’) = C(U3) is that
W’ can be represented by A’, i.e., ker(A’) = W’ such that
1.0 pn p»
A= [o X Z% ZV“ (3.32)

for y; € N U {0} and 7 € [4]. Further, by C(W’) = C(U;l) and Aas | kw (Proposition 3.2.18) we have
that

0% det|P) P 2 pron gy | (3.33)
prs pr| P p p-- .
It is immediate that (3.33) cannot be fulfilled for p > 2. O

Alternative Proof of Theorem 3.4.10. Let A € R"" be such that A = ker(W) satisfying the properties
in Proposition 3.2.18 in basis form A = [Im A’],‘ for simplicity, assume the identity matrix is in

the first m columns. Let G = ([n], E(G)) be a directed multigraph associated with A with edge set
E(G) = Ukepm) Ex(G) where E(G) = {(i,j) t AkiArj # 0 } Further, define y: E(G) — R4 where
for e € Ex we let y(e) = |Axj/Axil. For a directed cycle C in G we define y(C) = [[,cg(c) 7 (e)-

Claim 3.4.10.1. All cycles C in G fulfill y(C) = 1.

Proof. For a contradiction, assume that there exists a cycle C such that y(C) # 1 and let C be a
shortest cycle with this property. Then C has no chord f € E(G), as otherwise C U {f} contains
two shorter cycles Cq, C; such that y(C1)y(C2) = y(C) # 1 and so in particular y(C;) # 1 or
y(Cz2) # 1. This also means that the support of the corresponding submatrix Aj; of A where
I={ie[m]:Ei(G)NE(C)#0} and J := V(C) is exactly the set of non-zeros of an incidence
matrix of a cycle. We have that det(A; ;) # 0 as the corresponding cycle C has y(C) # 1. Recall the
Leibniz determinant formula. As Ajj is supported on the incidence matrix of a cycle there exist only
two bijective maps ¢, ¢ : [ — |, ¢ # ¢ such that [[;c; Aj i) # 0 # [lie Ai y(i) i non-vanishing.
One of the maps corresponds to traversing the cycle forward, the other corresponds to traversing it
backwards. As all the entries of A are powers of p we therefore have that 0 # det(A ) = +p® + pF
for some «, f € IN. This contradicts Proposition 3.2.18(iii) for p > 2. O

The above claim implies the existence of a rescaling of rows and columns A := LAR where
Le®,, ReD,suchthat A € {-1,0,1}"" If A is TU, then we are done by Proposition 3.2.2 as
now «, = 1. Otherwise, we use a result by Gomory (see [Cam65] and [S5ch98, Theorem 19.3]) that
states that any matrix B with entries in {1, 0, 1} thatis not TU has a submatrix B’ with | det(B’)| = 2.
LetI C [m]and ] C [n] such that | det(AL])l = 2. Note that w.L.o.g. the diagonal entries of L and
R are of the form p® for some a € Z. Therefore, |det(Ay )| = [1;er Lii [1j¢f Ryjl det(A; )| = 2pf
for some € 7. As |det(A};)| € N we must have f > 0 and 2 | | det(A;;)|. This again contradicts
Proposition 3.2.18(iii) for p > 2. |
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3.5 Proximity via Hoffman-bounds
Hoffman’s seminal work [[Hof52] has analyzed proximity of LI’ solutions. Given
P={xeR":Ax<b}, (3.34)

xo € IR", and norms [|.[[, and [|.||s, we are interested in the minimum of [[x — x¢l[, over x € P.
Hoffman showed that this can be bounded as Hg g(A)[|(Axo — b)*||g, where the Lipschitz-bound
Ha,p(A) is a constant that only depends on A and the norms. Such bounds have been shown for
different problem forms and norms; we refer the reader to [’V Z20] for results and references.

We will use a Hoffman-bound for a system of the form x € W, { < x < u. We show that
He,1 = kw for such a system. Related bounds using s have been shown in [HT02]; here, we
present a self-contained proof.

For vectors d, c € R", let us define the set

A(d, ¢) == supp(d™) Usupp(c™). (3.35)

Theorem 3.5.1 (Hoffman Proximity Theorem). Let W C R" be a subspace and ¢ € (R U {—c0})",
1 € (R U {oo})" be lower and upper bounds, and assume that P = {x € W : { < x < u} is non-empty.
Then, for every x € P we have

167 +u”ll1 < [Ixa@well,

and there exists x € P such that

llxlleo < kW€ + 11 .
Proof. Let us start with the first statement. We have supp(u™) N supp({*) = 0. If u; < 0, then
lxi| > |ui|, and if ¢ > 0, then |x;| > |¢;|. Thus, [[€* + 1~ |l1 < [|x @0l follows for every x € P.

For the second statement, select x € P such that ||x||; minimal and let x = ZZ:l ¢k be a
sign-consistent circuit decomposition of x as in Lemma 2.0.3. For each k € [h], we show that
Cr = supp(gk) must either contain an element i € Cy with x; = u; < 0, or with x; = ¢; > 0. For a
contradiction, assume that one of them, say C1, contains no such element. Then, for some ¢ > 0,
x'=(1-¢e)gt+ 2222 ¢k € P, giving a contradiction, since ||x’||; < ||x]|;.

The inequality ||x[|e < kw]||¢* + 17 ||1 then follows as in the proof of Proposition 3.3.7. m]

We can derive useful corollaries for feasibility and optimization problems.

Corollary 3.5.2. Let W C R" be a subspace and d € R". If the primal Primal(W, d) is feasible, then the
system

xeW+d
llx = dllo < wwlld"[I1

x>0,

is also feasible.

Proof. Using the variable z = d — x, the system can be equivalently written as z € W, z < d. Thus,
Theorem 3.5.1 guarantees a solution with ||z||c < xw]|d~|1, as required. O

Corollary 3.5.3. Let W C IR" be a subspace and c,d € R", and let ¢ > 0. If Primal(W, d) is feasible, then
there is an optimal primal (x,s) to LP(W, d, c) such that

llx —dlleo < kwllda@,ell-
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Proof. Let (x*,s*) be optimal to LP(W,d, ¢). That is, x* minimizes (c, x) over x € W +d,x > 0.
Consider the feasibility system x € W +d,x > 0, and x; < x} Vi € supp(c). Note that x* is a
feasible solution. In fact, the inequality x; < x! must be tight for all i € supp(c), as otherwise
(c,x) < (c,x"), contradicting the optimality of x*.
For z = d — x, we get the system z € W, £ < z < d, where {; = d; — x} if i € supp(c), and {; = —o0
if c; = 0. Note that £ < d, for i € supp(c) = supp(c*), and therefore,
ldaw,oll = 1147,

SUPP

ol + 1T = 116 +d

Thus, the claim follows by Theorem 3.5.1. m]

We can immediately use this theorem to derive a conclusion on the support of the optimal dual
solutions to LP(W, d, c).

Corollary 3.5.4. Let (W, d, c) be a feasible instance of L.P with ¢ > 0 and let
R:={ie[n]:d;i>rwldigol}- (3.36)

Then for every optimal dual solution s* to LP(W, d, c), we have sy = 0.

Proof. By Corollary 3.5.3, there exists an optimal primal solution x* such that for all » € R we have
xp > dy—||d = x|l > 0. (3.37)

By complementary slackness we must have s; for all optimal dual solutions s* of LP(W,d,c). O

The next lemma can also be used to conclude that a primal variable s} = 0 in every solution
(x*,s*) to 1.2. For integer matrices, a similar statement was given by Cook et al. [CGST86, Theorem
5], see also [Sch98, Theorem 10.5] with a bound in terms of the maximum subdeterminant Ap. A
variant of this statement is used by Tardos [Tar85, Lemma 1.1] as the main underlying proximity
statement of her algorithm. Ho and Tungel [HHT02, Theorem 6.3] generalized this bound to arbitrary
matrices, using the condition number i o. This implies our statement with niy instead of kw + 1.
We note that the arguments in [CGST86; Tar85] are based on Cramer’s rule. In essence, this is used
to bound the circuit imbalances in terms of As. Hence, our formulation with «w can be seen as a
natural extension.

Lemma 3.5.5. Let W C R" be a subspace and c,d € R™. Let (%, s) be an optimal solution to LP(W, d,c).
Then there exists an optimal solution (x*,s*) to LP(W, d, c) such that

X" = %lleo < (kw +Dlld — Xl .

Proof. Letx = X +d — %. Note that W + x = W + d, and also W+ + s = W= + c. Thus, the systems
LP(W,d, c) and LP(W, x, s) define the same problem.

We apply Corollary 3.5.3 to (W, x,s). This guarantees the existence of an optimal (x*,s*) to
LP(W, x,s) such that ||x* = x|lcc < xkw|lxs(x,s)ll1- Recall that A(x,s) = supp(x™) Usupp(s*), and
thus, Xl = el + 17l

Since ¥ > 0, we get that [|x7||1 < ||Xcupp(x-) = Xsuppr) ll1- Second, by the optimality of (%, s), we
have X,,ps+) = 0, and thus X, 5 (s+) = Xeupp(s+) — Xsupp(s+)- These together imply that

X" = Flleo < [lx" = xlleo + llx = Xlloo < (ew + Dl - Z[l1. O
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We can immediately use Lemma 3.5.5 to derive a conclusion on the support of the optimal dual
solutions to System 1.2 with data (W, d, c) using the optimal solution with data (W, d, c).

Theorem 3.5.6. Let W C IR" be a subspace and ¢, d € R". Let (X, s) be an optimal solution to LP(W, %, )
and
R={ien]:%>w+D|x-4d|1}.

» =0.

Then for every dual optimal solution s* to System 1.2, we have s},

Proof. By Lemma 3.5.5 there exists an optimal solution (x’,s”) to LP(W, d, ¢) such that ||x" — %] <
(kw+1)||d—%||1. Consequently, x}, > 0,implying s} = 0 for every dual optimal s* by complementary
slackness. o

Proximity for Capacitated LP. In Section 8.7, we use a dual version of this theorem, also including
upper bound constraints in the primal side. We now adapt the required proximity result to the
following primal and dual LPs, and formulate it in matrix language to conform to the algorithm in
Section 8.7.

Note thatany y € IR" induces a feasible dual solution with s; = (¢;—(a;, y))" and t; = ((a;, y)—ci)*
for i € [n]. A primal feasible solution x and y € R™ are optimal solutions if and only if {a;, y) < ¢;
if x; <wy;and (a;, y) > c; if x; > 0.

Theorem 3.5.7. Let (x’,y’) be optimal primal and dual solutions to System 1.3 for input (b, u, c’), and
(x”,y”) for input (b, u,c”). Let

Ry = {i €[n]:{a;i, ¥’y <c;—(xw+1Dlc" ="l } ,

R, = {i € [n]:{a;i,y’)y > c; + (kw + D" = "1 } .
Then x" = 0 for every i € Ro and x’ = u; for every i € R,,.

Proof. Let
A 0
I, L,

(3.38)

It is easy to see that x5 = ©a. Letd € R?" such that Ad =

b‘. With ¢ = (¢, 0,), the primal
u
X >

system can be equivalently written as min(¢, &), ¥ € ker(A) +d, 0. The statement follows by
Theorem 3.5.6 applied for W = (ker(A))* = im(AT). o

Subspace and scaling proximity bounds

The reader will have noted that we could have chosen d and c arbitraily in W + d resp. W+ + ¢ as
such shift in subspace does not change the optimality of solutions. Scaling is another operation
under which optimal solutions are invariant. In particular, the set of primal optimal solutions
X*(W,d,c)toLP(W,d, ¢) is the same as X*(W,d, ¢) forall¢ € {az:z € Wt +¢,a > 0}. Todeduce
a further proximity result which projects out this scaling by a we introduce following notation.

< R"xR" —[0,2n), (v,w) — arccos( (0, @) ) i (3.39)
llolll|zw]|

In abuse of notation, we also writ efor subsets U,V C R"

«U,Vv):= max{<(u,v) uel\{0},veV)\ {0}}.
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Lemma 3.5.8. Let W C R" be a subspace and c,¢,d € R" such that ¢ ¢ W and ||c|| = ||¢]| = 1. Let
(x, 8) be an optimal solution to LP(W, d, C). Then there exists an optimal solution (x*,s*) to LP(W,d, c)

such that
n(xw + 1)<(c, €)

sin (<(s*,5)) < cos(-E W) (3.40)

Proof. By law of cosine

e = &l = el + 121 = 2lelliel cos (<(c, 2)) = 2sm( e.c ))s<(c,a>.

Also 5§ € W + ¢ and so [|5]| > [|[I1w (€)]| = cos (<(¢, W))||¢]|. Finally, for any two vectors v, w € R",
we have
o —wll = [lo]|sin (<(v, w)),

and so with Lemma 3.5.5

sin <(s%,3) < Is* — 511 < Vr(cw + Dlle = ¢l < n(kw + 1)<(c, &) -
U7 Bl T cos(<(8,W)) ~ cos (<(¢,W))

The following theorem is an angle analogue of Theorem 3.5.6.

Theorem 3.5.9. Let W C R" be a subspace and ¢,¢,d € R", ||c|| = ||€]| = 1. Let (%, 5) be an optimal
solution to LP(W, x, ¢) and

R {z e [n]: B o n(xkw +1)<(c, ¢) }

I3~ cos(<(&, W))

Then for every primal optimal solution x* to LP(W,d, c), we have x}, = 0. Note that R # () whenever
n(kw+1)<(c,) 1

cos(<(¢,W)) < W

Proof. Any vector s’ € R with s” = 0 for some coordinate i € [n] fulfills <(s’,5) > <(8, §), where
§ € R" is defined to be §; = §; for all j # i and §; = 0. But then,

cos(<(s’,3)) < cos(«(8,5)) = ||<§§||/||§§>|| ”ji N/ ”~2 (3.41)
5112 °

In particular,

sin(<(s’,3)) = V1 — cos?(«(s’,3)) = ﬁ . (3.42)
On the other hand, by Lemma 3.5.8 there exists an optimal solution s* that fulfills
sin (<(s*, §)) < nlkw +1)<(c, &) (3.43)

cos(<(¢, W))
Hence s” # s whenever s} = 0 for some r € R. Consequently, s, > 0, implying x} = 0 for every
primal optimal x* by complementary slackness. ]
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3.6 Circuits, integer proximity, and Graver bases
We now briefly discuss implications of circuit imbalances to the integer program (IP) of the form

min {c, x)
Ax =10
x>0,

x € 7",

(IP)

Many algorithms for (IP) solve the LP-relaxation first and deduce from the optimal solution
of the relaxation information about the IP itself. The following proximity lemma shows that in
case that (IP) is feasible, the distance of an optimal integral solution to the optimal solution of the
relaxation can be bounded in terms of max-circuit imbalance 4. So, a local search within a radius
of this guaranteed proximity will provide the optimal solution for the IP; see [Lee89, Proposition
4.1].

Lemma 3.6.1. Let x* be an optimal solution to 1.1. Then there exists an optimal solution X to (IP) such that
|12 = x[l1 <nicw.

Proof. Let % be an optimal solution to (IP’) that minimizes ||£ — x*||; and consider w = x* - % € W
and a conformal circuit decomposition w = Zle A gc*’ for some k < n and circuits Cq, ..., Cr and
A1, ..., Ax = 0. Then, <c, gci> < Oforalli € [k] as otherwise x* — )\igci would be a feasible solution
to the primal of 1.1 with strictly better objective than x*. Further, note that A; < 1 foralli € [k] as
otherwise £ — ¢Ci is a feasible solution to (II’) that has an objective value as least as good as £ and
would in ¢; norm be strictly closer to x* than £. Therefore,

k
12 = 2l < 3 8 s < tw. (3.44)
i=1 O

Another popular and well-studied quantity in integer programming is the Graver basis, defined

as follows.

Definition 3.6.2 (Graver basis). The Graver basis of a matrix A, denoted by G(A), consists of all
g € ker(A) N Z" such that there exists no h € (ker(A) NZ")\ {g} such that ¢ and h are conformal and
|hi| < |gil forall i € [n]. We can further define

g1(A) = max [[o]l;,  gw(A) = max |7]|e. (3.45)
veEG(A) veEG(A)

See [LHK12] for extensive treatment of the Graver basis and [Eis+19] for more recent developments.
Elementary vectors, scaled such that its entries have Greatest Common Divisor (gcd) equal to one
belong to the Graver basis:

{gesW)NZ" 1 ged(g) =1} € G(A). (3.46)

We will furthermore see how the max-circuit imbalance measure and Graver basis are related.
Lemma 3.6.3. iia < goo(A) < n7ca.
Proof. The first inequality follows from the paragraph above, noting that

{g€:CcecW)} cGA),
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3 CIRCUIT IMBALANCE MEASURES 3.7 A decomposition conjecture

for the normalized elementary vectors ¢ with lcm(g©) = 1. For the second inequality, let g € G(A)
and g = Zle 1ig% be a conformal circuit decomposition where k < n. Note that A; < 1 for all
i € [k] as otherwise h' would contradict that ¢ € G(A). Therefore,

k
gl < D Aillg% oo < nia. 5
i=1

Using the Steinitz lemma, Eisenbrand, Hunkenschroder and Klein [EHK18, Lemma 2] gave a
bound on g1(A) that only depends on m but is independent of n:

Theorem 3.6.4. Let A € 7™*", Then g1(A) < 2m||A]lmax + 1)™.

3.7 A decomposition conjecture

Let W C IR" be a linear space. As the analogue of maximal augmentations, we say that a conformal
circuit decomposition of z € W is maximal if it can be obtained as follows. If z € W is an elementary
vector, return the decomposition containing the single vector z. Otherwise, select an arbitrary
¢ € &(W) that is conformal with z (in particular, supp(g) C supp(z)), and set g! = ag for the
largest value « > 0 such that z — ¢! is conformal with z. Then, recursively apply this procedure
to z — g1 to obtain the other elementary vectors g2, .., gh. We have h < n, since the support
decreases by at least one due to the maximal choice of a. If kyw = &w = 1, then it is easy to verify
the following.

Proposition 3.7.1. Let W C R" be a linear space with xw =1, and let z € W N Z". Then, for every
maximal conformal circuit decomposition z = ZZ=1 g*, we have ¢ € E(W) n 7",

We formulate a conjecture asserting that this property generalizes for arbitrary «y values. Note
that in the conjecture, we only require the existence of some (not necessarily maximal) conformal

circuit decomposition.

Conjecture 3.7.1.1. Let W C IR" be a rational linear subspace. Then, for every z € W N 2", there exists a
conformal circuit decomposition z = ZZZl ¢*, h < n such that each ¢~ is a 1/iw-integral vector in E(W).

Note that it is equivalent to require the same property for elements of the Graver basis z € G(A).
Hence, the conjecture asserts that every vector in the Graver basis is a nice combination of elementary
vectors.

We present some preliminary evidence towards this conjecture:

Proposition 3.7.2. Let W C IR" be a rational linear subspace with 1, = 1. Then, for every z € W N 7",
and every maximal conformal circuit decomposition z = ZZ:l ¢*, we have that g* is a 1/7-integral vector
in &(W).

Proof. Assume xpw = 1 for some D € ©,,. By Theorem 3.4.8, we can select D such that all diagonal
entries d; = D;; € Z and d;|icw. Let z = lezzl gk be any maximal conformal circuit decomposition
of z€e WNZ". Now, Dz = 2221 Dg* is also a maximal conformal circuit decomposition of
Dz € DW N Z". By Proposition 3.7.1, ng € &(DW) N Z". Since d; | &w, this implies that gk is
1/#w-integral. o

By Theorem 3.4.10, this implies the conjecture whenever iw = p®* forp € P, p > 2, « € IN. Let us
now consider the case when «y is a power of 2. We verify the conjecture when the decomposition
contains at most three terms.
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Proposition 3.7.3. Let W C R" be a rational linear subspace with kw = 2% for « € Z". Ifz e WN 72"
has a maximal conformal circuit decomposition z = Z,’Zzl gk with h < 3, then each g~ is a 1/i-integral
vector in &E(W).

Proof. Let us write the maximal conformal circuit decomposition in the form z = Z,}jzl kg such
that lem(g¥) = 1, and all entries gl‘ € {+1,+2,+4,...,£2%} for k € [h], i € [n]. There is nothing to
prove for i = 1. If h = 2, then by the maximality of the decomposition, A; = min;{z;/ g].l}. Hence,
A1 is 1/2%integral. Consequently, both A1¢! and A,¢? = z — A; ¢! are 1/2%-integral.

If h = 3, then A1 ¢! is 1/2%integral as above. It also follows that A,¢? and A3¢® are 1/2P-integral
for some f > a. Let us choose the smallest such ; we are done if § = a.

Assume for a contradiction § > a. Let yy = 267y for k =1,2,3. Thus, Uk € 7, U1 is even, and at
least one of py and 3 is odd. We show that both 15 and u3 must be odd. Let us first assume that
us is odd. There exists an i € [n] such that | gz.3| =1. Then, 2z; = 14 gi1 + 282 + uag; implies that
2 must also be odd. Similarly, if i, is odd then p3 must also be odd.

Let us take any j € [n] such that g} = 0. Then, 2fz; = ‘uzg]z + ygg?. Noting that |gjzl and |g;’| are
powers of 2, both at most 2¢, it follows that | g]Z| =| g]?' |; by conformity, we have gj2 = g]?'.

Consequently, supp(g? — g%) € supp(g'). We have g — ¢3 € W \ {0}, and the containment is
strict by the maximality of the decomposition: there exists an index i € supp(z) such that z; = A4 g}.
This contradicts the fact that g' € &(W). O

3.A On Example 3.2.20

Example 3.2.20. Consider the matrix

A=t 3 4 3 (3.11)
0 13 9 10

For this matrix -5 = 5850 = 2x 3% x 52 x 13 holds, and there exists no A € 72** such that ker(A) = ker(A)
and the inverse of every nonsingular 2 X 2 submatrix of A is 1/5850-integral.

Proof. We know all other representations of the space like A such that ker(A) = ker(A) are of the
form A = BA where B is a 2 X 2 invertible matrix. Since Aj; = 1 then to get an integral A we need
to have integer B11 and Bp;. Furthermore since the g.c.d. of the numbers in the second column is
equal to 1, then By, and By, should be integers as well.

It can be verified by computer that the only 2 X 1 matrices like v such that all entries of v’ A are

b5

Checking all different 2 X 2 matrices we can get these matrices:

divisors of 5850 are
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(o0 —4|[1 3 4 3| [9 25 0 -13
10 -3[lo 13 9 10/ |10 9 13 0
(13 =3|[1 3 4 3| [13 0 25 9
10 =3[0 13 9 10| |10 -9 13 0
(o0 —4l[1 3 4 3| [9 -25 0 -13
13 -3|lo 13 9 10| [13 0 25 9
o 1l[1 3 4 3] [0 13 9 10
9 —4llo 13 9 10| |9 25 0 -13
o 1l[1 3 4 3] [0 13 9 10
10 -3|{o 13 9 10| |10 -9 13 0
o 1|1 3 4 3| [o 13 9 10
13 -3[lo 13 9 10| |13 0 25 9
All of these matrices contain a 2 X 2 submatrix such that its inverse is not =5 -integral. m]
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4 A scaling-invariant algorithm for linear
programming whose running time

depends only on the constraint matrix

Following the breakthrough work of Tardos [Tar85] in the bit-complexity model,
Vavasis and Ye [VY96] gave the first exact algorithm for LI’ in the real model of
computation with running time depending only on the constraint matrix. For solving
LP as in the form System 1.1, i.e., max {c, x), s.t. Ax =b,x > 0, A € R"™", Vavasis and
Ye developed a primal-dual IPM using a LLS step, and showed that O(n%° log(ia + 1))
iterations suffice to solve LI exactly, where j A is a condition measure controlling the
size of solutions to linear systems related to A.

Monteiro and Tsuchiya [MT03], noting that the central path is invariant under rescalings
of the columns of A and c, asked whether there exists an LI’ algorithm depending
instead on the measure "4, defined as the minimum Jap value achievable by a
column rescaling AD of A, and gave strong evidence that this should be the case. We
resolved this open question affirmatively in Chapter 3 by providing a near-optimal
rescaling of the constraint matrix.

While this resolved Monteiro and Tsuchiya’s question by appropriate preprocessing, it
falls short of providing either a truly scaling invariant algorithm or an improvement
upon the base LLS analysis. In this vein, as our main result in this chapter 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 an
improved O(n*° log(n)log("a + 1)) iteration bound for optimally solving [P’ 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.

This chapter is based on joint work with Daniel Dadush, Sophie Huiberts, and Laszl6
A. Végh [DHNV20].
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4 SCALING-INVARIANT IPM 4.1 Introduction
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4.1 Introduction

In a seminal work, Vavasis and Ye [VY96] introduced a new type of interior-point method that
optimally solves System 1.1 within O(n35 log(a + 1)) iterations, where the condition number j s
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 System 1.1 are strictly feasible, the
central path for System 1.1 is the curve { x(u), y(1), s(1)) : u > 0) } defined by

*(Wis)i = p, Vi€ ln]
Ax(w) = b, x(u) > 0, (CP)

ATy(w) +s(w) = ¢, s(u) > 0,

which converges to complementary optimal primal and dual solutions (x*, y*,s*) as 4 — 0, recalling
that the duality gap at time p is exactly x(u) "s(u) = nu. 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 y, where given (x, y, s) ‘close’ to the
path, we define the normalized duality gap as u(x,y,s) = Z?Zl x;s;/n. Given a target parameter '
and starting point close to the path at parameter p, standard path following methods [Gon92] can
compute a point at parameter lower than y’ in at most O(y/n log(u/y’)) 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 (a priori unbounded) but very straight segments. At the end of each curved segment,
they show that a new ordering relation x;(u) > x;(u)—called a crossover event—is implicitly
learned. This inequality did not hold at the start of the segment, but is guaranteed to hold at
every point from the end of the segment onwards. These (5) 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; the analysis only shows their existence.
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At a technical level, the VY-algorithm is a variant of the Mizuno-Todd-Ye [MTY93] 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 u 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 LS direction, the variables are decomposed into ‘layers’ J; U, U ... U], = [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]:s; > 0} for the limit
optimal solution (x*, ¥, 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 J,. 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 J;. If we use the two-level layering
J1 = B*, ] = 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 Affine Scaling (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 System 1.1. 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.

Computing good layerings and the ;s condition measure. Given the above discussion, 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[,,)\;; 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
X1 > X2 2 ... 2 Xy, the layering J; U, U ... U], = [n] corresponds to consecutive intervals
constructed in decreasing order of x; values. The break between J; and J;11 occurs if the gap
Xr/Xrs1 > g, where r is the rightmost element of J; and ¢ > 0 is a threshold parameter. Thus,
the expectation is that if x; > gx;, 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 the VY-algorithm is a function of the ;s condition
measure. We now provide a convenient definition that immediately yields this justification (see
Proposition 3.3.6). Letting W = ker(A) and nj(W) = {x; : x € W}, we define i = iw as the
minimum number M > 1 such that for any @ # I C [n] and z € (W), there exists y € W with
yr = z and ||y|| < M||z||. Thus, a change of norm e in the variables in I can be lifted to a change
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of norm at most y'a€ in the variables in [n] \ I. Crucially, i is a “self-dual” quantity. That is,
Iw = Iw:, where Wt = range(AT) is the movement subspace for the dual problem, justifying the
reversed layering for the dual (see Sections 4.2 for more details).

The question of scale invariance and j{“a. 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(1)) 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 [MT03] 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'a= Di?rf,, XAD, 4.1)
where the infimum is taken over the set of n X n positive diagonal matrices. Thus, Monteiro and
Tsuchiya’s question can be rephrased to whether there exists an exact LP’ algorithm with running
time poly(n, m,log 1" a).

Substantial progress on this question was made in the followup works [LMT09; MT05]. The paper
[MTO5] showed that the number of iterations of the MTY predictor-corrector algorithm [MTY93]
can get from pp > 0 to ) > 0 on the central path in

013 log 1" a +min{n*loglog(u”/n), log(u’/m)}

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, [LMT09] developed an affine invariant trust region
step, which traverses the full path in O(n°log( i’ + 1)) iterations. However, the running time of
each iteration is weakly polynomial in b and c. The question of developing an LI’ algorithm with
complexity bound poly(n, m,log 1, ) thus remained open.

A related open problem to the above is whether it is possible to compute a near-optimal rescaling
D to the constraint matrix A? This would give an alternate pathway to the desired LI’ algorithm by
simply preprocessing the matrix A. The related question of approximating i o was already studied
by Tungel [Tun99], who showed NP-hardness for approximating i'a to within a 27°(%(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 showed in [Ye06] that the iteration complexity can be reduced to O(n?log(ia + n)) for
feasibility problems and further to O(n'°log(ia + 1)) for homogeneous systems, though the
O(n3°log(;ra + 1)) bound for optimization has not been improved since [V Y96].

4.1.1 The contributions in [DHNV20]

In [DHNV20], we resolved all the above questions in the affirmative. We detail our contributions
below.
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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 iap < n(,(*;)3, given any m X n matrix A. Furthermore, this same algorithm allows us
to approximate [ a to within a factor (1, )>. The algorithm bypasses Tungel’s hardness result by
allowing the approximation factor to depend on A itself, namely on . This gives a simple first
answer to Monteiro and Tsuchiya’s question: by applying the Vavasis-Ye algorithm directly on the
preprocessed A matrix, we may solve any LI’ with constraint matrix A using O(n>>log(*a + 1))
iterations. Note that the approximation factor n(% ) increases the runtime only by a constant
factor.
A proof of this result is given in Theorem 3.4.7.

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 on 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 value of the
circuit imbalance 1 ;; 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 r;; to «;jx;/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 Jo U.... U ], be a topological ordering of its Strongly
Connected Component (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 have access to the true circuit ratios «;;; these are in
fact 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 (*4)? from the true value ijj—recall this is the maximum over all such
circuits. Our layering algorithm 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 i'a), 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. Before the crossover
event, poly(n)(1"a)" > «x;x;/xj, and after the crossover event, poly(n)({"a)" < xjjx;/x; for all
further central path points. Our analysis relies on ’, in only a minimalistic way, and does not
require an estimate on the value of ,{"A. Namely, it is only used to show thatif i, € Iy for a layer
q € [p], then the rescaled circuit ratio «;;x;/x; is in the range (poly(n)/{’*A)io(Uﬂ‘). The argument to
show this crucially utilizes the maximum geometric mean cycle characterization. Furthermore,
unlike prior analyses [MT03; VY96], our definition of a “good” layering (i.e., ‘balanced” layerings,
see Section 4.3.5), is completely independent of ["a.

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*° logn log( " a + n)) iteration bound for path following, improving
the polynomial term by an (n/log 1) 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, i is in a
layer before j. We analyze less radical changes instead: an “event” parametrized by T means that i
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and j are currently together on a layer of size < 7, and after the event, 7 is on a layer before j, or if
they are together on the same layer, then this layer must have size > 2. 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(vntlog("a + 1)) 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(;) > gXr(i+1) between two consecutive variables where the permutation 7 is a
non-increasing order of the x; variables, and g = poly(n) v a. Setting the initial ‘estimates” ©;; = ia
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 ©;; = A has drawbacks. Most importantly, it does not give a lower
bound on the true circuit ratio «;j—to the contrary, ¢ 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 "4 is lost.
Nevertheless, our potential function analysis can still be adapted to the VY-algorithm to obtain
the same Q(n/log n) improvement on the iteration complexity bound; see Section 4.4.1 for more
details.

4.1.2 Related work

Since the seminal works of Karmarkar [Kar84] and Renegar [Ren88], 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 [Vai89] and the recent entropic barrier of Bubeck and Eldan [BE15]
and the weighted log-barrier of Lee and Sidford [L514; .519], together with new path following
techniques, such as the predictor-corrector framework [Meh92; MTY93], as well as advances in
fast linear system solving [L.515; ST04a]. For this last line, there has been substantial progress in
improving IPM by amortizing the cost of the iterative updates, and working with approximate
computations, see e.g., [Ren88; Vai89] for classical results. Recently, Cohen, Lee, and Song [CL519]
developed 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 [Bra20]; here w ~ 2.37 is the
matrix multiplication exponent. A recent result by van den Brand et al. [BTS520] obtained a
randomized O(nm + m®) algorithm. For special classes of LP such as network flow and matching
problems, even faster algorithms have been obtained using, among other techniques, fast Laplacian
solvers, see e.g. [Bra+20; Bra+21; DS08; Mad13]. In Chapter 7 we show how Tardos’s framework
can be extended to the real model of computation [DNV20], showing that poly(n, m,log a)
running time can be achieved using approximate solvers in a black box manner. Combined with
[Bra20], one obtains a deterministic O(mn® log(7a)) LP algorithm; using the initial rescaling
subroutine from Chapter 3, the dependence can be improved to " resulting in a running time of
O(mn@+! log("a)). A weaker extension of Tardos’s framework to the real model of computation
was previously given by Ho and Tungel [HTO02].

With regard to LLS algorithms, the original VY-algorithm required explicit knowledge of s
to implement their layering algorithm. The paper [MMT98] 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 [.LS steps can be computed in O(m?n) time. In [MT03], an
alternate approach was presented to compute an LLS partition directly from the coefficients of the

60



4 SCALING-INVARIANT IPM 4.2 Finding an approximately optimal rescaling

AS step. We note that these methods crucially rely on the variable ordering, and hence are not
scaling invariant. Kitahara and Tsuchiya [KT13], gave a 2-layer LLS step which achieves a running
time depending only on i " 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 [MT08] showed that a curvature integral of the central path, first introduced
by Sonnevend, Stoer, and Zhao [S5791], is in fact upper bounded by O (13 log(*a + 1)). This has
been extended to SDP and symmetric cone programming [KOT14], and also studied in the context
of information geometry [KOT13].

Circuits have appeared in several papers on linear and integer optimization (see [LKS19] and
references within). The idea of using circuits within the context of LI’ algorithms also appears
in [DHL15]. They develop a circuit augmentation framework for LP (as well ILP) and show that
simplex-like algorithms that take steps according to the “best circuit” direction achieves linear
convergence, though these steps are hard to compute. Very recently, [DKNV22] used circuit
imbalance measures to obtain a circuit augmentation algorithm for LP with poly(n,log(ia))
iterations. We refer to [ENV22] for an overview on circuit imbalances and their applications.

Our algorithm makes progress towards strongly polynomial solvability of LP, by improving
the dependence poly(n, m,log i) to poly(n, m,log " a). However, in a remarkable recent paper,
Allamigeon et al. [ABGJ18] 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, i *a 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.

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, Section 4.3.3 provides a detailed overview of the high
level ideas and a roadmap to the analysis and 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 can be found in Section 4.3.6.

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 the interior-point
method.

4.2 Finding an approximately optimal rescaling

Recall that a matroid is non-separable if the circuit hypergraph is connected; precise definitions
and background were described in Section 3.4.1. Further, recall the definitions of xw, i and L from
Definition 3.1.1, Equation (3.13).
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Symbol Description Defined in
w=(x,Yy,s) tuple of feasible solutions Section 4.3.1
p(w) normalized duality gap Section 4.3.1
L}N lifting map n; (W) - W Definition 3.3.4
"(9) lifting score Definition 4.2.1
N(B) fr-neighborhood of the central path Section 4.3.1

Aw? = (Ax?, Ay?, As?)

affine scaling direction

Section 4.3.2

Awe = (Ax<, Ay©, As®)

centrality direction

Section 4.3.2

Aw“ — (AJCH, Ayﬂ,ASH)

layered least-squares scaling direction

Section 4.3.2

ef(w) norm of AS residualson I C [n] Equation (4.13)
W' =w+ aAw iterate after predictor step Section 4.3.2
o = o(w) approximate rescaled dual o = s'/2x~1/2 | Equation (4.7)

Rx®, Rs?, Ral, Rst

residuals

Equation (4.11)

Guw,c = ([n],Ew,s) long edge graph Page 68
J=Ul2,- . ]p) ordered partition Page 68

Wk subspace Section 4.3.4

Y parameter Equation (4.23)
Go,o = ([n], Es,5) auxiliary graph Definition 4.3.11
ot(i, ), WH(i,j), V() potential function Page 78

é}l(w) norm of LLS residualson I C [n] Equation (4.24)
B, N Partition of variables based on Rx™, Rs™ Equation (4.41)

Table 4.1: Recurring symbols that will be defined throughout the chapter.

The following notation will be convenient for our algorithm.

Definition 4.2.1. For a subspace W € R" and an index set I C [n], if iy(W) # {0} then we define the

lifting score
(D) = ,/||LIW||2 -1.

Otherwise, we define £ (I) = 0. This means that for any z € (W) and x = L}/‘/(z), lxpapull < €V (D)]Iz|l.

(4.2)

The next lemma provides a subroutine that efficiently yields upper bounds on ¢" (I) or lower
bounds on some circuit imbalance values. Recall the definition of the lifting score ¢"V(I) from
(4.2.1).

Lemma 4.2.2. There exists a subroutine VERIFY-LIFT(W, I, 0) that, given a linear subspace W C IR",
an index set I C [n], and a threshold 6 € R, either returns the answer ‘pass’, verifying () <o,
or returns the answer ‘fail’, and a pair i € I1,j € [n] \ I such that 6/n < 7(}’]\.’. The running time can be
bounded as O(n(n — m)?).

Proof. Take any minimal I’ c I such that dim(ny(W)) = dim(;(W)). Then we know that
np(W) = RI and for p € 7t;(W) we can compute L}’V(p) = LY,V(pp). Let B € RIMN\DXT be the matrix
sending any ¢ € 7;7(W)m to the corresponding vector (L} (9))j\i- The column B; can be computed
as (L} (e} )y for ej, € RY. We have [ILY (0)II* = IIplI> + 1LY (pr)paill® < llpll* + Bl pr |12
for any p € r;(W), and so £ (I) = ,/||L}N||2 —1 < ||B]l. We upper bound the operator norm by
the Frobenius norm as ||B|| < |IB|[r = /X;; B]Z‘z' < nmax;j; |Bji|. By Lemma 3.3.9 it follows that
[Bji| = |(L¥,‘/(ei))]-| < 1«}/]‘./. The algorithm returns the answer ‘pass’ if n max;; |Bj;| < 6 and ‘fail’
otherwise.

To implement the algorithm, we first need to select a minimal I’ C I such that dim(np(W)) =
dim(rt;(W)). This can be found by computing a matrix M € R"*"=") such that im(M) = W, and
selecting a maximal number of linearly independent columns of M; .. Then, we compute the matrix
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B € RUMNDXI" that implements the transformation [L}/,‘/][n]\l : (W) — 7t (W). The algorithm
returns the pair (i, j) corresponding to the entry maximizing |B;;|. 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 4.2.3. We note that the algorithm Veriry-Lirt does not need to compute the circuit as in
Lemma 3.3.9. The following observation will be important in the analysis: the algorithm returns
the answer ‘fail’ even if £V (I) < 6 < n|Bjj.

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 LI’ problem in the form System 1.1,
or equivalently in the subspace form System 1.2 for W = ker(A). We let

Pip={xeR":Ax=b,x >0}, Dy = {(y,s)e]Rm”‘ ATy +s=¢,s >0}. 4.3)

Recall the central path defined in (CP), with w(u) = (x(u), y(1), s(1)) denoting the central path
point corresponding to u > 0. We let w* = (x*, y*, s*) denote the primal and dual optimal solutions
to System 1.1 that correspond to the limit of the central path for y — 0.

For a pointw = (x,y,s) € P, X D, the normalized duality gap is u(w) = x s /n.

The ¢y-neighborhood of the central path with opening p > 0 is the set

XS
K

Throughout the chapter, we will assume g is chosen from (0, 1/4]; in Algorithm 4.2 we use the

N(P) = {w€7’++><1)++:

value B = 1/8. The following proposition gives a bound on the distance between w and w(u) if
w € N(B). See e.g. [Gon92, Lemma 5.4], [MT03, 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(p) = (x(u), y(u), s(u)). Foreachi € [n],

Xi

1+2ﬁS =8 ~xi§xi(u)s1_ﬁ, and
Si =26 Si
1+2ﬁs - s,SSZ(y)S—l_ﬁ.

We will often use the following proposition which is immediate from definiton of g.

Proposition 4.3.2. Let w = (x,y,s) € N(B) for € (0,1/4], and p = p(w). Then for each i € [n]

(1- BIWE < Voix; < (1+ p)VH.

Proof. By definition of N(B) we have for all i € [n] that |% -1] < II% - 1|l < B and so
(1-pB)u < xis; < (1 + p)u. Taking roots gives the results. o
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A key property of the central path is “near monotonicity”, formulated in the following lemma, see
[VY96, Lemma 16].

Lemma 4.3.3. Let w = (x, Y, s) be a central path point for uand w’ = (x’,y’,s’) be a central path point
for 1’ < p. Then ||x’/x + s’ [s||lco < n. Further, for the optimal solution w* = (x*,y",s*) corresponding to
the central path limit 1 — 0, we have ||x*/x||l1 + ||s*/s|[1 = n.

Proof. We show that ||x"/x||1 + ||s’/s|l1 < 2n for any feasible primal x” and dual (y’, s’) such that
(x")Ts” < xTs = ny; this implies the first statement with the weaker bound 2n. For the stronger
bound ||x"/x +5’/s||w < n, see the proof of [VY96, Lemma 16]. Since x —x” € W and s —s’ € W+, we
have (x —x")"(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 y, and noting that x;s; = u for all

i € [n], we obtain
n ’ ’

i, 5
:Z—+—S2n.
X; S

rog=

X S

1

The second statement follows by using this to central path points (x’, y’, s”) with parameter p/, and
taking the limit y’ — 0. O
4.3.2 The affine scaling and layered-least-squares steps

Givenw = (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, 4.4)
ATAy +As =0, (4.5)
SAx +xAs = oue —xs. (4.6)

Predictor-corrector methods, such as the Mizuno-Todd-Ye Predictor-Corrector (MTY P-C) algorithm
[MTY93], 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 ¢ = 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(B), the step-length is chosen such that the line segment
between the current and next steps remain in N(2p), i.e.,

a® <sup{a€l0,1]:Va' €[0,a]:w+a'Aw* € N(28) }.

Thus, we obtain a point w* = w + a®Aw® € N(2B). The corrector step finds a next iterate

c

w® = w* + Aw®, where Aw€ is the centrality direction computed at w*. The next proposition

summarizes well-known properties, see e.g. [Ye97, Section 4.5.1].
Proposition 4.3.4. Let w = (x,y,s) € N(B) for p € (0,1/4].

(i) For the affine scaling step, we have pu(w*) = (1 — a)u(w).

(ii) The affine scaling step-length can be chosen as

. ||AxaAsa||}
Vn Bu(w)
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(iii) For w* € N(2B), and w® = w* + Aw®, we have u(w®) = p(w*) and w* € N ().

(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’) < w(w)/2".

Minimum norm viewpoint and residuals. For any pointw = (x,y,s) € P, X D,. we define

6 = o(w) = sV2x" Y2 e R™. (4.7)
With this notation, we can write (4.6) for ¢ = 0 in the form

OAx + 071As = —s1/2x1/2 (4.8)
Note that for a point w(u) = (x(u), y(u), (1)) on the central path, we have 0;(w(u)) = s;(u)/+/t =

Vii/xi(u) for all i € [n]. From Proposition 4.3.1, we see that if w € N(B), and p = u(w), then for
each i € [n],

V1=28-0i(w(w)) < 0i(w) < 0i(w(p)) . (4.9)

The matrix diag(0(w)) will often be used for rescaling in the algorithm. Thatis, for the current iterate

w = (x,y,s) in the interior-point method, we will perform projections in the space diag(6(w))W.
diag(o)W diag(o)W
1 and « . The

To simplify notation, for 6 = &(w), we use L, and K?] as short-hands for L i

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{ l6(x + Ax)|)? : AAx = 0}
AxeRn

4.10
(Ay?, As?) = argmin { 167 (s + As)||> : ATAy + As = 0} (410
(Ay,As)eRM IR
Following [MTO05], for a search direction Aw = (Ax, Ay, As), we define the residuals as
5 571
Ry = 2EFAY) Rs:= 6 HAS) 411)

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 [MT05].

Lemma 4.3.5. For € (0,1/4] such that w = (x,y,s) € N(B) and the affine scaling direction Aw =
(Ax?, Ay?, As?), we have

(i)
Ax3As? x1/2sl/2

, Rx*+Rs* =

g vE

Rx?Rs? =

4.12)
(i1)
IR + (IR =,

(iii) We have ||R:@||, ||Rs?|| < v/n, and for each i € [n], max{Rx?, Rs?} > %(1 - B).
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(iv)
Ry@ = _L(‘j_lAsa Rs? = —L(SAXa .
Vi Vi

Proof. Parts (i) and (iv) are immediate from the definitions and from (4.4)-(4.6) and (4.8). In part
(i1), we use part (i) and (Rx®)TRs? = 0. In part, (iii), the first statement follows by part (ii), and the
second statement follows from (i) and Proposition 4.3.2. O

For a subset I C [n], we define
el(w) = malxmin{le?l, [Rs?]}, and €*(w):= e?n](w). (4.13)
1€

The next claim shows that for the affine scaling direction, a small e(w) yields a long step; see
[MTO5, Lemma 2.5].

Lemma 4.3.6. Let w = (x,y,s) € N(B) for B € (0,1/4]. Then the affine scaling step can be chosen such

that
p(w + atAw?) < min{l B Zx/ﬁea(W)} '

wu(w) N

Proof. Let € := €*(w). From Lemma 4.3.5(i), we get [|Ax?As?||/p = ||[Rx*Rs?||. We can bound
[[Rx@Rs2|| < e(||Rx?]| + ||Rs?||) < 2ev/n, where the latter inequality follows by Lemma 4.3.5(iii).
From Proposition 4.3.4(ii), we get a® > max{B/+vn, 1 — 2y/ne/B}. The claim follows by part (i) of
the same proposition. o

The layered-least-squares direction

Let I = (J1,)2,-.-,]p) be an ordered partition of [n]." For k € [p], we use the notations [ =
JiU...UJk1, Jsk = Jkr1 U ... U], and similarly J<x and J>x. 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,vy,s) € .+ X D, and the layering J, the LLS is defined as follows. For the
primal direction, we proceed backwards, with k = p,p —1,...,1. Assume the components on the
lower layers Ax}ik have already been determined. We define the components in Ji as the coordinate
projection Ax%{ = 11j, (Xk), where the affine subspace X is defined as the set of minimizers

X = arg min{ o7, ey, + Axp)|f - Adx = 0, Axy, = Axl } . (4.14)
AxelR"

The dual direction As!! is determined in the forward order of the layers k =1,2,...,p. Assume we
already fixed the components AS?« on the higher layers. Then, As}i = 115, (Sy) for

Sk = argmin{”bﬁl(s]k + Asj,)
Aselrn

2
:Ay e R™,ATAy +As = 0,As, = Asik} : (4.15)

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
[VY96].

The affine scaling direction is a special case for the single element partition. In this case, the
definitions (4.14) and (4.15) coincide with those in (4.10).

1In contrast to how ordered partitions were defined in [MT05], we use the term ordered only to the p-tuple (J1,...,Jy),
which is to be viewed independently of 6.
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4.3.3 Overview of ideas and techniques

A key technique in the analysis of layered least-squares algorithms [LMT09; MTO03; VY96] 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 s < O(n)s; hold. We informally say that x; (or s;) has converged if x; < O(n)x]
(si < O(n)s?) hold for the current 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 y, then
si(p)/si(p)
e

€ [ 5 &2) , O(nz)]; thus, s; keeps “shooting down” with the central path parameter.

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.

Suppose for simplicity that our current iterate is exactly on the central path, i.e., that xs = pe.
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 (4.10) that the affine scaling
direction corresponds to minimizing the residuals Rx* and Rs?. From this choice, we see that

%

X

X

*

S

S

s + As?
S

X + Ax?
X

(4.16)

We have ||[Rx?||? + ||Rs%||? = n by Lemma 4.3.5(ii). Let us assume ||[Rx?||?> > 1/2; thus, there exists a
i € [n] such that x7 > 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?||> > /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 (4.16), we see that there is an index i with x7/x; > [[Rx?||/ V.

Furthermore, Proposition 4.3.4(ii) and Lemma 4.3.5 imply that 1 — a < ||[Rx?| - ||Rs?||/B <
Vn|[Rx?||/B, since ||Rs?|| < v/n. The predictor step moves to x* := x + aAx? = (1 — a)x + a(x + Ax?).
Hence, x* < M + ||Rx®|| |x. Putting the two inequalities together, we learn that x;r < O(n)x;
for some i € [n]. Since w* = (x*,y*,s*) € N(2B), 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 s; has converged. This
xi(W)/xi(W') c u O(n*)u
xi () /x(p) Om*w’

asymptotically increasing. The x;/x; ratios serve as the main progress measure in the Vavasis-Ye

means that for any u’ < , ]; thus, the ratio of these variables keeps
algorithm. If x;/x; is between 1/(poly(n)) and poly(n) i before the affine scaling step for the pair
of converged variables x; and s;, then after poly(n) log | 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.

67



4 SCALING-INVARIANT IPM 4.3 A scaling-invariant layered least squares interior-point algorithm

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

«V are known. We will then explain how this assumption can be removed by using gradually

ir;]lproving estimates on the values.

The combinatorial progress will be observed in the long edge graph. For a primal-dual feasible
point w = (x,y,s) and o = 1/O(n®), this is defined as G, = ([11], Ew,,) with edges (i, j) such that
zczyx,-/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].c / gl.cl < 7\’}/}/ and | gl.c / g}cl < 1\'}/}/.

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.

e For an iterate w and a value p > 0, we have i, j € [n] in a strongly connected component
in Gy ¢ of size < 7, and for any iterate w’ with u(w’) > y, if i, j are in a strongly connected
component of G, ; then this component has size > 27.

e For an iterate w and a value p > 0, we have (i, j) ¢ Ey,, and for any iterate w’ with u(w’) > u
we have (i, j) € Ey 5.

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(y/nlog(i*a + 1)) iterations or the algorithm terminates, then we have the
desired convergence bound of O(n?° log(n)log(*a + 1)) iterations.

Converged variables cause combinatorial progress. We now show that combinatorial 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 K}/]\./Xi /xj, will asymptotically increase by a factor 2 in every O(+/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 ¢, and by the cycle characterization
(Theorem 3.4.1) we know that (K}/;.’xj/xi) 0" < (k;,)". As such, K]V,}/x]-/xi < (x3,)"/a""L. Since
W W

Kij K =

This means that after O(v/n log((x}, /0)")) = O(n'?® log(ij, + 1)) affine scaling steps, the weight

1, we obtain the lower bound Ky]\,’x,-/x]’ > 0”‘1/(K*W)”.

of the edge (i, j) will be more than (i}, /0)*". There can never again be a length 1 or shorter path
from j to i in the long edge graph, for otherwise the resulting cycle would violate Theorem 3.4.1.
Moreover, by the triangle inequality (Theorem 3.2.22), any other k # i, j will have either (i, k) or
(k, j) of length at least (k7, /)*", similarly causing a pair of variables to never again be in the same
connected component. As such, we took O(n!? log(xj, + 1)) 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 [VY96] and subsequent
literature, our algorithm is a predictor-corrector method using LLS steps as in Section 4.3.2 for
certain predictor iterations. Our algorithm (Algorithm 4.2) 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 J = (J1, J2,...,J,) corresponding to the strongly connected
components in topological ordering. Recalling that either (i, j) or (j, i) is a long edge for every pair
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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: (i) All variables except x; are far away
from their optimal values. (ii) On J; there is a primal variable (i) and dual variable (j) that have
converged, i.e. x; is close to x7 and s; is close to s;. (iii) j moves to layer ], due to a change in the
underlying subgraph of the circuit ratio digraph.
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i,j € [n], this order is unique and such that there is a complete directed graph of long edges from
every Jyto Jy forl1 <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) = maxo<k<p ¢V (J>x) as the cost of lifting
from lower to higher layers; we let £1/*(J) be a shorthand for £/“51/*)W( 7). Note that this same
rescaling is used for the affine scaling step in (4.10), since 6 = y/ui/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,

|RA™ = Ra®|, |Rs™ = Rs?|| < 6n3/20Y% (7).

Recall that the L.LS 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 4.2.2 yields () <n maXief., jefy kelp] t\'y]‘./xi/xj.
This will be sufficiently small as this maximum is taken over ‘short” edges (not in Ey, ;).

A second, crucial property of the LLS step is that it “splits” our LI’ into p separate LPs that
have “negligible” interaction. Namely, the direction (Ax}}(, As}lk) will be very close to the affine
scaling step obtained in the problem restricted to the subspace W ; = { X :x €W, xp, =0} (see
Lemma 4.3.10(1)).

Since each component [ is strongly connected in the long edge graph Gy, g, if there is at least one
primal x; and dual s; in Ji that have converged after the LS step, we can use the above argument
to show combinatorial progress regarding the 7\’}/}/3(1' /xj value (Lemma 4.4.3).

Exploiting the proximity between the LLS and affine scaling steps, Lemma 4.3.10(iv) gives a
lower bound on the step size a > 1 — %ﬁ maXie[y] min{le?l, |Rs?|}. Let Jx be the component
where min{||Rx%{ Il, ||Rs}1k ||} is the largest. Hence, the step size a can be lower bounded in terms of
min{J| R ] IR ).

The analysis now distinguishes two cases. Let w* = w + aAs!! be the point obtained by the
predictor 1S step. If the corresponding partition lifting cost £1/*" () 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 LS step, at least one x; and one s; will have converged for i, j € J;. Thus,
in this case we obtain the combinatorial progress (Lemma 4.4.4).

The remaining case is when ¢1/*" (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 circuitimbalances. In the above overview, we assumed the circuit imbalance
w
ij
compute, we can naturally work with lower estimates. For each i, j € [n] that are contained in a

values « are given, and thus the graph G, ; is available. Whereas these quantities are difficult to

circuit together, we start with the lower bound RI’]V =| g].C / gicl obtained for an arbitrary circuit C

with i, j € C. We use the graph Gy, ; = ([11], Ex,s) corresponding to these estimates. We have that
Ew, C Eu,o, but some long edges may be missing. We determine the partition J of the strongly
connected components of éw,g and estimate the partition lifting cost ¢ 1/x (). 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 7, j € C such that 1?1/]‘/ <| gjc / gic |. In this case, we
update our estimate, and recompute the partition; this is described in Algorithm 4.1. At each LLS
step, the number of updates is bounded by 7, since every update leads to a decrease in the number

of partition classes. This finishes the overview of the algorithm.
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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 (4.5)-(4.6). We use the
subspace notation. With this notation, (4.5)—(4.6) for the affine scaling direction can be written as

SAX? +xAs? = —xs, Ax*eW, and As?®e W, (4.17)

which is further equivalent to 6Ax? + 6~ 1As? = —x1/2s1/2,
Given the layering J and w = (x, y, s), for each k € [p] we define the subspaces

Wgr={x,:xeW,x,, =0} and Wff,k ={x, :x e W, x, =0}.

It is easy to see that these two subspaces are orthogonal complements. Our next goal is to show
that, analogously to (4.17), the primal LS step Ax!! is obtained as the unique solution to the linear
system

OAxX + 57 As = —x1/2s12 A e W, and As e Wi, x---x Wi, (4.18)

and the dual LS step As!! is the unique solution to
OAx + 07 As! = —x12512  Ax e Wq i x--xWq,, and As'e Wt. (4.19)

It is important to note that As in (4.18) may be different from As", and Ax in (4.19) 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 k", 0 € k%, and J = (1, Ja, .., Jp), let w = LLSY"(t) be defined by
-1, _ 1 1
ow+ 0 v = 0t, wew, ZJEWJJX--»(WJP.
Then LLS?"S(t) is well-defined and
”o]k(t]k - w]k)H = min{ ||b]k(t]k - ZIk)” iz eW,zp, =wy, }

for every k € [p].

In the notation of the above lemma we have, for ordered partitions J = (J1,]2,...,Jp), g =
Up/ Jp=1,---,J1), and (x,y,5) € P x D with 6 = s/2x71/2, that Ax!! = LLS?’(\(—x) and
As!l = LLng‘f“’l(—s).

Proof of Lemma 4.3.7. We first prove the equality W N (W5 | X+~ X W3 ,) = {0}, and by a similar
argument we have W N (Wg 1 X --- X Wyq ) = {0}. By duality, this last equality tells us that

(WEN(Wag x---XWg )" =W+ (me XX Wip) =R".

Thus, the linear decomposition defining LLS?"\(t) has a solution and its solution is unique.
Suppose y € W N (W;/1 XX Wip). We prove yj, = 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 € W is equivalent toy € W N R?gk, and implies
y, €, (WNR ;;k) = Wq k. Since we also have y;, € W;, , by assumption, which is the orthogonal
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complement of Wy i, we must have y;, = 0. Hence, by induction y = 0. This finishes the proof that
LLS?’D(t) is well-defined.

Next we prove that w is a minimizer of min{ ||O]k(t]k - z]k)” izeW,zp, =wy, } The optimality
condition is for 0y, (t, — zj,) to be orthogonal to j,u for any u € Wy ;. By the LLS equation, we
have 0y, (t;, —wy,) = O]‘klvfk, where v, € W:l]/k. Noting then that (O]ku,b]‘klw = (uy,,vy,) = 0 for
u € Wq k, the optimality condition follows immediately. m]

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 [GL97].

Proposition 4.3.8 (Proof on p. 83). For a linear subspace W C R" and index set I C [n] with | = [n]\ I,
LN < max{1, [IL}" ]I}

In particular, €V (I) = €V()).

We defer the proof to Section 4.5. Note that this proposition also implies Proposition 3.3.3(ii).

Partition lifting scores

A key insight is that if the layering 7 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 (4.2.1). The lifting score of the layering J = (J1, J2, . .., Jp) of [n] with respect to W is defined
as
() = max 0% (Jr).
2<k<p

For 6 € R",, we use {"-(I) := £425OW(T) and £W-°(J) = £422OW( T). When the context is clear,
we omit W and write £°(I) := £"V-°(I) and £°(J) := £V ().

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 " be a linear subspace, 0 € R} ,. For an ordered partition J = (J1, J2,...,]p),
let J = (psJp-1,-- -, ]1) denote the reverse ordered partition. Then, we have

g) = ).

Proof. Let U = diag(o)W. Note that U+ = diag(6™")W+. Then by Proposition 4.3.8, for 2 < k < p,
we have that

V0 (ak) = i) = O (akr) = 0 Topia) = 77 (i),
In particular, V() = (W7 (), as needed. i

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 LS 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 W g . The proof is deferred
to Section 4.5.
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Lemma 4.3.10 (Proof on p. 87). Let w = (x,y,s) € N(B) for p € (0,1/4], let u = u(w) and 6 = o6(w).
Let J = (J1,...,]p) be alayering with £°(J) < B/(32n2), and let Aw" = (Ax", Ay", As") denote the .1.S
direction for the layering J. Let furthermore €"'(w) = max;e[y min{|Rx?|, |Rs?|}, and define the maximal
step length as

at = sup{ a’ €[0,1]:Va € [0,a'] : w + aAw" € N(2B) }

Then the following properties hold.

(i) We have
opAx]! + 071AsT + 2502 < 6n" ()W, VK € [p), and (4.20)
loAx™ + o7 Ast + x1/2s12|| < 6n320°( )i - (4.21)

(ii) For the affine scaling direction Aw® = (Ax?, Ay?, As?),

IR = R, [R5 = Rs?|| < 6n%20°() .

(iii) For the residuals of the LS steps we have || Rx"||, ||Rs"|| < V2n. Foreachi € [n],max{|l€x?|, |Rs?|} >

1_3
2 1P
(iv) We have I
At >1— 3\/52 (w) ) (4.22)

and for any « € [0, 1]
p(w + aAw') = (1 - au,

(v) We have €'(w) = 0 if and only if a* = 1. These are further equivalent to w + Aw' = (x + Ax", y +
Ay", s + As') being an optimal solution to (1.1).

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 7(‘17]. defined in Section 3.4 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

p

V= S5 - (4.23)
The auxiliary graph. For a vector 0 € RY, and ¢ > 0, we define the directed graph G;,, =
([n],Es,5) such that (i, j) € Es ¢ if K?j > ¢. 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 ¢. Note that we
do not have direct access to this graph, as we cannot efficiently compute the values ..

At the beginning of the entire algorithm, we run the subroutine Finp-Circuirs(A) as in
Theorem 3.4.6, where W = ker(A). We assume the matroid M(A) is non-separable. For a separable
matroid, we can solve the subproblems of our LI’ on the components separately. Thus, for each
i #j,1,j € [n], we obtain an estimate ©;; < «;;. These estimates will be gradually improved
throughout the algorithm.

Note that 1\';7]. = 14j0;/0; and R‘; = 14;07/0i. If R‘; > 0, then we are guaranteed (i, j) € E; ;.
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Definition 4.3.11. Define G\,G = ([n], EM) to be the directed graph with edges (i, j) such that lif] > 0;

G, s a subgraph of G ;.

Lemma 4.3.12. Let 0 € RY,. For every i # j, i,j € [n], &}; - &;; > 1. Consequently, for any 0 < o <1, at
least one of (i, j) € Es g or (j, i) € Es 6.

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 3.4.6. This is
defined as the maximum of |g;/gi| such that ¢ € W, supp(g) = C for some C € ( containing i and
j. For the same vector g, we get %j; > |gi/g;|. Consequently, %;; - £j; > 1, and also f\‘;] . r?‘].’l. > 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 = 6(w) will correspond to the scaling of the current iterate w = (x, y, s).

Definition 4.3.13. Let 0 € RY,. The layering J = (J1, ]2, ..., ]p) of [n] is 0-balanced if
(i) 0°(J) <y,and
(i) Jx is strongly connected in G ,,/, for all k € [p].

The following lemma shows that within each layer, the K‘;j values are within a bounded range.
This will play an important role in our potential analysis.

Lemma4.3.14. Let0 <o <landt > 0,andi,j € [n], i #].

(i) If the graph G contains a directed path of at most t — 1 edges from j to i, then

Proof. For part (i), let j = iy,i,...,i; = i be a pathin G5, in | from j to i with h < t. That is,
¥ >0 for each £ € [h]. Theorem 3.4.1 yields

AU
Lelg+1

— %\ 0 h-1 O t
() 2 w07 > 000,
since h < t and ¢ < 1. Part (ii) follows using part (i) for j and i, and that K‘;j . r\"]?i > 1 according to
Lemma 4.3.12. 0

Description of the layering subroutine. Consider an iterate w = (x, y, s) € N(B) of the algorithm
with 6 = 0(w), The subroutine Layering(, &), described in Algorithm 4.1, constructs a 6-balanced
layering. We recall that the approximated auxilliary graph (AEM, /n With respect to © is as in
Definition 4.3.11

We now give an overview of the subroutine LAYERING(0, ©). We start by computing the strongly
connected components (SCCs) of the directed graph ém, /n- The edges of this graph are obtained
using the current estimates 1?‘;]
foreveryi,j € [n], i # j. Hence, there is a linear ordering of the components Cq, Co, ..., Cy such
that (u,v) € EO,),/,, whenever u € C;,v € Cj,and i < j. We call this the ordering imposed by G(W/n.
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Algorithm 4.1: Layering(o, <)

Input :0 € R, and & € RE,.
Output  :06-balanced layering J = (J1, ..., Jp) and updated values & € lRfEr .

1 Compute the strongly connected components Cq, Cs, ..., Cy of GM’ /nr listed in the ordering imposed
_by GBJ’/”

2 E e E(\,)//n

s fork=2,...,¢{do

4 | Call Veriry-Lirr(diag(0)W, Csk, y) that answers ‘pass” or ‘fail’

s | if the answer is ‘fail’ then

6 Leti € Csg, j € Cck, and ¢ be the output of VErIFY-Lirr such that y/n <t < 1\";],

7 ’A\'ij — tOi/Oj

8 E—EuU{Gj)}

o Compute strongly connected components J1, J2, ..., Jp of ([n], E), listed in the ordering imposed by

Ghl}r/n
o return J = (J1,J2,...,Jp), .

o

Next, for each k = 2, ..., ¢, we use the subroutine Veriry-Lirr(diag(0)W, Csk, y) described in
Lemma 4.2.2. If the subroutine returns ‘pass’, then we conclude ¢°(Csx) < y, and proceed to the
next layer. If the answer is ‘fail’, then the subroutine returns as certificates i € Cx, j € C<k, and ¢
such that y/n <t < lc‘;j. In this case, we update 1?5] to the higher value t. We add (i, j) to an edge
set E; this edge set was initialized to contain E 5,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 thatif i’ € Cy and j* € Cp for £ < ¢/, then (i’, ') € EAM,/n according to Lemma 4.3.12.

Finally, we compute the strongly connected components of ([n], E). Welet J1, ], ..., ], denote
their unique acyclic order, and return these layers.

Lemma 4.3.15. The subroutine LAYERING(0, %) returns a o-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 0-balanced. For property (i) of Defini-
tion 4.3.13, note that each J; component is the union of some of the Cy’s. In particular, for every
q € [p], the set J5; = Cs for some k € [{]. Assume now £°(Cxk) > y. Atstep k of the main cycle,
the subroutine Veriry-LiFt returned the answer ‘fail’, and a new edge (i, j) € E was added with
i € Csk, j € Cck. Note that we already had (j, i) € Em,/n, since j € C, forsome r < k,and i € Cyr
for " > k. This contradicts the choice of |5, as a maximal strongly connected component in ([1], E).

Property (ii) follows since all new edges added to E have «;; > y/n. Therefore, ([n],E) is a
subgraph of G; /.

Let us now turn to the computational cost. The initial strongly-connected components 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 Veriry-Lirr. We assume a matrix
M e R™("=m) js computed at the very beginning such that im(M) = W. We first explain how to
implement one call to Vertry-Lirt in O(n(n — m)?) time. We then sketch how to amortize the work
across the different calls to VErIry-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
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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 but in time O(nm?).

We now explain the implementation of VEriry-Lirt, where we are given as input C C [n] and
the basis matrix M € ("= as above with im(M) = W. The running time is dominated by
the computation of the set I C C and the matrix B € RU"NOXII gatisfying LY (%) = Bxy, for
x € ic(W). We explain how to compute I and B from M using column operations (note that these
preserve the range). The valid choices for I C C are in correspondence with maximal sets of linear
independent rows of Mc,., noting then that |I| = » where r := rk(Mc,.). Let D; = [n —m — r] and
Dy = [n —m]\ [n —m —r]. By applying columns operations to M, we can compute I € C such
that Mj 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) = im(Mc,p,), t;(W) = Rl and im(M. p,) = W N IR Fn]\ c
To compute B, we must transform the columns of M. p, into minimum norm lifts of ¢’ € 7i;(W) into
W, forall i € I. For this purpose, it suffices to make the columns of M|, )\c,p, orthogonal to the range
of My,)\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)|Cl + (n = |C)(n = m)(n —m = 1)) = O(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, ..., C; denote the candidate SCC
layering. Our task is to compute the matrices By, 2 < k < ¢, needed in the calls to VERIFY-LIFT
on W, Csi, 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
Iy € Cy and Dy = [|I<|] \ [II<kl], k € [€], such that My, p, =1, where ¢ = |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 im(Mc,,p,) = mc, (W N ]Rgsk),
im(Mc,,,p,;) = e, (W)and im(M. p_,) =W N ]Rgsk, 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 ¢! € nip,, (W) into W, for all i € I;. Note that to compute the matrix By we need the
liftsof e’ € np., (W), for all i € Iy instead of just i € I.

We now compute the matrices By,. .., By 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 only has to 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,, = I|1, 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 Veriry-LirT 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 4.2 presents the overall algorithm LP-SoLve(A, b, c, w%). We assume that an initial
feasible solution w® = (x%, y%,s%) € N/(B) is given. We address this in Section 4.7, by adapting the
extended system used in [VY96]. We note that this subroutine requires an upper bound on *.
Since computing i is hard, we can implement it by a doubling search on log 1", as explained in
Section 4.7. Other than for initialization, the algorithm does not require an estimate on .
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Algorithm 4.2: LP-Sowve(A, b, ¢, w")

Input :A € R"™%" h e R™, ¢ € R", and an initial feasible solution w® = (xY, yo, s0) e N(1/8) to
System 1.1.
Output  :Optimal solution w* = (x*, y*, s*) to (LP).
1 Call Finp-Circurts(A) to obtain the lower bounds #; for each i, j € [n], i # j
2 ke—0,a <0
3 repeat

s | Compute affine scaling direction Aw? = (Ax?, Ay?, As?) for w
6 | if e?(w) < 10n3/2y then

7| |0 e (sF)V2(xk)12

8 (T, %) «LAYERING(0, K)

9 Compute Layered Least Squares direction Awll = (Axu, Ayu, ASH) for the layering J and w
10 Aw — Aw!l

n | | @ 1-24ynel(w)

12 else

1 Aw — Aw?

u | | a < min{1/(8vn),1-8[|Ax*As?||/u(w)}

K+ aAw

5| wWe—w
17 | Compute centrality direction Aw® = (Ax€, Ay, As®) for w’

wktl — w’ + Aw®
v | k—k+1

20 until y(wk) =0

n return wk = (xK, yk, k),

The algorithm starts with the subroutine Finp-Circuirs(A) as in Theorem 3.4.6. The iterations
are similar to the MTY Predictor-Corrector algorithm [MTY93]. 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;e[,,; min{|Rx?[, [Rs?[}. If this is above the
312,

we use the LS direction instead. In each such iteration, we call the subroutine LAYERING(0, )

threshold 107%/2y, then we perform the affine scaling step. However, in case €*(w) < 10n

(Algorithm 4.1) 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
witha = 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 4.2 finds an optimal solution to System 1.1 in O(n>5lognlog("a + 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 [MMT98; VY96]. This is in contrast to the computational
cost O(n®) of an affine scaling direction. Here w < 2.373 is the matrix multiplication constant
[Vas12].

We now sketch a possible approach to amortize the computational cost of the LS steps over
the sequence of affine scaling steps. It was shown in [MT05] 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 y increases exponentially from every iteration to the next. This corresponds to the
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term O(min{n?loglog(uo/n), log(to/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 p > 0and o(u) = s(u)/?x(u)™1% = Vit/x(u) = s(u)/+/p correspond to the point on the central
path and recall the definition of y in (4.23). For 7, j € [n], i # j, we define

o(w)
ij
log(4niw/y)’

log i
o, j) =

and the main potentials in the algorithm as

(i i — . . /"ll' - N7 — M ..
WH(i, j) : max{l,mm{Zn,O:Efw 0 (z,])}} and W(u) | 4€lz;l¢'log VE(, 1)
i,j€[n],i#]

The motivation for ¢#(i, j) and W#(i, j) comes from Lemma 4.3.14, using 0 = y/(4n). Thus,
log 1\‘;(”) /log(4ni*w /y) can be seen as a lower bound on the length of the shortest j—i path. Recall
that the layers are defined as strongly connected components of CA;M, /n, which is a subgraph of
Go(w),y/(4n) (using the bound (4.9)). Consequently, whenever 0¥ (i, j) > n, the nodes i and j cannot be
in the same strongly connected component for the normalized duality gap p. Thus, our potentials
WH(i, j) can be seen as fine-grained analogues of the crossover events analyzed in [MT03; MT05;
VY96]: the definition of W#(i, j) contains a minimization over 0 < u’ < y; therefore, \W¥(i, j) > n
implies that 7 and j may never appear on the same layer for any y’ < u. On the other hand, these
potentials are more fine-grained: even for t < n, if W#(i, j) > t then whenever a layer contains both
i and j for yu’ < y, this layer must have size > t.

By definition, for all pairs (i, j) € [n] X [n] we have \W'(i,j) > WH(i, j) for 0 < ' < p; and we
enforce V¥ (i, j) € [1,2n]. The upper bound can be imposed since values WH (i, j) = n do not yield
any new information on the layering. Hence, the overall potential \(u) is between 0 and O(n? log n).
The overall analysis in the proof of Theorem 4.3.16 divides the iterations into phases. In each phase,
we can identify a set ] C [n], |J| > 1 arising as a layer or as the union of two layers in the LLS step
at the beginning of the phase. We show that W#(i, j) doubles for at least |[J| — 1 pairs (i,j) € [ X |
during the subsequent O(v/n|J|log(1* + n)) iterations; consequently, \V(u) increases by at least
]| — 1 during these iterations. This leads to the overall iteration bound O(n?° log(n)log(i* + n)).
In comparison, the crossover analysis would correspond to showing that within O(n!> log(* + 1))
iterations, one of the W#(i, j) values previously < n becomes larger than n. The following statement
formalizes the above mentioned properties of ‘V¥(i, j).

Lemma 4.4.1. Let w = (x,y,s) € N(B) for B € (0,1/4]. Leti,j € [n], i # j, and let u = p(w).
1. Iféw/n contains a path from j to i of at most t — 1 edges, then ot(i, j) < t.
2. Iféhly/n contains a path from i to j of at most t — 1 edges, then o#(i, j) > —t.

3. IfWH(i, j) = t, then in any 6(w’)-balanced layering, where w’ = (x’,y’,s") € N(B) with u(w’) < u,
* iand j cannot be together on a layer of size at most t, and
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e j cannot be on a layer preceding the layer containing i.

Proof. From (4.9), we see that for any i, j,

ad 6 -1,_0(u) o(p)
Ry Sug < (1-2p) g < 47\1.]. .

Consequently, (A}o,y /n 18 a subgraph of Gy, /(n)- The statement now follows from Lemma 4.3.14

with o = y/(4n). O

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(B), Aw" refers to the LLS direction found in the algorithm, and Rx!" and Rs!!
denote the residuals as in (4.11). For a subset I C [n] recall the definition

e?(w) = max min{|Rx1-1|, |Rs?|} .
We introduce another important quantity £ for the analysis:
& (w) = min{|[Rx}||, [IRsTII} (4.24)
for a subset I C [n]. For a layering J = (J1, ]2, ..., Jp), we let
() = i & (w).

The key idea of the analysis is to extract information about the optimal solution w* = (x*, y*, s*)
from the LIS direction. The first main lemma shows that if || R,\‘g || is large on some layer ], then for
at least one index i € J, x} /xi > 1/poly(n), i.e., the variable x; has “converged”. The analogous
statement holds on the dual side for ||Rs%7 || and an index j € ],1_.

Lemma 4.4.2 (Proof on p. 89). 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 = (J1,. .., ],) bea 6(w)-balanced
layering (Definition 4.3.13), and let Aw" = (Ax", Ay", As") be the corresponding [.1.S direction. Then the
following statement holds for every q € [p]:

(i) There exists i € J; such that

% in ,,H

2 o (Rl -2, (425)
(i1) There exists j € |; such that

s> 2 (Ra | - 29m) (4.26)

iZ 3n %), yn). .

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 g, the LLS step minimizes ||, (xj, + Axj, )|, subject to
Axy,, = Ax}iq and subject to existence of Ax;_, such that Ax € W. By making use of £/)(].,) <y
due to 0(w)-balancedness, we can show the existence of a point z € W+ x* such that || 0] . (z i~ x}q )|l is
small,and zj_, = xJ_, +Ax}1>q. By the choice of Ax}lq, wehave [|07, zj, || = [0y, (x), +Axﬂ)|l = Vﬁ”in B
Therefore, ||0), x;q /+/El| cannot be much smaller than ||R,\'E ||. Noting that o, x}‘q /B = x;q /xj,, we
obtain a lower bound on x7/x; for some i € J;.
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We emphasize that the lemma only shows the existence of such indices i and j, but does not
provide an efficient algorithm to identify them. It is also useful to note that for any i € [#n],
max{|Rx?|, |Rs?|} > % - %ﬁ according to Lemma 4.3.10(iii). Thus, for each g € [p], we obtain a
strong and positive lower bound in either case (i) on x;/x; or case (ii) on s;/s’ for some i € J;.

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 s]*. for some i, j € [n], along with a
lower and upper bound on ¢#(i, j).

Lemma 4.4.3 (Proof on p. 90). Let w = (x,y,s) € N(2p) for € (0,1/8], let u = u(w) and 6 = o6(w).
Leti,j € [n]and 2 < T < n such that for the optimal solution w* = (x*, y*, s*), we have x > Bxi/(21%15)
and s; > Bs;/(219n°°), and assume oF(i, j) > —t. After O(B~'Vntlog(1" + n)) further iterations the
duality gap ' fulfills \V¥' (i, j) > 27, and for every € € [n]\ {i, j}, either V¥ (i, €) > 27, or WF' (¢, j) > 27.

We note that i and j as in the lemma are necessarily different, since i = j would imply
0=xis; > p2u/(2®n') > 0.

Let us illustrate the idea of the proof of ¥ (i, j) > 2. For i and j as in the lemma, and for a central
path element w’ = w(y’) for y’ < y, we have x > x7/n > Bx;/(2"°1°) and stz si/n 2 Bs;/(219n62)
by the near-monotonicity of the central path (Lemma 4.3.3). Note that

S DR Prisj _ PA-p? , u
Kij = Kij - 57 S Kij o 2K s 2 T Kyt
0; U 299nu 29n U

where the last inequality uses Proposition 4.3.2. Consequently, as 1" sufficiently decreases, K(;j,
will become much larger than K?j. The claim on ¢ € [n] \ {i, j} can be shown by using the triangle
inequality <k - kj > 1jj shown in Theorem 3.2.22.

Assume now é}lq (w) > 4yn for some q € [p] in the LLS step. Then, Lemma 4.4.2 guarantees
the existence of 7, j € J; such that x;/xi,s]*./s]- > ﬁﬁyn > B/(21%153). Further, Lemma 4.4.1 gives
o¥(i,j) = —|]J4|. Hence, Lemma 4.4.3 is applicable for i and j with 7 = [],].

The overall potential argument in the proof of Theorem 4.3.16 uses Lemma 4.4.3 in three cases:
Eg.(w) > 4yn (Lemma 4.4.2 is applicable as above); Ei}](w) < 4yn and (9g) < 4yn (Lemma 4.4.4);
and é}ly(w) <4ynand (7" () > 4yn (Lemma 4.4.5). Here, 6™ refers to the value of ¢ after the [.1.S
step. Note that 0* > 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={te[n]: |R9P| <4yn}and N = {t € [n]: |Rx?| < 4yn}. The assumption Eg,(w) < 4yn means
that for each layer [, either Jy € B or Jx C N; we accordingly refer to B-layers and Jt-layers.

Lemma 4.4.4 (Proof on p. 92). Let w = (x,y,s) € N(B) for p € (0,1/8], and let = (J1,...,],) bea
O(w)-balanced partition. Assume that éi,l](w) < 4yn,and let w* = (x*,y*,s™) € N(2p) be the next iterate
obtained by the LLS step with u* = u(w™) and assume u* > 0. Let q € [p] such that Eg(w) = é}}l (w). If
0" (J) < 4yn, then there exist i, j € J such that x; > px;/(16n%/2) and 572 ﬁs]fr/(16n3/2), Further, for
any " € J;, we have ot (0, 0) > =|Jql.

For the proof sketch, without loss of generality, let 5{}] = EE = ||Rx}1] [|, that is, J; is an N-layer.
The case ég = ||RS%] || can be treated analogously. Since the residuals ”in || and ||Rs}1q || cannot be
both small, Lemma 4.4.2 readily provides a j € ], such that s; [sj =1/ (6y/n). Using Lemma 5.2.3
and Proposition 4.3.1, 5;/5; =si/s;- s]'/s;r > (1-B)/(6(1 +48)n%?) > p/(16n°/2).
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The key ideas of showing the existence of an i € J; such that x7 > x;"/ (161°/2) are the following.
With =, § and %z, we write equalities and inequalities that hold up to small polynomial factors.
First, we show that (i) ||b]qx]+q|| < u*/+/t, and then, that (ii) ||(5]qx;‘7 Iz ut/vE.

If we can show (i) and (ii) as above, we obtain that ||0), x; I 2 1oy, x;r |, and thus, x; 3 x; for
q

|

q
some i € J;.

Let us now sketch the first step. By the assumption J; C 9, one can show x;’q /x T~ u*/u, and

therefore . . .
o157 1~ £ on = £ Vi = 4

The second part of the proof, namely, lower bounding |0}, x’]‘q ||, is more difficult. Here, we only
sketch it for the special case when ], = [1]. 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. exploting that for a sufficiently small £°(7), the LLS
step is close to the affine scaling step.

I _

Hence, assume that Ax" = Ax®. Using the equivalent definition of the affine scaling step (4.10) as

a minimum-norm point, we have [|0x*|| > ||0(x + Ax)|| = \/;7||R,\'H|| = \/ﬁég From Lemma 4.3.6,
pt/u < 24ned(w)/p < 2\/55}17/5. Thus, we see that [|[ox*|| > Bu*/(2y/7TH).

The final statement on lower bounding %" (¢, ') > —|J. g for any ¢, ¢ € J; follows by showing
that 0/ /0, remains close to 0¢/0, and hence the values of Kt (€, ) and KH(¢, ') are sufficiently
close for indices on the same layer (Lemma 4.6.1).

Lemma 4.4.5 (Proof on p. 95). Let w = (x,y,s) € N(B) for p € (0,1/8], and let J = (J1,...,]p) be
a O(w)-balanced partition. Assume that é}lf(w) < 4yn, and let w* = (x*,y*,s*) € N(2B) be the next
iterate obtained by the [.L.S step with u* = u(w™*) and assume u* > 0. If £°°(J) > 4yn, then there exist
two layers ], and J, and i € ], and j € ], such that x; > x}/(8n%/?), and s7 2 s;/(8n3/2). Further,
o (i, f) = =] YU |, and forall £, € J; U J,, £ # £’ we have VE({, ') < |J; U ]|

Consider now any ¢ € Jx € B. Then, since Rxlel is multiplicatively close to 1, x;r ~ x¢; on the other
hand s; will “shoot down” close to the small value Rsi} - 59. Conversely, for £ € [y €N, s; ~ sy, and
x; will “shoot down” to a small value.

The key step of the analysis is showing that the increase in ¢ () can be attributed to an Jt-layer
Jr “crashing into” a B-layer J;. That is, we show the existence of an edge (i’, ') € Es+ ) un) for
i’ € J;and " € |, where r < g and J; € B, ], € N. This can be achieved by analyzing the matrix B
used in the subroutine Veriry-LiFT.

For the layers J; and J,, we can use Lemma 4.4.2 to show that there exists an i € J; where x7/x; is
lower bounded, and there exists a j € J, where s]*. /sj is lower bounded. The lower bound on ()Fﬁ @)
and the upper bounds on the W#(¢, ) values can be shown by tracking the changes between the
(¢, ¢’y and 1" (¢, £') 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 V(u). By the iteration at y we
mean the iteration where the normalized duality gap of the current iterate is .

By Proposition 4.3.4(ii) and Lemma 4.3.10(ii), the predictor step gives w’ € N(1/4) in every
iteration, and thus by Proposition 4.3.4(iii), all iterates w*® after corrector step fulfill w® € N(1/8). If
p* = 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, é}lj(w)
still refers to the LLS residuals, even if these have not been computed by the algorithm. (Case
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I) Eg(w) > 4yn; (Case II) éfly(w) < 4yn and 0(g) < 4yn; and (Case I1I) éi}f(w) < 4yn and
0(F) > dyn.

Recall that the algorithm uses an LLS direction instead of the affine scaling direction whenever
e(w) < 1013/ 27/. Consider now the case when an affine scaling direction is used, that is,
€*(w) > 10n%/2y. According to Lemma 4.3.10(ii), [|Rx — Rx@||, ||Rs"! — Rs?|| < 613/%y. This implies
that é{,lf(w) > 4n®/?y > 4ny. Therefore, in cases IT and III, an LLS step will be performed.

Starting with any given iteration, in each case we will identify a set ] C [n] of indices with
[J| > 1, and start a phase of O(\/n|J|1log(i* + n)) iterations (that can be either affine scaling or
LLS steps). In each phase, we will guarantee that \V increases by at least |J| — 1. By definition,
0 <W(u) < n(n-1)(log,n +1),and if yu’ < p then W(u') > W(u). As we can partition the union of
all iterations into disjoint phases, this yields the bound O(1%° log nlog(* + 1)) 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 g € [p] be the layer such that Eg(w) = é}}i (w).

Case I: Ef}](w) > 4yn. Lemma 4.4.2 guarantees the existence of x;, s; € J; such that x}/x;, s;/sj >
4yn/(3yn) > 1/(2'%%°%). Further, according to Lemma 4.4.1, 0#(i, j) > —|J,|. Thus, Lemma 4.4.3
is applicable for | = J,. The phase starting at u comprises O(v/n|J;|log(i" + n)) iterations, after
which we get a normalized duality gap p’ such that W (i, j) = 2|J4|, and for each ¢ € [n]\ {i, j},
either WK (i, £) > 2|],], or W' (¢, ) > 2|]].

We can take advantage of these bounds for indices ¢ € J;. Again by Lemma 4.4.1, for any
£, U €], wehave WE(L, ) < pt(L,€') < |]4]. Thus, there are at least |];| — 1 pairs of indices (¢, ')
for which W#(¢, {’) increases by at least a factor 2 between iterations at y and u’. The increase in the
contribution of these terms to 'V (u) is at least |J;| — 1 during these iterations.

We note that this analysis works regardless whether an LLS step or an affine scaling step was
performed in the iteration at y.

Case II: é}ly(w) <4ynand £°°(J) < 4yn. As explained above, in this case we perform an LIS
step in the iteration at 1, and we let w* denote the iterate obtained by the LLS step. For | = J,,
Lemma 4.4.4 guarantees the existence of i, j € J; such that x/x/, s]*. / s]fr > B/(16n%/2), and further,
(ﬂ”(i, j) > —|J4|. We can therefore apply Lemma 4.4.3. The phase starting at y includes the [.L.S
step leading to u* (and the subsequent centering step), and the additional O (vn|],|log(t" + 1))
iterations (B is a fixed constant in Algorithm 4.2) 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: E{}I(w) < 4yn and £°°(J) > 4yn. Again, the iteration at u will use an 1.1.S step. We
apply Lemma 4.4.5, and set | = J; U J; as in the lemma. The argument is the same as in Case II,
using that Lemma 4.4.5 explicitly states that WH(¢, ') < || forany ¢, ¢ € ], L # {'. 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 (12 log
log(va + 1)) for the original VY algorithm [VY96].

We recall the VY layering step. Order the variables via 7t such that 6;1) < 0z) < ... < On(n)-
The layers will be consecutive sets in the ordering; a new layer starts with (i + 1) each time
On(i+1) > §0n(i), for a parameter g = poly(n)ia.
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As outlined in the Introduction, the VY algorithm can be seen as a special implementation of
our algorithm by setting ;; = ¢y /n. With these edge weights, we have that ﬁ‘;] > y/n precisely if
goj = 0.2

With these edge weights, it is easy to see that our LAYERING(0, ©) subroutine finds the exact same
components as VY. Moreover, the layers will be the initial strongly connected components C; of
G,y /nt due to the choice of g, this partition is automatically 6-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
éb,y /n May not anymore be strongly connected in G ,/,. 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) 1 5. Therefore, the strongly
connected components of (AEM /y are strongly connected in G; ; for some o = 1/(poly(n) i ).

Hence, the entire argument described in this section is applicable to the VY algorithm, with a
different potential function defined with j 4 instead of ;. This is the reason why the iteration
bound in Lemma 4.4.3, and therefore in Theorem 4.3.16, also changes to ', dependency.

It is worth noting that due to the overestimation of the 1 ;; 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
X a instead of 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 (Restatement). For a linear subspace W C R" and index set I C [n] with | = [n]\ [,
LY < max{, L1}

In particular, €V (I) = £V ()).

Proof. We first treat the case where 7t;(W) = {0} or n;(W*) = {0}. If ;(W) = {0} then ||L¥V|| =
¢W(I) = 0. Furthermore, in this case R! = m(W)* = m(W* n RY), and thus {(0,w)) : w €
Wt} € Wt. In particular, ||L}N|| < 1and £"'(J) = 0. Symmetrically, if iy (W+) = {0} then
L1 =€) = 0, [IL}]l < Land £¥(1) = 0.

We now restrict our attention to the case where both 7i;(W), i;(W+) # {0}. Under this assumption,
we show that ||L}’V || = ||L}’Vl || and thus that £V (I) = £V (J). Note that by non-emptiness, we have
that |||l 1L} || = 1.

We formulate a more general claim. Let {0} # U,V c R" be linear subspaces such that
U+V =R"and UNV = {0}. Note that for the orthogonal complements in X", we also have
{0}y 2 U, VL, UL+ VE = R and U+ N VE = {0},

Claim 4.5.0.1. Let {0} # U,V C R" be linear subspaces such that U +V = R" and U NV = {0}. Thus,
for z € R™, there are unique decompositions z = u + v withu e U,v € Vand z = u’ + v’ with u’ € U+
and v’ € V4. Let T : R" — V be the map sending Tz = v. Let T’ : R" — V= be the map sending
T’z =v'. Then, ||T|| = ||T’||.

2For simplicity, in the Introduction we used gx; > x j instead, which is almost the same in the proximity in the central path.
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Proof. To prove the statement, we claim that it suffices to show that if ||T|| > 1 then ||T’|| > ||T||.
To prove sufficiency, note that by symmetry, we also get that if || T’|| > 1 then ||T|| > ||T’||. Note
that V,V+ # {0} by assumption, and Tz = z for z € V, T’z = z for z € V*. Thus, we always
have ||T||, [|IT’|| = 1, and therefore the equality ||T|| = ||T’|| must hold in all cases. We now assume
[IT|| > 1 and show ||T’|| = ||T]|-

Representing T as an 1 X7 matrix, we write T’ = Z;‘:l aiviuiT using a singular value decomposition
with g1 > --- = 0 > 0. As such, vy, ..., vk is an orthonormal basis of V, since the range(T) =V,
and uy, ..., uy 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
ITI = ITurl| = 01 > 1.

The proof is complete by showing that

IT"(v1 = u1/01)ll = o1llvr —u1/o1ll, (4.27)

and that ||v1 — uy /01| > 0, since then the vector v1 — u1/01 will certify that ||T’|| > o3.
The map T is a linear projection with T? = T. Hence {(u;,v;) = al._l and <u,-,vj> =0foralli #j.
We show that v1 — 01‘11/11 can be decomposed as v — o111 + (01 — a;l)ul such that v; —oju; € V+
and (o7 — a{l)ul € U*. Therefore, T’ (v — al_1u1) =0v1 — o1U].

The containment (o1 — o Du, e ut is immediate. To show v1 — o141 € V*, we need that

(v1 — o111, v;) = Oforalli € [k]. Fori > 2, thisis true since <u,-,v]-> =0and (vi,vj> =0. Fori =1,we

1

have (v1 — o1u1,v1) = 0since [[v1|| = 1and (u1,v1) = 07". Consequently, T'(v; —al_1u1) =U1—01U1.

We compute ([ — 01‘1141” =./1- 01‘2 > 0, since 01 > 1, and ||v1 — oqu1|| = 1/0% — 1. This verifies

(4.27), and thus ||T’|| > o7 = ||T]I. O

To prove the lemma, we define J = (J,I), U = W;/l X W§,2 andV=WandletT: R" -V
and " : R" — V* be as in Claim 4.5.0.1. By assumption, {0} # n;(W) = {0} # V and
{0} # m(Wt) = Wil = {0} # U. Applying Lemma 4.3.7, U,V satisfy the conditions of
Claim 4.5.0.1and T = LLSVJV’l. In particular, |T’|| = ||T||. Using the fact that U+ = Wq 1 X Wq
and V+ = W+, we similarly get that T’ = LLSI/(]YL’l, where J = (I,]). By (4.14) we have, for any
t € mpo (W), that Tt = LLsf,,Vfl(t) = LY (t;). Thus, ||T|| > |IL}Y]| > 1.

To finish the proof of the lemma from the claim, we show that ||T]| < ||L}/v |l. By a symmetric
argument we get ||T’|| = ||L}Nl||.

Ifx e ]R?, thenTx € WN ]R;l because any s € W\#,Z,t e (W) withs +t =0musthaves =t =0
since W;,z is orthogonal to 7t;(W). But W N H;’ and Wil are orthogonal, so ||Tx|| < ||x|| because
x = Tx + (x — Tx) is an orthogonal decomposition.

If y € R}, then y; = 0 and hence (Ty); = (Ty — y);. Since (Ty - y); € Wj%,l =m(WnN R;’)L, we
see that Ty € (W N IR?)L. As such, for any x € R}, y € R}, we see that x L y and Tx L Ty. For
x,y # 0, we thus have that

ITG+ )P _ IT@IP+ ITW)I <max{”T(x)“2 ||T<y)||2} <max{1 ||T<y>||2}
(R T 7 TR W P T A R T &

Since IIL}’VII > 1, we must have that ||T¢||/||t|| is maximized by some t € R}. From ker(T) = U it is
clear that [|Tt||/||t|| is maximized by some t € U*. Now, U+ N R} = 7t (W), so any ¢ maximizing
[|Tt)I/ ]| satisfies Tt = Lyv(tl). Therefore, ||L}N|| > |IT||. O

Our next goal is to show Lemma 4.3.10: for a layering with small enough ¢°(7), the LLS step
approximately satisfies (4.6), that is, 0Ax"" + 67'As!! ~ —x1/251/2, This also enables us to derive
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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 4.5.1. Let u,v € R" be two vectors such that u —v € W. Let I C [n], and 6 € RY,. Then there

exists a vector u’ € W + u satisfying u; = vy and

ot gy = )l < € DI01(ur = o1l -
Proof. We let
u =u+ O_lL‘;(OI(UI —uy)).
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 characteri-
zation of the LLS step in Section 4.3 .4.

Lemma4.5.2. Letw = (x,y,s) € N(B) for p € (0,1/4], let u = u(w) and 6 = 6(w). Let I = (J1,...,]p)
be a o(w)-balanced layering, and let Aw' = (Ax", Ay", As") denote the corresponding LS direction. Let
Ax € XZ:l Wy and As € Xizl W; , as in (4.18) and (4.19), that is

OAxM + 67 As + x1/2s12 = 0, (4.28)
6Ax + 0 TAs! + x1/251/2 = 0. (4.29)

Then, there exist vectors AX € XZ:l Wq i and As € Xizl W:l] i Such that

107, (A%y, = Ax])I| < 208" (T)VE Yk e[p] and (4.30)
||o]—k1(As,k Asﬂ)||<2ne°(j)\/— Vk € [p]. (4.31)

Proof. Throughout, we use the shorthand notation A = ¢ (). We construct A¥; one can obtain A§,
using that the reverse layering has lifting score A in Wt diag(6™") according to Lemma 4.3.9.

We proceed by induction, constructing Axj, € Wg x for k =p,p —1,...,1. This will be given as
Axj, = Ax;]]:) for a vector Ax) € W such that Axy:i = 0. We prove the inductive hypothesis

14
<2UVE Y \/ﬁ . (4.32)

q=k+1

(k) 1l
OJk (Axlgk - Axkk)

Note that (4.30) 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, Axj, = Axi, trivially satisfying the
hypothesis. Consider now k < p, and assume that we have a Ax,,, = Ax}}l:rll) satisfying (4.32) for
k +1. From (4.28) and the induction hypothesis, we get that

1/2 1/2 1
160 A%y + 070 Asp Il < N1y 2 512 [+ 110, (A%, — Ax]L I
1/2 1/2
<[22 21+ 2AE Z Vgl < VT ByJulli] + 200N < 2\Julficnl,
q=k+2
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using also that w € N(B), Proposition 4.3.2, and the assumptions < 1/4, A < /(32n?). Note
that Axj,,, € Wy rand Asj,, € Wﬁ ; are orthogonal vectors. The above inequality therefore implies

||O]k+1Af]k+1” < 2\[H|]k+1| .

k+1

Let us now use Lemma 4.5.1 to obtain Ax® for u = Ax**) v =0, and I = J>k. That is, we get

Ax}’i =0, Ax® € W, and

k k+1 k+1
197 (Ax = AxfED| < Aoy, AxE)

= A”O]kJrlAf]kJrl” S ZA V‘u|]k+1| .

By the triangle inequality and the induction hypothesis (4.32) for k + 1,

k k k+1 k+1
197 (Ax} = Al )| < 116 (A = Ax D)+ 1o, (Ax]Y = AL )|
p

< 244 ulJkel + 24 Z gl

q=k+2
yielding the induction hypothesis for k. O

Lemma 4.3.10 (Restatement). Let w = (x,y,s) € N(B) for B € (0,1/4], let u = u(w) and 6 = 6(w). Let
J = (i,...,]p) be a layering with £°(F) < B/(32n?), and let Aw' = (Ax", Ay", As") denote the LLS
direction for the layering . Let furthermore €' (w) = maXie[n] min{|Rx?|, |Rs?|}, and define the maximal
step length as

at = sup{a’ €[0,1]:Va e [0,a']: w + aAw' € N(2B) }

Then the following properties hold.

(i) We have
log,Ax] + 071 As] + x}k/zs}fu <6nl ()i, Vkelpl, and (4.20)
loAx™ + o7 As™ + x1/2s12|| < 6n320°( )i - (4.21)

(ii) For the affine scaling direction Aw® = (Ax?, Ay?, As?),

IR = Ra?l, IRs" ~ Rs?|| < 6n¥2¢°(7).

(iii) For the residuals of the LLS steps we have || RxM|, || Rs"|| < V2n. Foreachi € [n], max{|Rxl|, |Rs!|} >
1_3

2 45

(iv) We have .
v s Ve @ (4.22)
p
and for any o € [0, 1]

p(w + aAw') = (1 - a)yu,

(v) We have €'(w) = 0 if and only if a* = 1. These are further equivalent to w + Aw' = (x + Ax", y +
Ay", s + As") being an optimal solution to (LP).
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Proof. Again, we use A = £°(7).
Part (i). It is easy to see that (4.20) implies (4.21). To show (4.20), we use Lemma 4.5.2 to obtain AX
and A5 as in (4.30) and (4.31). We will also use Ax € XZ:1 Wq rand As € Xzzl W}/k asin (4.28)
and (4.29).

Select any layer k € [p]. From (4.28), we get that

) _ o 1/2 1/2 i =
105 A%y, + 071 Asy, +x, %5 21| = 1105, (A%, = Ax])I| < 2nAVE (4.33)

k

Similarly, from (4.29), we see that

1A= 1/2 1/2 — -
16, A5, + o, Axy, +x, %512 = (10,145, - AshI < 2nAvE.

From the above inequalities, we see that

”(')]k(Af]k - Aka) + (3]_1(1(AS],{ - A§]k)|| < 41’1A\/ﬁ.

Since 0y, (AXj, — Axj,) and (S]_kl(As J. — A),) are orthogonal vectors, we have

107, (AZg, = Axp )L, 11071 (Asy, = Asp)|| < 4nAy.

Together with (4.30), this yields ||0;, (Ax}i — Axj, )|l < 6nA4/u. Combined with (4.19), we get

— o, s—1al , 1/2.1/2) _ s 1l
||O]kAx]k +0p As]k +x,7s) || = ||O]k(Ax]k — Axp )|l < 6nAu,

thus, (4.20) follows.

Part (ii). Recall from Lemma 4.3.5(i) that {/uRx? +/uRs® = x1/251/2 From part (i), we can similarly
see that

| VERAM + ERsY — x12s1/2|| < 6n3/2 A1 .

From these, we get
(R = Rx®) + (Rs! = Rs?)|| < 6n%/%A .

The claim follows since R!l — Rx? € diag(6)W and Rs!' - Rs? € diag(o~")W+ are orthogonal vectors.

Part (iii). Both bounds follow from the previous part and Lemma 4.3.5(iii), using the assumption

() < p/(32n%).

Part (iv). Letw™ = w + aAw". We need to find the largest value @ > 0 such that w*™ € N(28). To
begin, we first show that the normalized duality gap u(w™) fulfills u(w*) = (1 — @)y for any a € R.
For this purpose, we use the decomposition:

(x + aAxM)(s + aAs™) = (1 — a)xs + a(x + AxD(s + As™) — a(1 — a)Ax"As". (4.34)

Recall from Part (i) that there exists Ax € Xzzl Wq and As € Xzzl W; , asin (4.28) and (4.29)
such that 0Ax" + 671 As = —ox and 0Ax + 61 As!" = —671s. In particular, x + Ax!! = —572As and
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s + As!' = —~0%Ax. Noting that Ax"" 1 As" and Ax L As, taking the average of the coordinates on
both sides of (4.34), we get that

w(w + aAw') = (1 - a)u(w) + alx + AxY, s + AsMy /n — a(1 — a)(Ax", Asy /n
=(1-a)u(w)+ a(072As, 5*Ax)/n
= (1 - )u(w), (4.35)

as needed.
Let € == ¢!/(w). To obtain the desired lower bound on the step-length, given (4.35) it suffices to

show thatforall0 <a <1- 3‘?6 that

(x + aAx")(s + aAs™) e
(1-a)u

<28. (4.36)

We will need a bound on the product of the LLS residuals:

x172g1/2 sAxN 4+ 57TASH + x1/261/2
Vi Vi
< 6(1+28)n%2A < g,

RllRsll — leHAsH
u

(4.37)

using Proposition 4.3.1, part (i), and the assumptions A < 8/(32n%), B < 1/4. Another useful bound

will be
2

|RRsM)12 = Z |Rx?|2|Rs?|2 <é? Z max “Rx? , Rs?’z}
i[n] ie[n] (4.38)

< (IR + ||Rs"|?) < 2n€?.

The last inequality uses part (iii). With (4.34) we are ready to get the bound in (4.36), as

[04

(1-a)u
1

=B+ ||(_a - a)RxHRs“ + a(RxHRs“ - —AxHAsH)”
l1-a u

|| (x + aAx")(s + aAs™)

1-ap _1||Sﬁ+H

(x + Ax)(s + As") - %AxHAsH“

a? Uyl
< B+ ——||Rx"Rs +a|
B+ g IRARS"|

RxlIRsM — leHAsH”
U

V2ne B 5 2ne
< Tz )
e T A

This value is < 28 whenever 2yne/(1-a) < 3/4)p=a <1 - 3\2%, as needed.

Part (v). From part (iv), it is immediate that €!/(w) = 0 implies a = 1. If & = 1, we have that w + Aw"!
is the limit of (strictly) feasible solutions to (LI’) and thus is also a feasible solution. Optimality
of w + Aw" now follows from Part (iv), since @ = 1 implies y(w + Aw") = 0. The remaining
implication is that if w + Aw! is optimal, then €''(w) = 0. Recall that R.‘ci.l = 0i(x; + Ax}l) /A/p and
Rsi.l = (31._1(si + ASP) /+/i- The optimality of w + Aw' means that for each i € [n], either x; + Ax%l =0
ors; + As}l = 0. Therefore, €'(w) = 0. O
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4.6 Proofs of the main lemmas for the potential analysis

Lemma 4.4.2 (Restatement). 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, ..., ],) bea 6(w)-balanced
layering (Definition 4.3.13), and let Aw" = (Ax", Ay", As") be the corresponding 1.L.S direction. Then the
following statement holds for every q € [p]:

(i) There exists i € J; such that

2x;

. 1
Xj > W (||R || —2yn). (4.25)
(ii) There exists j € ], such that
s> 2 (Ra | - 29m) (4.26)
- %), yn). .

Proof of Lemma 4.4.2. We prove part (i); part (ii) follows analogously using Lemma 4.3.9. Let z be a
vector fulfilling the statement of Lemma 4.5.1 for u = x*, v = x + Ax!and I = J>4- Thenz € W + x,
2, = X, + Ax}iq and by (°(J) <y

4

||<3]<q(x]< -z5,) 01, (x), = (21, +Ax ))H
Restricting to the components in J;, and dividing by /i, we get

(]qx

St 1l
—O]"(xf'/ﬁ ) Ral? (\J/C_:q M H < Rl ). (4.39)
Since w € N(B), from Proposition 4.3.1 and (4.9) we see that for i € [n]
o 1 oilw@) 11
\/ﬁ VE T2 xw)’
and therefore
O] I>q n

\/1_—H (‘u)fw = \/1;_—% H (:u)]>q Toally \/T—Zﬁ’

where the last inequality follows by Lemma 4.3.3.
Using the above bounds with (4.39), along with ||Rx}1>’7 Il < [[R¥Y| < V27 from Lemma 4.3.10(iii),
we get
51z 07, X7 05, X7
Ja=]q 7]y rn n < 1

Vi ‘/ﬁ+m+y2_

using that § < 1/8 and n > 3. Note that z is a feasible solution to the least-squares problem which

+2yn,

is optimally solved by x}lq for layer J; and so

Jo%lq

IR} _' T
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It follows that o
o Iq X Ia

\/‘I._l

Let us pick i = argmax, o, |0¢x7|. Using Proposition 4.3.2,

> IIRx}lq | —2yn.

¥ 1 o RxII=2yn
>

xi‘ “Tvp VE © (1+p)Vn stﬁ

completing the proof. m]

(IR | = 2ym),

Lemma 4.4.3 (Restatement). Let w = (x,y,s) € N(2B) for p € (0,1/8], let u = u(w) and 6 = 6(w). Let
i,j € [n]and 2 < v < n such that for the optimal solution w* = (x*,y*,s*), we have x; > Bx;/(2'%n°")
and s; > Bsi/(21%%55), and assume ot(i, j) > —t. After O(B~'\ntlog(i" + n)) further iterations the
duality gap W' fulfills V¥ (i, j) > 27, and for every £ € [n] \ {i, j}, either V¥ (i, €) > 27, or V¥ (¢, j) > 21.

Proof of Lemma 4.4.3. Let us select a value y’ such that
, 4ni”
logu —logu’ > STlog(T) +31logn +44 —4logf.

The normalized duality gap decreases to such value within O(8~!y/nt - log(%* + 1)) 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,
e(w) < 1013/ 2y. Thus, the progress in u will be at least as much (in fact, much better) than the
1 — B/+/n guarantee for the affine scaling step in Proposition 4.3.4.

Letw’ = (x,y’,s”) be the central path element corresponding to 1/, and let 0" = 6(w’). From now

dni*
T':=1lo .
5]

To!(i,j) > 4T7 + 181logn + 221log2 — 2log B (4.40)

on we use the shorthand notation

We first show that

for p’, and therefore, TWH (i, j) > min(2I'n, 4Tt + 18logn + 22log2 — 2logp) > 2IT as T < n.
Recalling the definition 1\“17], = K4j0j/0i, we see that according to Proposition 4.3.2,

’s
1

1Cos XiSi X
o ] 2] &
_ . n KY. = K-
\1] = (1_5)2 M , and \1] Cij tu,

U~

K

Thus,

To* (i, ]) = To(i, j) + log u — log i’ +21og(1 — B) + log x/ — log x; + log s; —logs;
> To#(i, j) + 5I't + 31log n + 44 — 4log p + 2log(1 — p) + log x; — log x; + log 57 — logs;.

Using the near-monotonicity of the central path (Lemma 5.2.3), we have x} > x7/n and s ; > s;/ n.
Together with our assumptions x7 > Bx;/(2'%%°7) and s} > Bs;/(2'7°), we see that

log x; —log x; +logs; —logs; > —13logn —20log2 + 2log B .
Using the assumption o#(i, j) > —7 of the lemma, we can establish (4.40) as g < 1/8.
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Next, consider any ¢ € [n] \ {i, j}. From the triangle inequality Theorem 3.2.22(ii) it follows that

K ?] <wl /\?} , which gives ot (i, £) + 0¥ (£, j) > 0¥ (i, j). We therefore get

, , , (4.40)
max{T'o" (i,€),To" (¢,))} = %FQ“ (i,j) = 2I't+9logn +11log2 —logp.

We next show that if To (i, ) > 2I't + 9logn + 11log?2 — log B, then W¥ (i, ) > 27. The case
Tot (¢, ) = 2I't + 9logn + 11log 2 — log B follows analogously.

Consider any 0 < fi < p/ with the corresponding central path point @ = (%, 7/, 5). The proof is
complete by showing Tof(i, £) > To# (i, £) — 9logn — 111og 2 + log f. Recall that for central path
elements, we have K?j, = K,']'X;/x;, and K?]. = 14jX;/X;. Therefore

Tof(i, j) = To (i, j) + log %; — log x; — log %; + log x; .

Using Proposition 4.3.1, Lemma 4.3.3 and the assumption x} > Bx;/(2!°1°), we have %; < nx; and

%
1

. Bxi >5(1—5)xf> ﬁx§

X > — > > > .
n = 210,65 = 10,75 = pll,75

Using these bounds, we get
To"(i,j) = To" (i, j) = 9logn — 11log 2 + log §,

completing the proof. |

It remains to prove Lemma 4.4.4 and Lemma 4.4.5, addressing the more difficult case 5}17 <4yn.
It is useful to decompose the variables into two sets. We let

B = {t €[n]: |Rs1t1| <4yn }, and N := {t € [n]: |R,\'?| <4yn } (4.41)

The assumption E% < 4yn implies that for every layer [, either J; € B or Jy € %. The next two
lemmas describe the relations between 6 and 0*.

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(2B), we have

(i) Fori e B,

3 3ut
ey “— — and o7's} < 2
2 u 0Oj L
(ii)) Fori e N,
1 [u u 3u”
5 s Tl <2 = and  ox} < Vi

(iii) Ifi,j € Bori,j €N, then

(iv) Ifi € Nand j € B, then
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Proof. Part (i). By Lemma 4.3.10(i), we see that

1/2 1/2”OOJr 165 1(As + 58)|loo

= lopAxl + 05 Ash + x5 1l + VEIIRSH] oo

< VE(6n0°() + 4ny) < 10myE < VEI/64,

||OBAx leo < ||(33Ax + 05 1As}3l +xp

by the assumption on ¢°(J) and the definition of B.
By construction of the LS step, |x;” — x;| = a+|Ax}1| < |Ax§1|, recalling that 0 < a™ < 1. Using
the bound derived above, for i € B we get

1l
sz.

Xi

. 11
_ |0:Ax; | < Vi < 1 ,
0iX; 640;x; ~ 3

Xi

xT ‘
_t

where the last inequality follows from Proposition 4.3.2. As

OF _Jxish w1 2BET  xpsT 1428 it
— = - — an < <
0; X;S; x;’ 1+ \/ﬁ X;S; 1-8 \/ﬁ

by Proposition 4.3.2 the claimed bounds follow with g < 1/8.
To get the upper bound on Oi—ls;’, again with Proposition 4.3.2

1.+ bJr st D+ xtst
O S = TS = \/H<z ~ 1+ 20 <—

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 4/u/u* obtained from
Lemma 4.3.10(iv) as follows

0. 5
]\.?j 50 dut 41 -at) T 12+/nel(w)

Lemma 4.4.4 (Restatement). Let w = (x,y,s) € N(B) for p € (0,1/8], and let J = (J1,...,]p) bea
o(w)-balanced partition. Assume that &'L (w) <4yn,andletw* = (x*,y*,s*) € N(2B) be the next iterate
obtained by the LLS step with u* = ,u(w*) and assume u* > 0. Let q € [p] such that Ei}](w) = E}L (w). If

0 () < 4yn, then there exist i, € Jq such that x} > ﬁx;r/(l6n3/2) and s7 2 ﬁs]fr/(16n3/2). Further, for
any £, " € J;, we have ot (0, 8) > =1Jql.

Proof of Lemma 4.4.4. Without loss of generality, let 5}17 = é}lq = ||Rx1]1l] || for a layer g with J, € 9.
The case EH = ||R‘9H |l and J; € B can be treated analogously.

By Lemma 4.3 ]O(m) ||Rs11 || > 1 - —[3 >z + 2ny, and therefore Lemma 4.4.2 provides a j € J;
such that sj/s] > 1/(6+/n). Usmg Lemma 5.2.3 and Proposition 4.3.1 we find that s;r/sj <2n and
) s]*./s]fr =s:/s;- S]'/S;' > 1/(12n%/2) > 1/(161n°/2).
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4 SCALING-INVARIANT IPM 4.6 Proofs of the main lemmas for the potential analysis

The final statement p*” (¢, /) > —| Jylforany ¢, ¢’ € ], isalso straightforward. From Lemma 4.6.1(iii)
and the strong connectivity of J; in G; ,/,, we obtain that ], is strongly connected in G+ , /(4n)-
Hence, Q“+(€, t') = —|];| follows by Lemma 4.4.1.

The rest of the proof is dedicated to showing the existence of an i € J; such that x} > fx/ (161%/2).
For this purpose, we will prove following claim.

Bu*
> g

In order to prove Claim 1, we define

Claim 1. ||O]qx;q I|

z = (b*)‘lL‘;:q (b;;q(xiq - x};q)) andw =x"-x" -z,

as in Lemma 4.5.1. By construction, w € W and w;,, = 0. Thus, w;, € Wy, as defined in
Section 4.3.4.
Using the triangle inequality, we get
||o]qx;q|| > ||h]q(x;; +wp )l = llog,z, 1l (4.42)

We bound the two terms separately, starting with an upper bound on [|6}, zj, ||. Since £ (T < 4yn,

we have with Lemma 4.5.1 that

<0(9)

-+ ot
oL, <x1>q x1>q)
+ o+
O]>q (x]>q x]>q)

Y]
+ ot >q
V| w7

q

(3;;] Z]q

<dny

=4ny

(4.43)

*

< 4ny(||o+x+||oo .

+ n‘qu)

"
X

< 411)/(%@- gn + ny+)
< 16n%\uty,

where the penultimate inequality follows by Proposition 4.3.2 and Lemma 5.2.3. We can use this
and Lemma 4.6.1(ii) to obtain

32mPyut Bt

S Ty (4.44)

107,25, 11 < 1107,/ 67 lleo - 1107 2, 1| <
using the definition of .
The first RHS term in (4.42) will be bounded as follows.
Claim 2. ||b]q(x;; + Z/U]q)” > %\/ﬁé}ly

Proof of Claim 2. We recall the characterization (4.18) of the LS step Ax"" € W. Namely, there exists
As € W; [ XX W; ] that is the unique solution to 6~'As + 0Ax!l = —ox. From the above, note
that

172 Ay, Il = 1107, (xy, + AxIl = VEIRA || = VEED,
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4 SCALING-INVARIANT IPM 4.6 Proofs of the main lemmas for the potential analysis

From the Cauchy-Schwarz inequality,

||(3]_[71As]q|| . ||<S]q(x;; + w]q)ll > |<(3]_{71AS]q,(3]q(x;; + qu)>|
-1
<O]q As]q,b]qx;;>|.

Here, we used that As I, € W;/:,q and wy, € Wy 4. Note that

(4.45)

xF=x+aAx! = x + Ax = (1 - a)Ax" = —672As — (1 — a)Ax".

Therefore,

-1 + _ -1 -1 1
(o711, 00,37 )| = {07851, =071y, = (1 =)oy A )|
> 167 Asy, 2~ (1 - a)|<(3];1As]q, (SIqAxEH .

By Lemma 4.5.2, there exists Ax € Wg 1 X --- X Wgq , such that [|0], (Ax}z - Axp )|l < 2n€“(j)\/ﬁ.
Therefore, using the orthogonality of Asj, and AX),, we get that

<b]’q1As]q, o,qAx}}]>| - ’<bi}1As]q, op,(Axl - Ax}lq)>| < 2l (VR 157 sy, .
From the above inequalities, we see that

165, (x;; +wy,)|| = ||b[_q1As]q I =2(1 = )t (J)VEE = Vil = 2(1 - a)nt* ()i .
It remains to show (1 — a)nl°(J) < 5{,17/4. From Lemma 4.3.10(iv), we obtain
(1 - a)ne"(J) < 3n200( TNy,

using é% > ¢!l The claim now follows by the assumption ¢ °(J) < y, and the choice of y. [ |

Proof of Claim 1. Using Lemma 4.3.10(iv),

1
. e 3Vnegu

ﬁ 7
implying ||(5]q(x]: +wy, )l = Bu™/(64/npr) by Claim 2. Now the claim follows using (4.42) and (4.44).
[
By Lemma 4.6.1(ii), we see that
3Vnu*
+ +
191,551 < Vi3, oo < =
Thus, the lemma follows immediately from Claim 1: for at least one i € J;, we must have
o I
A L S B o
Xi ||O]qx;r | — 24n — 16n3/2
q

Lemma 4.4.5 (Restatement). Let w = (x,y,s) € N(B) for p € (0,1/8], and let T = (J1,...,]p) bea
O(w)-balanced partition. Assume that Ei}f(w) < 4yn, and let w* = (x*,y*,s*) € N(2B) be the next
iterate obtained by the [.L.S step with u* = u(w™) and assume u* > 0. If €°°(J) > 4yn, then there exist
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two layers J; and J, and i € J; and j € ], such that x; > xF/(8n%?), and s7 2 s]fr/(8n3/2). Further,
ot (i, j) = ~|Jqg U |, and forall £, €' € J, U ],, £ # €’ we have VF(€, ) < |J; U J;|.

Proof of Lemma 4.4.5. Recall the sets B and 9 defined in (4.41). The key is to show the existence of
an edge
(i',j') € Es+ jany suchthat i"€],CB, j €], CN, r<q. (4.46)

Before proving the existence of such i and j’, we show how the rest of the statements follow.
Note that x* < (1 -B) 1 (1 +2-2B)nx < %nx by Lemma 4.3.3 and Proposition 4.3.1. Further, we
have ||Rxﬁ|| -2yn > % - %ﬁ -2yn = % by Lemma 4.3.10 (iii). The existence of i € J; such that

x> x’/ (81%/2) now follows immediately from Lemma 4.4.2, as there is an i € ], 4 such that

4x' 2 x’
>

3yn 7n 5 8ndf2

. 2%
X2 (IRl = 2ym) 2

i
With analogous argumentation it can be shown that there exists j € J, such that s}f > s]f /(813/2). The
other statements are that o' (i, j) > ~|JgUJ;|,and foreach £, ¢ € J, U], £ # £/, WH (L, ') < | U Tl
According to Lemma 4.4.1, the latter is true (even with the stronger bound max{|J,|, |/;|}) whenever
(U ey orl, ' €],orif{ € J; and ¢’ € J,. It is left to show the lower bound on Q”+(i,j) and
W) < |J;U ]| for &’ € J;and £ € J,.

From Lemma 4.6.1(iii), we have thatif ¢, ¢’ € |, C Bor{, ' € ], N, then«,, /4 < i)

e e
the strong connectivity of ], and J; in G; ,, implies the strong connectivity of these sets in G+ ,,/(4n)-

(4.47)

+

Hence,

Together with the edge (i’,]"), we see that every ¢’ € ], can reach every ¢ € |, on a directed
path of length < |J; U J;| = 1 in G+, /4n). Applying Lemma 4.4.1 for this setting, we obtain
WH(E, ) < oH" (£, 0) < [/; U ]| for all such pairs, and also o (i,j) = =1Jg Uil

The rest of the proof is dedicated to showing the existence of i’ and j” as in (4.46). We let k € [p]
such that 7 (Js) = 7" () > 4ny. To simplify the notation, we let I = J>.

When constructing J in LAYERING(0, k), the subroutine Veriry-Lirr(diag(0)W, I, y) was called
for the set I = >k, with the answer ‘pass’. Besides ¢°(I) < y, this guaranteed the stronger property
that max;; |Bj;| < y for the matrix B implementing the lift (see Remark 4.2.3).

Let us recall how this matrix B was obtained. The subroutine starts by finding a minimal
I’ c I such that dim(ry(W)) = dim(r;(W)). Recall that /(W) = R and L} (p) = L},(pr) for every
p € my(diag(0)W).

Consider the optimal lifting L‘; s my(diag(0)W) — diag(0)W. We defined B € RIMNXI" a5 the
matrix sending any g € nip(diag(0)W) to the corresponding vector [L‘;,(q)][,,]\l. The column B; can
be computed as [L),(¢/)],y for e’ € RT.

We consider the transformation

B := diag(o*o h)Bdiag((07) o).
This maps 7ty (diag(6 )W) — mp,p (diag(6F)W).

Let z € miy(diag(6")W) be the singular vector corresponding to the maximum singular value of
L‘f, namely, ||[L‘I\+ ()]l > 4nyllz|l. Let us normalize z such that ||zp || = 1. Thus,

||[L?f+(21')][n]\1|| >dny.
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4 SCALING-INVARIANT IPM 4.7 Initialization

Let us now apply B to zp € rp(diag(6)W). Since L‘f is the minimum-norm lift operator, we see
that

Bzel = |23 Yl

|>4n)/.

We can upper bound the operator norm by the Frobenius norm ||B|| < ||B||r = ,/Z]-,- Bji2 <
1 max;; |B jil, and therefore
max [Bj;| > 4y .
Jt

Let us fix i’ € I’ and j’ € [n] \ I as the indices giving the maximum value of B. Note that
Bﬂp = Bﬂyb}by/(bgbf)

Let us now use Lemma 3.3.9 for the pair i’, j/, the matrix B and the subspace diag(6)W. Noting
that Bjr» = [L‘;,(ei,)]]-,, we obtain K”/., > [Bji7|. Now,

i

; D;by O;Op _
Koy =Ko+ —— 2 |Birpr| - —=— = |Bjrir| > 4y. 4.48
\1] \Z] (')?;(\jr | 7't | (3;0]'/ | ]t | 7/ ( )

The next claim finishes the proof.

Claim 4.6.1.1. For i’ and j’ selected as above, (4.46) holds.

Proof. (i',]') € Es+ ,j(an) holds by (4.48). From the above, we have

+ <.
6365
‘)/3-'; ’
0ir0;

[Bjrir| > 4y -

According to Remark 4.2.3, |Bj#| < y follows since VEriry-Lirr(diag(0)W, I, y) returned with

‘pass’. We thus have
O;Oy 1
_— <.
bybt 4
]
Lemma 4.6.1 excludes the scenarios i’, j € 0,i’,j’ € B,and i’ € N, j’ € B, leaving i’ € Band j’ € N
as the only possibility. Therefore, i’ € [, € Band j’ € [, CN. We have r < g sincei € I = [ and

j € mINT =] O

4.7 Initialization

Our main algorithm (Algorithm 4.2 in Section 4.3.6), requires an initial solution w° = (x?, 4%, s%) €
N(B). In this section, we remove this assumption by adapting the initialization method of [VY96]
to our setting.
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4 SCALING-INVARIANT IPM 4.7 Initialization

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+M1Tx max y'b+2M1"z

Ax-Ax=b ATy+z+s=c
X+ x=2M1 z+5=0 (Init-LP)
x,%,x>0 ATy +s=M1
s,5,s >0

The constraint matrix used in this system is

A -A 0
I 0 1

The next lemma asserts that the i condition number of A is not much bigger than that of A of the
original system 1.1.

Lemma 4.7.1 ([VY96, Lemma 23]). 74 < 3V2(7 +1).
We extend this bound for i".
Lemma4.7.2. {"; < 3V2(1'a + 1).

Proof. LetD € D, and let D € T3, the matrix consisting of three copies of D, i.e.
D 0 o

D=|0 D of.
0 0 D

Then

[AD -AD 0

AD = .
D 0 D

Row-scaling does not change " as the kernel of the matrix remains unchanged. Thus, we can

rescale the last n rows of Aﬁ, to the identity matrix, i.e., multiplying by [I D‘l] from the left
hand side. We observe that

AD -AD 0
I 0 I

XAp = X <3V2(7ap +1)

where the inequality follows from Lemma 4.7.1. The lemma now readily follows as

= inf{ {4p:D € D3y } < inf{ 3V2(iap +1): D € D, } =3V2(i'a + 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 System 1.1 are feasible, and M > max{(a +
Dllcll, xalldll}. Every optimal solution (x,y,s) to System 1.1, can be extended to an optimal solution
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4 SCALING-INVARIANT IPM 4.7 Initialization

(x,x,%,y,2z,s,5,5) to (Init-LP); and conversely, from every optimal solution (x,x,X,y,z,s,s,5) to
(Init-LP), we obtain an optimal solution (x,y, s) by deleting the auxiliary variables.

Proof. If system System 1.1 is feasible, it admits a basic optimal solution (x*, y*, s*) with basis B
such that Agxy = b,x* > 0,Ajy* = cand ATy" < c. Using Proposition 3.3.1 we see that

sl = IAG'Dll = [|AG' Ad|| < Talldll < M, (4.49)
and using that ||A|| = ||AT|| we observe
ATyl = IATAG el < |ATAG el = 1A5' Allllell < llell < M. (4.50)

We can extend this solution to a solution of system (Init-LP) via setting ¥* = 2M1 - x*,x* =0,z =
§*=0and s* = M1+ ATy*. Observe that ¥* > 0 and s* > 0 by (4.49) and (4.50). 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-LI’)
and thus all optimal solutions of System 1.1 coincide with the optimal solutions of (Init-LI), with
the auxiliary variables removed. ]

The next lemma is from [MT03, Lemma 4.4]. Recall thatw = (x,y,s) € N(B) if |[xs/u(w) —e] < B.

Lemma 4.74. Let w = (x,y,s) € P X D**, and let v > 0. Assume that ||xs/v —e|| < t. Then
(1—=1/vn)v < pw) < 1+ t/Vn)vand w € N(t/(1 - 1)).

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® = (x0,y0, %) € N(1/8) and parameter u(w®) ~ M2 if M > 15max{(7a + Dllcll, talld]}.

Proof. The initialization follows along the lines of [VY96, Section 10]. We let d as above, and set

P =M1,x0=M1,x°=M1-4d
y0=0,2"=-M1
§9=M1,s" = M1+¢,s° = M1.

This is a feasible primal-dual solution to system (Init-LP) with parameter

u® = Bn) ({20, s%) + (2%, 5°) + (2°,5°)) = Bn) ' (BnM? + McT1 - Md 1) ~ M?.

We see that
1 st 2 1
A ool Al - 22 —241 7112 L
el ko 1 =M7c]|*+ M|d]| < 2.2 < vk
1050 A
With Lemma 4.7.4 we conclude that w? = (x%, y°,s%) € N(%) = N(1/8). i

Detecting infeasibility. To use the extended system (Init-LP’), we still need to assume that both
the primal and dual programs in System 1.1 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.
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This can be done by employing a two-phase method. The first phase decides feasibility by running
(Init-LP) with data (A, b,0) and M > yalld|li. The objective value of the optimal primal-dual
pair is 0 if and only if System 1.1 has a feasible solution. If the optimal primal/dual solution
(x*,x*, %", y",z",s",5",5") has positive objective value, we can extract an infeasibility certificate in
the following way.

We can w.l.o.g. assume that x* is supported on some basis B of A. Note that the objective function
of the primal is equivalent to || x[|1. Therefore, ||x*[[1 < = ;5.0 di < [|d[l1 and so [|x*|| < [|d]|1. Due
to the constraint Ax* — Ax* = b = Ad we get that

Il = 1B A + x| < 1B Al + 112°11) < 27 alld]ls- (4.51)

Therefore, if M > a||d||1, then ¥* = 2M1 — [|x*|| > 0 so by strong duality, 5* = 0. From the dual,
we conclude that z* = 0, and therefore ATy* < ATy* + 5" + z* = ¢ = 0. On the other hand, by
assumption the objective value of the dual is positive, and so (y*)"b > (y*)"b +2MeTz* > 0. Hence,
y* is the desired certificate.

Feasibility of the dual of System 1.1 can be decided by running (Init-LI’) on data (A, 0, ¢) and
M > (a + 1)||c|]| with the same argumentation: Either the objective value of the dual is 0 and
therefore the dual optimal solution (y*, z*,s",s*,5*) corresponds to a feasible dual solution of
System 1.1 or the objective value is negative and we extract a dual infeasibility certificate in the
following way: For the optimal corresponding primal solution (x*, x*, ¥*) we have by assumption
(c,x*) < {c,x")y + (M1, x") < 0. Furthermore, w.l.o.g. the support of s* is contained in a basis
which allows us to conclude that s* > 0 and therefore x* = 0. So we have Ax* = 0 + Ax* = 0, which
together with (c, x*) < 0 yields the certificate of dual infeasibility.

Finding the right value of M. While Algorithm 4.2 does not require any estimate on " or ), the
initialization needs to set M > max{(va + 1)l/c||, Yalld||} as in Proposition 4.7.3.

A straightforward guessing approach (attributed to J. Renegar in [VY96]) starts with a constant
guess, say ia = 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 System 1.1, we restart with
a = 1002 and try again; we continue squaring the guess until an optimal solution is found.

This would still require a series of loglog i o guesses, and thus, result in a dependence on '
in the running time. However, if we initially rescale our system using the near-optimal rescaling
Theorem 3.4.7, then we can turn the dependence from s to {“a. The overall iteration complexity
remains O(n?° log nlog(v*a + 1)), since the running time for the final guess on s 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 3.4.7 to approximate
Xa. In this case we repeatedly square a guess of A instead of s which takes O(loglog i"a)
iterations until our guess corresponds to a valid upper bound for (4.

Note that either guessing technique can handle bad guesses gracefully. For the first phase, if
neither a feasible solution to System 1.1 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 System 1.1 serves as a certificate that another squaring of
the guess is necessary.
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5 Interior Point Methods are not worse
than Simplex

Whereas interior point methods provide polynomial-time linear programming algo-
rithms, the running time bounds depend on bit-complexity or condition measures
that can be unbounded in the problem dimension. This is in contrast with the simplex
method that always admits an exponential bound. We introduce a new polynomial-
time path-following interior point method where the number of iterations also admits
a combinatorial upper bound O(2"1'° logn) for an n-variable linear program in stan-
dard form. This complements previous work by [ABG]18] that exhibited a family of
instances where any path-following method must take exponentially many iterations.

The number of iterations of our algorithm is at most O(n'* log n) times the number of
segments of any piecewise linear curve in the wide neighborhood of the central path.
In particular, it matches the number of iterations of any path following interior point
method up to this polynomial factor. The overall exponential upper bound derives
from studying the ‘max central path’, a piecewise-linear curve with the number of
pieces bounded by the total length of 21 shadow vertex simplex paths.

From the existence of a line segment in the wide neighborhood we derive strong
implications on the structure of the corresponding segment of the central path. Our
algorithm is able to detect this structure from the local geometry at the current
iterate, and constructs a step direction that descends along this segment. The
bound O(n'log n) that applies for arbitrarily long line segments is derived from a
combinatorial progress measure.

Our algorithm falls into the family of layered least squares interior point methods
introduced by Vavasis and Ye [VY96]. In contrast to previous layered least squares
methods that partition the kernel of the constraint matrix into coordinate subspaces,
our method creates layers based on a general subspace providing more flexibility. Our
result also implies the same bound on the number of iterations of the trust region
interior point method by Lan, Monteiro, and Tsuchiya [LMT09].

This chapter is based on joint work with Daniel Dadush, Georg Loho, Laszl6 A. Végh,
and Xavier Allamigeon [All+22].
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5.1 Introduction

In this chapter, we explore connections between interior point methods and the simplex method,
the two most commonly used classes of algorithms for linear programming. We consider linear
programming (LP) in the primal-dual form as in System 1.1. We let

P={xeR":Ax=b,x>20}, D={seR":Ty:ATy+s=c,s>0}

denote the primal and dual feasible regions. Our focus is on LI’ algorithms that find exact primal
and dual optimal solutions.

Breakthrough developments in the the seventies and eighties led to the first polynomial-time
algorithms for linear programming: the ellipsoid method by Khachiyan [Kha79], and interior point
methods introduced by Karmarkar [Kar84]. The running time of these algorithms is poly(n, L),
where L denotes the encoding-length L of the rational input (A, b, ¢) of LP.

Even though LPs with exponential encoding length do not frequently appear in practice, there are
examples when the binary encoding is exponential yet one could efficiently implement arithmetic
operations using a different encoding, see Megiddo [Meg82]. The net present value problem
in project scheduling is a particular example of a natural optimization problem that can be
reformulated as an LI of exponential encoding length, see Grinold [Gri72]. From a theoretical
perspective, finding an interior point method with an absolute bound f(n) on the number of
iterations connects to the fundamental open question on finding a strongly polynomial algorithm
to solve linear programming. Besides being polynomial time, such an algorithm must achieve a
number of arithmetic operations in poly(m, ). This question takes its roots in the development of
the simplex method, and appears in Smale’s list of open problems for the 21 century [Sma98].

Interior point methods and the central path. Whereas the simplex method moves on the
boundary of the feasible region ¥, interior point methods (IPM) reach an optimal solution by
iterating through the strict interior of . Path-following interior point methods are driven to an
optimal point by following a smooth trajectory called the central path. Recall the most standard
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setting [Ren88], where the latter is defined as the parametric curve u € (0, 00) — z(p) = (x(u), s(u)),
where x(u) and (y(u), s(u)) are the unique solutions to the system

Ax(u)=b, x(u)>0
ATy(u) +s(u) =c, s(u)>0 (5.1)
x(w)is(p)i =p forall ie[n].

This system arises from the optimality conditions of convex problems obtained by penalizing the
original linear programs with the logarithmic barrier, i.e., respectively adding terms of the form
—u X" logx;and pu }." ; logs; to the objective functions of the primal and dual L. The weight of
the penalty is given by the parameter u > 0. When u \ 0, the central path z(u) converges to a pair
of optimal solutions (x*, s*) of LP, which can be easily deduced from the fact that the duality gap
of z(u) is given by (c, x(p)) — (b, y(1)) = (x(u), s(u)) = ny. Accordingly, we define the quantity
1(z) = (x,s)/n for any feasible point z = (x, s) € ¥ X D, which we refer to as the normalized duality
gap of z.

Interior point methods iteratively compute approximations of the points on the central path
associated with successive values of y that decrease geometrically; at most O(v/n log(u/p))
iterations are needed to decrease the normalized duality gap from p to p’. The iterations follow
an improvement direction, e.g., a Newton step, while remaining in a certain neighborhood of the
central path, and can be implemented in polynomial time. The classical analysis yields a running
time O(n3°L) for solving LI for a rational input (A, b, ¢) of total encoding length L. There have
been significant improvements in recent years both for general LI’ as well as for special classes, see
Section 5.1.3.

A running time bound dependent on L requires a rational input; in contrast, the simplex method
can be implemented in 2" poly(n) even in the real model of computation. Whereas standard IPMs
use bit-complexity arguments to terminate, they have also been extended to the real model of
computation, e.g., by Vavasis and Ye [VY95]. The running time of such algorithms is parametrized
by condition numbers that capture geometric properties of the input. In a remarkable paper,
Vavasis and Ye [VY96] introduced a layered least squares (LLS) interior point method that runs in
Oo(n3° log(va + 1)) iterations, where {4 is the Dikin—Stuart-Todd condition number associated
with the kernel of A (but .independent of b and c). As a consequence, they also derive a structural
characterization of the central path: there are at most (3) ‘short and curved” segments, possibly
separated by ‘long and straight’ segments. The LLS directions are refined Newton steps that can
traverse the latter segments.

Lan, Monteiro and Tsuchiya [LMT09] gave a scaling invariant trust region IPM taking O (n%° log(1*a+
n)) iterations. Here, i is the minimum value of i s that can be achieved by any column rescaling.
However, computing the step directions in this algorithm has a weakly polynomial dependence on
the right hand side. In Chapter 4 we desribed the scaling invariant LLS algorithm of [DFHNV20]
with iteration bound O(n??log(n)log(*a + 1)), where the step directions can be computed in
strongly polynomial time, by solving linear systems. We discuss the literature on such IPM methods
in more detail in Section 5.1.3.

Lower bounds on interior point methods. LLS methods provide strongly polynomial LP algo-
rithms whenever "4 € 2P°Y("); this is always the case if the encoding-length of A is polynomially
bounded. One may wonder if some variant of IPM could be strongly polynomial for all LPs. A
negative answer to this question was given in recent work by Allamigeon, Benchimol, Gaubert,
and Joswig: they used tropical geometry to build pathological linear programs on which the
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number of iterations of IPM has to be exponential (in m, n) [ABGJ18; ABGJ21]. Their construction
shows that, when the entries of A, b, and c are of very different orders of magnitude, the central
path can be significantly deformed to the boundary of the feasible set. Allamigeon, Gaubert
and Vandame later extended this result to the broad class of path-following IPMs using any
self-concordant barrier function [AGV22]. They exhibited a counterexample where the feasible
set is an n-dimensional combinatorial cube and the shape of the central path is analogous to the
simplex paths on pathological instances of LI’ for the simplex method, akin to the Klee-Minty
cube [KM72].

The shadow vertex simplex rule. We introduce a new [PM in this chapter whose analysis can
be related to the shadow vertex simplex rule. Originally dubbed ‘parametric simplex” by Gass
and Saaty [GS55], this is one of the most extensively analyzed simplex rules from a theoretical
perspective. The shadow vertex rule was used in Borgwardt’s average case analysis [Bor12] and
in Spielman and Teng’s smoothed analysis [ST04b]. The interested reader may refer to the recent
survey for a detailed exposition [DH20].

Given a pointed polyhedron # C IR" and two objectives ¢, c? € ", the shadow vertex rule
consists in iterating over the vertices of # successively maximizing the objectives (1 — A)c!) + Ac(?
as A goes from 0 to 1. Under non-degeneracy assumptions, the vertices of the path correspond to
those vertices of the two-dimensional projection {((c(l), x), (c(Z), x>) 1 X € 7’} that maximize some

open interval of objectives (1 — A)e! + Ae?, A € [0, 1] (where e! and e? stand for the unit vectors of
1:2). We denote by S (cV), c®) the number of vertices of the projection of the simplex path in this
two-dimensional projection; this corresponds to the number of non-degenerate pivots.

5.1.1 Contributions

The purpose of this work is to establish a natural connection between the complexity of IPM and
that of the simplex method, and deduce combinatorial bounds on the number of iterations. To this
end, we introduce an interior point method called IPM with subspace LLS (see Algorithm 5.1),
whose number of iterations is, up to a factor O(n!*log n), bounded by the number of pieces of
any piecewise linear curve contained a wide neighborhood of the central path. This neighborhood is
defined as

N=0)={z=(x,s)ePxD:xs>(1-0)u(z)1}, 0<06<1) (5.2)

where xs € R" denotes the Hadamard-product and 1 € R" is the n-dimensional all-one vector.
Our algorithm will however navigate through the narrower ,-neighborhood of the central path:

N(B) = {z —(x,5)eP XD : H% —1” sﬁ}, 0<p<1/4). (5.3)
U

Theorem 5.1.1. Assume that there exists T : (0, to) — N~°(0), 60 € (0, 1), a piecewise linear curve
satisfying [(T(1)) = u, Yu € (0, wo). Starting from any point z° € N(B) such that [(z°) < po, the
algorithm [PM with subspace LLS finds an optimal solution of LP in O(n'*log(125)T), where T is the
number of linear segments in T

At a high level, our strategy is to show that any ‘somewhat straight’ segment of the central path,
corresponding to a single straight segment in the wide neighborhood N~*(0), can be decomposed
into at most n short segments of length poly(n/(1 — 0)) (as measured by the ratio of the start and
end parameter), where consecutive short segments are possibly separated by ‘long and straight’
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segments. To traverse the long and straight segments we develop a novel subspace LLS step, which
generalizes prior LLS steps from coordinate subspaces to general ones. Before describing this in
more details, we present two applications of Theorem 5.1.1.

An exponential upper bound on the number of iterations. The first application relies on a
piecewise linear curve that we call the max central path, and that is related with 21 simplex paths. It
is defined as the parametric curve g — z™(g) = (x™(g), s™(g)) € 2", where x!"(g) and s"(g) are
the optimal values of the following parametric LP, respectively:

max Xx; max s;
Ax=b, x>0 ATy+s=c,52>0 (5.4)
(c,x) <v*+g, b,yy=v*-g,

where we denote by v* the optimal value of L. As we show in Section 5.5, the maps x!"(g) and
s!"(g) are piecewise linear, and the number of pieces can be related to the complexity of the simplex
method with the shadow vertex rule.

X2

Figure 5.1: The max-central path in the coordinates (x1, x7) with cost function x1 +x,. Dashed lines correspond
to level sets at breakpoints.

Recall that (x*, s*) is the optimal solution of LI’ at the central path limit point, and Sy (—s*, e?)
and Sy (—x*, e') denote the number of nondegenerate pivots in the primal and dual shadow vertex
paths for the indicated objective functions. We let Vp and V) denote the number of vertices of the
primal and dual feasible polytopes, respectively.

In Lemma 5.5.4, we show that the number of pieces in the max-central path is bounded by
the sum of the quantities Sy (—s*, e’) and Sy (—x*, e’) for i € [n]. Whereas the max-central path
does not necessarily lie in the primal-dual feasible set ¥ X 9, we prove that the corresponding
shadow-vertex paths induce a piecewise linear curve in the wide neighborhood N~*(6), for
0=1- %, with the same number of pieces; see Theorem 5.5.6 and an illustration in Figure 5.2. As
a consequence, we obtain the following bound:
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Theorem 5.1.2. From any point z° € N(B), the algorithm [PM with subspace LLS finds an optimal solution
of LP in a number of iterations bounded by

O

n
n1logn min{z Sp(=s*,e') + Sp(—x*,e'), Vp + (V@}) .

i=1

This in particular implies an O(2"n' log ) iteration bound for IPM with subspace LLS. The-
orem 5.1.2 thus complements the results of [ABGJ18; ABGJ21] by giving a singly exponential
upper bound. We note that the max central path also plays an important if implicit role in the
papers [ABGJ18; ABGJ21; AGV22], as it can be directly related to the tropical central path by the
log-limit, see discussion in Section 5.1.3.

Theorem 5.1.2 assumes that a feasible starting point z° € N(B) is given. This assumption can be
removed e.g. by using the standard homogeneous self-dual embedding [Ye97, Section 5.3.1]. Then,
the bounds in the theorem will refer to the shadow vertex paths and the number of vertices in the
self-dual program.

Matching the complexity of any path following method. The second implication of Theorem 5.1.1
provides polynomial-time bounds in case the bit-complexity or a condition number such as 4 is
bounded. We show that—apart from a factor O(n'~ log 25 )—the number of iterations of 1M
with subspace LLS is at most that of any IPM that stays in the wide neighborhood.

Indeed, any IPM induces a piecewise linear curve formed by the line segments between the
successive iterates. Already the wide neighborhood N~%(1/2) is known to contain this piecewise
linear curve for a large class of IPM based on the logarithmic barrier; we refer to [ABG]18, Section 2]
for a detailed discussion. We note that our algorithm matches—up to a polynomial factor—even

any IPM that only stays in the extremely wide neighbourhood N~ (1 -1/ 2P°1Y(”)).

Theorem 5.1.3. Suppose that an IPM reduces the duality gap from pg to p1 > 0 in T iterations staying
throughout in the wide neighborhood N=(0) for some 0 < 0 < 1. Then, from any point z° € N(B)
satisfying 11(z°) < po, the algorithm [PM with subspace LLS finds a solution z' with [1(z') < py in at most
O(n'>log(t5) T) iterations.

Comparison to the Trust Region IPM. [PM with subspace LLS also has an interesting relation to
the Trust Region IPM algorithm by Lan, Monteiro, and Tsuchiya [LMT09]. The trust region steps
are obtained as optimal solutions to primal and dual quadratic programs (5.6). These programs in
essence capture the longest possible step achievable at the current point (up to a certain factor).
However, solving these programs to sufficient accuracy requires weakly polynomial dependence
on the input. Lan, Monteiro, and Tsuchiya show in [LMT09] that the number of iterations of the
trust region algorithm can be bounded as O(n%°log(;*a + 1)), by adapting the analysis of the [.1.S
methods [MT03; VY96].

The step directions used by our algorithm are feasible solutions to (5.6) for a suitable parameter.
This implies that the steps of the Trust Region algorithm are always at least as long as the steps
in our algorithm; as a consequence, the iteration bounds of our algorithm are also applicable to
the Trust Region algorithm. Whereas any individual step of our algorithm could be arbitrarily
worse than the one using the trust region step, Theorem 5.1.3 implies that overall we may only
take O(n'!® log ) more iterations. We emphasize that [LMT09] only provides the s dependent
iteration bound, and we do not see any obvious ways to obtain any f (1) bound on their algorithm,
other than comparing it to [PM with subspace LLS.
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A further advantage of our algorithm is that the iterations can be implemented in strongly
polynomial time, using simple projection steps. The description of this chapter requires a subspace
V that can be obtained as a singular value subspace from a singular value decomposition. However,
it suffices to compute rough approximations on the singular values, see Section 5.4.1.

5.1.2 Techniques

We now explain the key ideas behind the proof of Theorem 5.1.1.

Polarization of the Central Path

The firstidea underlying to the proofis the following: every linear segment in the wide neighborhood
gives rise to a polarized segment of the central path. A segment of the central path CP[uq, uo] =
{z(u): p € lu1, uol}, 0 < uo < i, is polarized if it admits a partition B U N = [n] such that the
primal variables in B are essentially fixed and those in N are scaling down linearly with the
parameter u (vice versa for the dual variables). More precisely, Vu € [p1, o], we require

yxi(uo) < xi(u) < nxi(uo), Vi€B,
u u ,
—X; < X < —x; , VieN, 5.5
nie (o) < xi(w) i (1o) (5.5)

where y € [0, 1] is a polarization parameter (see Definition 5.3.1 and Corollary 5.3.3). By definition of
the central path, the same relation holds for dual variables s(u), it € [u1, pol, with the roles of N
and B swapped. We note that the upper bound on x;(u) for i € B and the lower bound on x;(u) for
i € N hold for any point of the central path by the near-monotonicity property (Lemma 5.2.3); the
important parts of the definition are the other two bounds.

For simplicity of notation, let us restrict to line segments between two points on the central path.
To relate polarization to the wide neighborhood, we show that if the line segment [z (1), z(t0)]

between central path points is contained in the wide neighborhod N~%(0), then the corresponding
(1-6)2
16n3

segment of the central path is polarized with y = with respect to some partition BU N = [n]
(see Lemma 5.3.5 for the general statement).

One should read this last statement as saying that segment of central path is ‘approximately
linear” if and only if it is polarized (in fact, a segment is 1-polarized if and only if it is linear, see
Lemma 5.3.7). The link between polarization and linearity is surprisingly elementary; it follows

from the analysis of the inequalities

(1 = a)xi(po) + axi(u1)) (1 — a)si(uo) + asi(u1)) =2 (1 - O) (1 - wuo + apn), Ya € [0,1], i € [n],

where we recall that z(p) = (x(uo), s(t0)), z(11) = (x(u1), s(11)). For example, if 6 = 0, it is not
hard to check that for each i € [1], one must have either x;(ug) = x;(111) and s;(y1) = ﬁ—;si(yo) (i.e.,
i € B)or xi(uo) = z—;xi(y1) and s;(p1) = si(uo) (i.e., i € N).

Given the above, the main task in Theorem 5.1.1, namely traversing linear segments in the wide-
neighborhood, can be reduced to traversing y-polarized segments of the central path. The main
guarantee of our algorithm [PM with subspace LLS is in fact that it can traverse any y-polarized
segment of the path in O(n'°log(n/y)) iterations.

We note that polarization plays an important if implicit role in prior layered least squares
analyses [DHINV20; MT05; VY96]. In particular, the ‘long and straight’ segments in these works
are all polarized. What was unclear in these works, however, is whether polarization by itself

was sufficient to make a segment easy to traverse. Indeed, these works all crucially rely upon
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numerical condition numbers of the instance which can be effectively unbounded in the present
context. Beyond the LLS context, we are further unaware of central path analyses exploiting the
tight connection between approximate linearity and polarization, and we hope this will encourage
future study.

As is clear from the definition, polarization provides us extremely useful ‘long-range’ control
over the evolution of variables on a segment. We note that y-polarization is mostly interesting
when the segment itself is long, namely, when pg/p1 > 1/y. We now explain how to leverage this
control to traverse any y-polarized segment using subspace LLS steps.

Traversing a Polarized Segment

Let CP[u1, tol, 0 < 1 < uo, be a y-polarized segment with partition BU N = [n].

For simplicity of presentation, let us assume that given any iterate (x, s) in the narrow neighbor-
hood N(1/6) used in our algorithm, we can jump to the exact central path point z(i) € CP = N(0)
with p = [(x,s) for free. Let us further assume that the algorithm knows the partition B, N
(we discuss how to effectively compute it at the end) and that we are given the starting point
20 1= 2 ().

Our abstract algorithm will thus compute iterates z(?,z(1),... on the central path CP with
1(z?) > 1i(zM) > ... To move from z*) to z(*1), we first compute a movement direction

Az = (Ax®, As?)) € ker(A) x im(AT) == W x W+,

together with a step-length a(*) € [0, 1], chosen such that z) + aAz®") € N(1/6),0 < a < a. Lastly,
we jump for free to z(!*) € CP satisfying [/(z!*!) = [i(z®) + a®Az").

Given this setup, our goal is to compute movement directions, such that after k = O(n'-° log(n/y))
iterations, we have ﬁ(z(k)) < U1, i.e., that we have crossed the segment. We would like to emphasize
that our algorithm will in fact compute the movement direction Az"") using only local information at
z(), without any explicit knowledge of the polarized segment.

A natural movement direction is affine scaling used in predictor-corrector methods, see Section 4.3.2.
This direction guarantees 1 — ((1/+/n) decrease in normalized gap per step. Hence, if pio/p1 <

poly(n,1/y), then simply using vn In(uo/u1) affine scaling iterations is sufficient for our purposes.

Thus, we may assume that yg/u; > poly(n, 1/y). In this case, we show that computing an affine
scaling direction (Ax?, As?) at the current iterate (x®), s®) reveals the correct partition B U N = [n]

of the current polarized segment. This is because the standard affine scaling step itself exhibits a
(t)l

Z' 7

i.e., the relative primal movement is smaller than the relative dual movement (see Definition 5.4.4).

polarized behaviour: we can simply select B as the set of coordinates i where [Ax?/ xgt)| <|As?/s

Trust Region Programs and Subspace LLS. The trust region programs by Lan, Monteiro,
Tsuchiya [L.LMT09] provide a good starting point for defining our movement direction Az*) =
(AxP, As) € W x W from an iterate z(!) = (x),5(!)) € CP[u1, uo] and a given a partition
[n]=BUN:

min {11 + Av)/x | - llAve/x§) | < o}

AxeW (5 6)
min {15 +Asa)/sy | llAsx /sl < o} |
AseW+ B B N =

where o = 1/100 s sufficient for our purposes. We use the notation Ax/x(*) := (Ax /xi , e, AXy /x,(f))

and similarly for As/ s®. The norms ||x/x®|| and ||s/s*|| are the so-called primal and dual local
norms at x) and s). By definition, the optimal primal trust region direction Ax* achieves a
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maximal multiplicative decrease on the coordinates in N while ‘barely moving’ the coordinates in
B as measured in the local norm. The optimal dual direction As* achieves the same on the dual
side with the role of N and B swapped.

Note that these directions mesh very well with polarization of the segment CP[u1, uo]. In
particular, they reflect the idea that the coordinates of x(u) in N should be linearly scaling down
while those in B are staying mostly fixed, and vice versa for s(u). As shown in [LMT09], moving in

any direction Az®") = (Ax®"), As()) corresponding to feasible solutions to (5.6), the normalized gap
can be reduced as B

EED) 0 Oy O s 4 as) 750

ﬁ(z—(f)) < Gy + Ax ) /xy M+ Nl(sp” + Asy?) /syl (5.7)

That is, we can achieve a drop that corresponds to the sum of primal and dual objective values.

In many ways, the trust region direction can be seen as the ‘optimal” movement direction.
However, [LMT09] solves the quadratic convex programs in (5.6) in weakly polynomial time with
dependence on the vectors b and ¢ in LP. It is not known whether a strongly polynomial algorithm
(with dependence only on n) exists. Further, the analysis in [LMT09] relies on combinatorial
progress measures adapted from the LLS analyses. It remains unclear how to analyze the
convergence of the trust region steps by only using only the fact that they are maximally long.

Instead of optimally solving (5.6), we introduce what we call subspace LLS steps that yield ‘good
enough’ approximate solutions for our purposes. We restrict the set of primal and dual directions
to come from carefully selected subspaces V() € W and U") C W+ satisfying:

IAxg/xV) < tllAxn/xY)l,  VAx e VO (5.8)
IAsn /sl < cllasg/sPl,  vas e u®, (5.9)

where we set 7 = 0/(16+/n). We call any such subspaces U"), V) cheap lift subspaces. Note that every
such solution automatically satisfies the constraints in program (5.6). Hence, the optimal solutions
can be computed by solving systems of linear equations that correspond to minimum-norm points
in the local norms.

In terms of the choice of subspaces, there is quite a lot of flexibility. A canonical choice, which
we use for simplicity in the analysis, consists of choosing a space spanned by the singular vectors
of a certain ‘lifting map” whose corresponding singular values are at most 7. While singular values
(and their corresponding spaces) are not computable in strongly polynomial time, one can indeed
compute sufficiently good approximations for our purposes (see Section 5.4.1).

Analyzing Subspace LLS. At each iteration, our algorithm computes the affine scaling steps
and the subspace LS steps as above, and uses the one that enables more progress by chosing the
largest possible step-length. We use the subspaces U"), V) to compute the subspace L.LS direction
Az®) as above.

Let us now explain the key idea in showing that subspace LLS steps can reach the end of the
current y-polarized segment CP[u1, o] in k = O(n'° In(n/y)) iterations. Let k = Q(vn In(n/y)).
Given any iterate z® e CP[u1, pol, if ﬁ(z(”k)) > p1—i.e., we have not reached the end of the
segment—then we show that both dim(U**%)) > dim(U®) and dim(V#*¥)) > dim(V®). The
overall bound follows since this can occur at most # times.

To get this result, we analyze the evolution of what we call the ‘empirical gradient’ at z*), which
we define to be AZ() := z(p) — z® i.e., the difference between the current iterate and the end of the
segment. A crucial observation is that if AZ(*) were a feasible solution to (5.6), then following this
direction would get to within a poly(n/y) factor for the end of the segment in one step (though
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we do not know how to compute it). Furthermore, the empirical gradient is never far from being
feasible, in particular, it is feasible if the bound of § is replaced by O(n). We show the following
dichotomy. Given an iteration z*), either the empirical gradient AZ(*) is mostly “aligned” with the
LLS subspaces U®) x V), in which case we get close to the end of the segment in one step, or we
can extract from AZ(*) an additional “cheap lift” dimension in the next O(y/n In(1/y)) iterations. In
the latter case, we use the polarization property to analyze the evolution of the singular values of
lifting maps.
This concludes our overview of the proof of Theorem 5.1.1. For more details, see Section 5.4.

5.1.3 Related Work

Interior points methods have been a tremendously active and fruitful research area since the
seminal works of Karmarkar [Kar84] and Renegar [Ren88] in the 80’s. Remarkable advances have
been made both in speed as well as applicability of IPMs. We first briefly review works that—unlike
the present chapter—aim for e-approximate solutions. A key ingredient has been using different,
self-concordant barrier functions. We refer to [NIN94] for an introduction into self-concordant
functions. Like the logarithmic barrier, every such function gives rise to a notion of central path.
In the general setting, the iteration complexity to get an e-approximation of the optimal value is
bounded by O(8'/21og ¢71), where 9 is a complexity parameter specific to the barrier function.
General bounds on self-concordant barriers were given by Nesterov and Nemirovski [NN94],
improved recently by Lee and Yue [LY21]. Specific barrier functions include Vaidya’s volumetric
barrier [Vai89], the entropic barrier by Bubeck and Eldan [BE15], and the weighted log-barrier by
Lee and Sidford [L.S14; L.S19].

Recent improvements make use of efficient data structures to amortize the cost of the iterative
updates, and work with approximate computations, see Cohen, Lee and Song [CL519], van den
Brand [Bra20], and van den Brand, Lee, Sidford, and Song [BTS520]. For special classes of LI’ such
as network flow and matching problems, even faster algorithms have been obtained using, among
other techniques, fast Laplacian solvers [ST04a], see e.g. [AMV22; Bra+20; Bra+21; DS08; GLP22;
Mad13], culminating in the very recent near-linear time minimum-cost flow algorithm [Che+22].

Layered least squares IPMs, initiated by Vavasis and Ye [VY96] find exact optimal solutions
and their running time bound is independent of b and c¢. Improved LLS algorithms were given
by Megiddo, Mizuno, and Tsuchiya [MMT98] and Monteiro and Tsuchiya [MT03; MTO05]. As
discussed previously, scaling invariant algorithms with a i“a dependence are the Trust Region
algorithm by Lan, Monteiro, and Tsuchiya [LMT09], and the LLS algorithm [DHNV20] that relies
on approximating circuit imbalances.

There is an interesting connection between IPMs and differential geometry. Sonnevend, Stoer,
and Zhao [55791] introduced a primal-dual curvature concept for the central path, and related the
curvature integral to the iteration complexity of IPMs. Monteiro and Tsuchiya [MT08] showed
that a curvature integral is bounded by O(13 log( X +n)). This has been extended to SDP and
symmetric cone programming [KOT14], and also studied in the context of information geometry
[KOT13].

Relating the central path with a simplex path has been mainly used to build LP with pathological
properties. On top of the construction of [AGV22] that we already discussed, Deza, Nematollahi
and Terlaky [DNTO08] built a Klee-Minty cube with exponentially many redundant inequalities
where the central path is distorted into the neighbhorhood of the simplex path that visits the 2"

vertices.
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The max central path studied in this chapter is related to the tropical central path in [ABGJ18;
ABGJ21; AGV22]. The latter arises when studying parametric families of LI where the input
(A, D, c) depend on a parameter ¢ > 1. The tropical central path is defined as the log-limit, i.e.,
the limit as t — oo of the image under the map z + log, z = 112%/ of the central path of these
LP. In [ABGJ18; ABGJ21; AGV22], it was shown that the tropical central path corresponds to the
greatest point (entrywise) of the log-limit of the feasible sets of (5.4). This turns to be precisely the
log-limit of the max central path.

5.1.4 Organization of the chapter

In Section 5.2, we recall some basic properties related to the central path and its neighborhoods (Sec-
tion 5.2.1). We also discuss the affine scaling steps used in predictor-correct methods (Section 4.3.2).
We finally introduce the lifting maps used in the subspace LLS step (Section 5.2.3). Section 5.3
deals with the polarized segments of the central path and their connection with linear segments in
the wide neighborhood. Section 5.4 provides the complexity analysis of the algorithm IPM with
subspace LLS for traversing polarized segments. Section 5.5 studies the max central path. We give
a direct proof of the polarization of the central path along the max central path (Section 5.5.2), and
an alternative proof via a piecewise linear curve in the wide neighborhood induced by the max
central path (Section 5.5.3). Omitted proofs are deferred to the Appendix.

5.2 Preliminaries

In this section we reintroduce preliminaries to [PM. Many concepts will be familiar from Chapter 4,
but the notation deviates.

5.2.1 Preliminaries on Interior-Point Methods

In this section, we recall standard properties of the central path and IPM that will be required for
our algorithm. To ensure that the central path is well-defined, we assume that ¥ and ) admit
strictly feasible solutions, i.e., the sets

Po.o={xeP:x>0}, D..={seD:s>0}

are both nonempty. We use zP(u) = (xP(u), sP(u)) to denote the central path point at y rather

than z(u) = (x(u), s(1)) used in the Introduction.
(x,8)

Given z = (x,s) € ¥ X D, we recall that the normalized duality gap is defined as (i(z) = =.

The following identity is useful in comparing duality gaps:
Proposition 5.2.1. Given x,x’ € W +d, s, s’ € W* + ¢, we have that
(x,8) +(x',s"y = (x,s")y + (¥, 5).

In particular, if (x’,s") = 0, then
(x,8) ={x,s")y +(x,s).

The next proposition shows that the normalized duality gap is a linear function for convex

combinations of points.
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Proposition 5.2.2 (Linearity duality gap). Given x, ..., x® e W+d,sW, ..., s® € Wt +c forming
the sequence zV = (xW,sM), ...,z = (x®), sy and A € R¥ such that ¥5_, A; = 1, we have that

k k
%mej=2mmﬁy
1= 1=

A key property of the central path is ‘near monotonicity’, formulated in the following lemma, see
[VY96, Lemma 16].

Lemma 5.2.3. For the central path points at 0 < p’ < u, we have

xCp(‘u/) N st(#/)

EETIPCTY

[se]

We will also require following lemma which was implicit in the proof of [VY96, Lemma 16].

Lemma 5.2.4. For the central path points at 0 < p’ < u, we have

xP(u)  sP(y)

@) ) <2n.

1

Proof. There is nothing to prove if y = u’ = 0; let us assume u > 0, and denote (x,s) =
(xP(u), sP(u)), (x7,8") = (xP(u’), sP(u’)). Using Proposition 5.2.1,

1"/ +8"[slle = p7H (s, ) +{x,87) = p7H (x, 8) + (2, 87))
=ut(np+ny +0)=n(1+pu ') <2n. O

Central path neighborhoods. The neighborhoods N(B) and N~*(0) introduced in (5.3) and (5.2)
comprise the points z = (x,s) € ¥ X D such that the centrality error, i.e., the norm of the vector
% —1,isbounded. They use of the ,-norm and the {-seminorm ||u||-« = max;<i<, max(0, —u;),
respectively.

The following proposition gives a bound on the distance between a point z € N(B) in the
p-neighbourhood and the corresponding central path point with the same normalized duality gap

z(u) for u = ji(z). See e.g. [Gon92, Lemma 5.4], [MT03, Proposition 2.1].

Proposition 5.2.5. Let z = (x,s) € N(B) for p € (0,1/4] and u = [i(z), and consider the central path
point zP(u) = (xP(u), sP(u)). Foreach i € [n],

Xi Xi

. cp
1+2ﬁ$ =8 Xi < X; (y)sl_ﬁ, and
Si 1_2ﬁ ) cp Si
T12g =1 =% (”)Sﬂ'

We will often use the following proposition which is immediate from the definition of N(p).

Proposition 5.2.6. Let z = (x,s) € N(B) for B € (0,1/4], and u = [i(z). Then for each i € [n]

1-Bu<sixi <A1 +p)u.

We will need the following lemma regarding the near-optimality of the choice i(z) as {x,s)/n
for a point z = (x, s) with respect to minimizing centrality error.
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Lemma 5.2.7 ((MTO05, Lemma 4.4]). For g € (0,1/4], let z = (x,s) € P X D, and ' > 0 satisfy
llxs/u —1|l2 < B. Then,

(L BN <Ti(z) < (L+B/Vmp and z € N(B/(1-p)).

The next lemma relates a point in the wide neighborhood to the corresponding central path
point.

Lemma 5.2.8. Let z = (x/,s") € N=°(0), 0 € [0,1). Then for u = i(z), and the corresponding central
path point zP(u) = (xP(u), sP(u)), we have that

(1) %x’ < xP(u) < 12_—”93(’.

(2) %s’ <sP(p) < 1{—”95’.
Proof. We only prove (1), as the proof of (2) is symmetric. Let (x,s) = (xP(u), sP(u)). Using
Proposition 5.2.1, for i € [n] we have that

X! x's;
1

Xi 17 < i((x’,s) +(x,s)) = %((X',s’) +(x,s)) = 2n.

This proves the first inequality of (1); note that this part does not use z € N~*(0), but only that
z € P, X D, . For the second inequality, z € N~*(0) by definition implies

X XS’ 1 2n

Y Sui-0) < pa-e TNy

as needed. O

5.2.2 Predictor-Corrector Methods

Given z = (x,s) € P, X D, the search directions commonly used in interior-point methods are
obtained as the solution (Ax, As) to the following linear system for some v € [0, 1].

Ax e W (5.10)
As € W+ (5.11)
sAx + xAs = vul —xs (5.12)

Predictor-corrector methods, such as the Mizuno-Todd-Ye Predictor-Corrector (MTY P-C) algorithm
[MTY93], alternate between two types of steps. In predictor steps, we use v = 0. This direction is also
called the affine scaling direction, and will be denoted as Az?* = (Ax?, As?) throughout. In corrector
steps, we use v = 1. This gives the centrality direction, denoted as Az = (Ax<, As°).

In the predictor steps, we make progress along the central path. Given the search direction on
the current iterate z = (x,s) € N(B), the step-length is chosen maximal such that we remain in

N(2B), ie.,
a® =sup{a €[0,1]:Va' €[0,a] : z + a’Az* € N(2B)}.

Thus, we obtaina pointz* = z+a?Aw? € N(28). The corrector step finds a nextiterate z¢ = z*+ Az,
where Az€ is the centrality direction computed at z*. The next proposition summarizes well-known
properties, see e.g., [Ye97, Section 4.5.1].
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Proposition 5.2.9. Let z = (x,s) € N(B) for p € (0,1/4].
(i) For the affine scaling step, we have [1(z*) = (1 — a®)1(z).
(ii) The affine scaling step-length is

. { B ||AxaAsa||}‘
- Vn Bii(z)
(iii) For z* € N(2B), and z¢ = z* + Aw®, we have [1(z°) = [1(z") and z° € N(B).

(iv) After a sequence of O(\/nt) predictor and corrector steps, we obtain an iterate z’ = (x’,s”) € N(B)
such that [1(z’) < [(z)/2".

Minimum-norm viewpoint We introduce some useful notation for the algorithm, and derive the
minimum-norm interpretation of the affine scaling steps. For z = (x,s) € .. X D.,, we let

x1/251/2

== " _eR", £=xENz)=xY2%V20@) 2 e R, §=s&(z2) = sl/zafl/zﬁ(z)l/2 e R".
[(z)1? ‘

(5.13)
If clear from the context, we simply use &. If z = (x, s) falls on the central path, that is, xs = 1/(z)1,

&(2)

then £(z) =1, £ = x and § = s. The variables £ and § represent natural adjustments for points off
the central path. The following is a simple corollary of Proposition 5.2.6.

Proposition 5.2.10. For z = (x,s) € N(B) for B € (0,1/4], we have ||&|| = v/n. Moreover,

VI-B1<E<SAI+BL, 1-Bx<R<1+Bx and 1-Pfs<5<41+Ps.

We will frequently use the rescaled subspaces £7'W and §~!W+ that correspond to using the
local geometry at the point z = (x, s). Throughout, we will refer to ||w/X|| and ||w/3|| as the primal
and dual local norms of the vector w € R" at the point z = (x,s) € £, X D.,. The following
statement is immediate from the definitions using £5 = [i(z)1.

Proposition 5.2.11. The subspaces £ 'W and §-'W+ are orthogonal.

Equation (5.12) for the predictor step (v = 0) with update direction (Ax?, As?®) can be written as
xTTAX + x71As? = -1, (5.14)

or equivalently,
F7TAX® + 571As? = =&, (5.15)

which serves the purpose that now £7!Ax? € £7!W and §71As? € §7!W+ are orthogonal vectors
(Proposition 5.2.11). Thus, £ 'Ax? and §-!As? give an orthogonal decomposition of —&. This leads
to the following formulas:

Ax? = =111y (),

(5.16)
As? = -8l [g—lwi(é) .

Equivalently, we can see Az* = (Ax?, As?) as the optimal solutions of the following minimum-norm
problems:

Ax® = argmin |27} (x + Ax)]|,

AxeW (5‘17)

As® = argmin [|§7}(s + As)|| .
AseW+
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A further equivalent way to express these movement directions is by projections in the rescaled
subspaces £71W and §71W+; this viewpoint will be used in Section 5.4.

Ax* = Xargmin ||£ + 0|,

sex~1w (5.18)

As® = Sargmin [|€ + 6| .
SesIWL

The equivalence of the two forms follows by noting that £ 7'x = §71s = &.
Step-length estimates We will also need good estimates on the size on predictor steps beyond
affine scaling. Our main estimate in this regard is given below.

Lemma 5.2.12 (Step-length estimate for general directions). Let z = (x,s) € N(B), B € (0,1/6].
Consider directions Ax € W, As € W+ that satisfy ||AxAs|| < Bu/4. Let

[[(x + Ax)(s + As)||
Y= U .

Then (x +aAx,s+aAs) € N2B) and [i(x + aAx,s+als) < (1+%ﬁ/\/ﬁ)(1—a)y,forallo <ac< 1—4%,

Proof. Letzy == (x + aAx, s + aAs). We first bound the centrality error using the estimate (1 — a)u
for p(z,) as follows:

(x + aAx)(s + alAs) 1” H (1= a)xs + a(x + Ax)(s + As) — a(l — a)AxAs 1”

(1-a)u - (1-a)u
B (ECHS 1” . (x + Ax)(s + As) . a‘ AxAs
iz I-a p iz
a g 3
Sﬁ‘i‘my‘i'azsi, (519)

where the last inequality follows since %=y < /4 for0 < a <1-4y/p.
Given (5.19), by Lemma 5.2.7, we get that p1(z,) < (1+ %ﬁ/\/ﬁ)(l—a)y andz, € N(Efﬁ) c N(2B),
3
for g € (0,1/6]. O

5.2.3 Lifting Maps

Our algorithm in Section 5.4 uses a layered least squares step that consists of solving a minimum-
norm point in a smaller subspace first, and then extending it to the entire space. A crucial operation
in both computing the layered step as well as in identifying the appropriate subspaces is the lifting
map defined next.

Definition 5.2.13. Given a partition I U | = [n] and a subspace W C R", we define the lifting map
LYV : R — W C R" as follows:

LY (x) := argmin{ [|w|| : w € W, w; = I1,qw)(x) }. (5.20)
We further define €} : RT — 1R/ by
0 (x) = (LW (x)) = n,(Lyv(x)) . (5.21)
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Note that if x € t;(W), w = L?V(x) is the minimum-norm point in W with w; = x. The following
lists the key properties of the lifting map.

Lemma 5.2.14. For a partition I U ] = [n] and a linear subspace W, LY : R — W and £}Y : Rl — IR
are linear maps. Moreover, for x € RI, w = L}’V(x) is the unique solution to the following linear system:

wewWw,
wr € ‘IZ[(W)J‘ +Xx, (5.22)
wyem ](WJ‘).
We now give the fundamental duality relation between lifting maps. For this purpose, we define
eV

I
Vy € IR/, x € IRI. If we are expressing ¢}" as matrix M € I:/*/, then ¢}V is represented by M. That

is, if £}V (x) = Mx, then €]W*(y) =MTy.

: R = R! to denote the adjoint of o, namely, the map satisfying <€IW*(]/), x> = (y, 4 (x)),

Lemma 5.2.15. For a partition I U ] = [n] and a linear subspace W, we have that ¢} = €]W . In particular,

the non-zero singular values of ¢}" and €]W ** are the same.

5.3 Polarization of the Central Path

We now introduce the notion of polarized segments of the central path. For 0 < u; < po, the central
path segment between these values is denoted by

CPlug, pol =A{zP(W):pn <sp<po}. (5.23)

Definition 5.3.1 (Polarization). For y € [0, 1] and o > p1 > 0, we say that the segment CP[u1, po] is
y-polarized if there exists a partition B\J N = [n] such that for all u € 1, pol:

xP(u) > yxP(po), VieB,
sfp(y) > ;’sfp([uo), VieN.

Remark 5.3.2. As stated, the notion of polarization requires an inequality to hold for all u € [u1, po].
At the cost of losing a factor n however, it is in fact sufficient to check the polarization condition
only at u = u1. This follows by the near-monotonicity of the central path (Lemma 5.2.3):

I O (CVNRS W (0))

— . > . , Vie|n],
xP(uo)  xP(u) xF(uo) " xF(uo)

The same is true for s(u) by a symmetric argument.

As a direct consequence of the definition together with near-monotonicity, we deduce the
following crucial corollary:

Corollary 5.3.3. Let CP[u1, o], 0 < 1 < po, be y-polarized with respect to the partition BWUN = [n].
Then, for all u € [u1, Hol, the following holds:

(1) yxi(po) < xi(u) < nxi(uo), i € B.
(2) ysi(uo) < si(u) < nsi(uo), i € N.

(3) s xi(po) < xi(y) < Hoxi(uo), i € N.

1o
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@) simsiluo) < silu) < 5 5silpo), i € B.

Proof. The first inequalities in (1) and (2) are the definition of y-polarization and the second
inequalities are from Lemma 5.2.3. (3) and (4) are equivalent to (1) and (2) using the central path
relations x(o)s(to) = pol and x(u)s(u) = pl. O

Section 5.4 introduces the algorithm [PM with subspace LLS that can traverse )y-polarized
segments in O(n'°log(n/y)) iterations. Theorem 5.1.1 follows by combining this algorithm with
the following decomposition result that is the main result of this section.

Theorem 5.3.4. Let I': (1, o) = N-7(0), 0 € (0,1), 0 < g < po < 00, be a piecewise linear curve

satisfying (1(T'(1)) = p, Yu € (u1, po) consisting of T linear segments. Then, CP[p1, po] can be decomposed
(1-0)®

into T segments that are <=

-polarized.

Theorem 5.1.2 showing the combinatorial bound on the number of iterations of algorithm 1PM
with subspace LLS follows from the existence of a piecewise linear curve traversing the wide
neighborhood with at most O(2") pieces. This will be shown in Section 5.5, where we extract such
a path from the max central path. We will also give a direct proof that the central path can be
decomposed into O(2") polarized segments, by showing that linear segments of the max-central
path correspond to polarized segments of the central path. Theorem 5.3.4 is a direct consequence
of the following key lemma.

Lemma 5.3.5. For 0 € (0,1), let [z9,zV] ¢ N==(0), i(z?) > 1i(zW). Then, CP[i(zM), 1(z@)] is
(-6
16n3

-polarized.

The proof requires the following simple technical lemma that allows us to relate approximate
centrality along lines to polarization.

Lemma 5.3.6. Forany u,v >0,

2
min A= @*+awd-a+av) min{l, (M) } <2(u +0). (5.24)
ael0,1] 1-a+auv 1+vVuo

Proof. To show the equality, let u := uv. Note that

. -a+au)1-a+av) . (1-aP+a’u+a(l-a)u+0)
min = min
ael0,1] 1-a+auv a€l0,1] 1-a+au

, a(l - a)
=1+ +o-(1+py)————.
B T

(5.25)

2
Case I: (M) > 1. In this case, we need to show that the minimum of the expression is 1. It

1+yuv
is easy to see that the condition equivalent to # + v > 1 + uv = 1 + . Thus, the minimum value

of (5.25) is 1, attained at a € {0, 1}.

2
CaseIl: ( ‘/m\/;’) < 1, or equivalently, u +v < 1+ . In this case, the minimizer of (5.25) corresponds

1+yuv
to the maximizer of % This function takes value 0 at & € {0, 1} and is strictly positive for
0 < a < 1. Furthermore, the unique critical point in the interval [0, 1] occurs at a* = ﬁ, which is

thus the maximizer. The minimum value of (5.25) is therefore

al-a) U+v+24/u

1+(”+v_(1+”))1—a*+a*y_ Trvi?
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as required. The inequality in the statement follows easily as

LR

O

Proof of Lemma 5.3.5. For a € [0, 1], let z(@) = (x("‘), s@):=(1- oz)z(o) +az®, By Proposition 5.2.2,
we first note that the normalized gap function [i(z) is in fact linear on [z(?), z(D]. That is,

pa = 1(2®) = (1= )z 0) + afi(z")

For any i € [n], z(®) € N~°(0) implies

xga)sl(a) (1-0)uq N (1-0)pa . 1-0
(1- oz)xgo)sl(.o) + ole(.l)sl(.l) C(1- a)xl(.o)sgo) + axgl)sl(.l) T (1 - a)u(zO0) + au(zW)) — n
From Lemma 5.3.6 for u = xl(.l)/xgo), v = 551)/550) we get that
1-6 XMW
o] P
n 0 O

Let

| Y2

=)

X.O) S.)
i i

MUY
B::{ieN:l—z - }, N :=[n]\B.

Then, xl(.l)/xz(.o) > %, foralli € B, and sgl)/sfo) > % foralli € N.

Forany a € [0,1] and i € B,

(@) 1)
x; ; . 1-6 1-6
_ = — > —_— (= .
0 1-a)+a mm{l, P o

1

Similarly, fori € N, Sl((x)/550) > %.
For the central path point zP(u,) = (xP(pq), sP (1)) at iy, the bounds in Lemma 5.2.8 relating

points in a neighborhood with central path points give

Pl) 1V I@n) -y

cp = 0 ~— 3
¥Pug) ~ 2@ T l6n

, VieB.

By a similar argument, we also have sfp (Ha)/ sfp(yo) > (11253)2, Vi € N. Thus, CP[u1, o] is (112322

polarized. O

To conclude this section, we show that linearity of the central path can be equivalently restated
in terms of polarization. While not needed in the sequel, we believe it to be of independent interest.
The proof can be found in the Appendix.

Lemma 5.3.7. For g > p1 = 0, let CP[uy, po] be y-polarized. Then y € [0, 1]. Furthermore, v = 1 if and
only if CP[uq, o] is linear.
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5.4 The Subspace Layered Least Squares IPM

In this section, we introduce the algorithm [PM with subspace LLS (Algorithm 5.1) and prove
the following result.

Theorem 5.4.1 (Proof on 130). Let CP[u1, po] be y-polarized. Then, given an iterate z € N(B) with
parameter [1(z) € (i1, o), the algorithm IPM with subspace LLS (Algorithm 5.1) takes O (n'>log(n/y))
many iterations to find z’ € N(B) such that [(z") < p.

Recall from Theorem 5.3.4 that the existence of a line segment in the wide neighborhood of the
central path implies polarization of the corresponding central path segment. Hence, Theorem 5.1.1
directly follows from Theorem 5.3.4 and Theorem 5.4.1. Recall from the discussion after the
statement of Theorem 5.3.4 in Section 5.3 how Theorem 5.1.2 and Theorem 5.1.3 can also be derived.
We stress that [PM with subspace LLS does not have any information about the polarization of
CP[u1, po], but only defines the steps using local information.

The subspace LLS direction We now introduce a new update direction, called the subspace layered
least squares update direction. At a given point z € N(f), this step direction is specified by a partition
BUN = [n] and two subspaces V C ntn(27!W) and U C mp(371W1).

Recall the notation £ for the local error scaling and the thereby adjusted versions £ and § of x
and s defined in (5.13). For a given partition BU N = [n] such that B, N # 0, recall the lifting maps
introduced in Section 5.2.3. We use the following shorthand notation

o pTW gL . p8TIWE
bn =1y and (Z,B =13 .

Thus, the linear map /; n: RN — RB computes a minimum-norm lift in the rescaling 2w
corresponding to the local geometry at the point z. Recall from Lemma 5.2.15 that the linear map
l ZL 51 R¥ — RN is the adjoint of /. v, thus, they are represented by matrices that are transposed of
each other.

Also recall the affine scaling direction (Ax?, As?); the most convenient formulation in the context
of the next definition is (5.18).

Definition 5.4.2 (Subspace LLS direction). Let z € N(B), and let &, %, § be defined as in (5.13). Assume
we are given a partition BU N = [n] and two subspaces V. C nn(£7'W) and U C mp(87'W*). The
Subspace LLS update direction (Axt, AsY) € W x W+ at z with respect to (B, N, U, V) is defined as
follows. If B, N # 0, then

oV = argminl||En + 0, o4 = argmin||&p + 0|,
oeV oel
6x = (FZ,N((SV)/ 6V) , (Ss = (6U/E;B(6u)) 7
Axt = 267, Ast = 86°.

IfN = 0, then we let (Ax?, As®) = (0, As?) and if B = 0, then we let (Ax’, As®) = (Ax?,0).

The formula defining 6V is similar to the definition (5.18) of the affine scaling direction. However,
when defining 6", we restrict ourselves to norm minimization in 7ty (£71W), and within that, we
require 6V € V. This step is then extended to the coordinates in B using a minimum norm lift in
the rescaled subspace £71W.
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Note that we can equivalently write 6V = ~Ily(&n) and 6Y = —11y(Ep). An equivalent definition
of Ax?, using the primal local norm in the original space W—similarly to (5.17)—is the following;:

Avt = argmm{ ||xN (xn + Av)” Av € xV}

(5.26)
Axt = argmm{ ||x 1Ax” cAxy = Ao, Ax e W } .
Analogous formulas can be given for As’.
For the subspace LLS direction as in Definition 5.4.2, let us define the residuals
+ Axt + Ast
V::5+5X=%, Uimgqos =225 (5.27)

Cheap lifts and singular values To argue for the usefulness of the above defined step direction,
and to select suitable subspaces V and U for a given partition (B, N), we recall the discussion of the
trust region step from the Introduction (Section 5.1). As long as the step primal and dual directions
(Ax, As) are feasible to the systems (5.6) for a suitably small threshold g, we are guaranteed to
make progress as measured by the primal and dual objective values as in (5.7).

Simply selecting V = mn(£7'W) and U = rp(37'W+) would attain the smallest possible objective
values; however, the constraints bounding the local norms of Axg and ASII;] in (5.6) could be
arbitrarily violated. Therefore, we select the subspaces V and U such that no matter how &V and
&Y are selected, the lifts Axg = 2n/n(0Y) and ASI{] = §N€;B(6u) will have small local norms; that
is, ||/ N(6Y)] and ||€ZL/B(6U)|| are suitably bounded.

Using that [|6"]] < ||&n]| as 6V is the projection of &y, and Proposition 5.2.10, we get

16V < lIEnl < V.

Hence, if we can guarantee that the lifting map satisfies ||{; n(0)]| < 7||8]| forall 6 € V for a suitably
small threshold 7, we can guarantee Ax! to be feasible to the primal trust region program (5.6);
analogous arguments can be made for the dual direction. Naturally, we would like to select the
largest subspaces V and U with this property.

Let us define the threshold

p
T = . 5.28
Tovi (529
Our goal is to ensure that
1zn@I < lloll, VoeV and [[izg0)l <<lloll, Yoel. (5.29)

This holds if V is the subspace spanned by the singular vectors of the map ¢, y corresponding to the
singular values < 7 in absolute value; analogously for (lB and U. In the following definition, we
use a full Singular Value Decomposition (SVD) of the matrix M € 1RIEXINI representing the map /, x.
The Singular Value Decomposition (SVD) gives M = UZVT where U € RIBXIBl and v € RINIXINI
are orthogonal matrices, and E € RIBXINl is a rectangular diagonal matrix also including the zero
singular values.

Definition 5.4.3 (Cheap Subspaces). For a partition BUN = [n] with B,N # 0 and z € N(B), consider
an SVD decomposition
Ny =UZVT, (t, =VETUT |

119



5 IPM NOT WORSE THAN SIMPLEX 5.4 The Subspace Layered Least Squares IPM

Depending on a threshold parameter t € R, we set

Von(t) = im(Ve) Nun(EIW)  for Si={i: [Tl <t},
U, 5(t) = im(Up) N g8 IWE) for To={i:||Zi|l <t}.

Further, we let VZ,N(t) be the orthogonal complement of V, n(t) in nin (XYW, that is, V, n(t) EBVZIN(t) =
nN(ETIW) and V, n(H) LV, n(0). Analogously we define U, p(t) such that U, p(t) ® U, p(t) =
(3 YWL) and U, () L U, p(t).

Note that ||X. ;|| and ||Z. ;|| are the absolute values of the singular values corresponding to the
i-th columns of V and U, respectively. It is clear from the definition that V =V, y and U = U, 3
satisfy (5.29).

Definition 5.4.3 gives a natural way of defining V =V, y(7) and U = U g(7) for our algorithm.
However, this requires an exact SV decomposition of the matrix M representing the lifting map
¢, n. It is important to note that our arithmetic model does not allow for computing an exact
decomposition. Since we would like to implement each iteration of the algorithm in strongly
polynomial time, we cannot use a numerical approximation for the SVD , as such approximations
would depend on the norm of the matrix. However, a weaker property suffices for our analysis.
Namely, we need that the subspace V C 75 (£7'W) has singular values at most t—and thus satisfies
(5.29)—and further it includes the subspace of right singular vectors corresponding to the singular
values < 7/n¢ for some constant ¢ > 0; analogously for U. A strongly polynomial subroutine
Approx-SVD finding such a subspace is given in Section 5.4.1.

The associated partition Definition 5.4.2 and Definition 5.4.3 are applicable for any partition
BUN =[n],B,N # 0 and z € N(B). Our algorithm chooses a natural partition derived from the
relative step lengths in the affine scaling step:

Definition 5.4.4 (associated partition). Forz = (x,s) € N(B), let (Ax?, As?) be the affine scaling step as
in (5.16). Let us define the associated partition B, U N, = [n] as

EZ :={i:

Further, let [, = t, 5 and TZL =1 LE denote the lifting maps corresponding to this partition, assuming
7 z z, z

B.,N. # 0.

Axf1

Xi

As?

Si

} N. = [n]\B,.

The affine scaling step is the canonical candidate for an improving direction. Namely, for each
i € B, the variable s; decreases at a faster rate than x;, and vice versa for i € N,. As shown in the
analysis (Lemma 5.4.11), for a sufficiently long polarized segment, (B;, N.) reveals the polarizing

partition.

Description of the algorithm We are ready to describe the predictor-corrector algorithm IPM
with subspace LS, shown in Algorithm 5.1. We are given a starting point (x*,s°) € N(B). In each
iteration, we compute the affine scaling direction (Ax?, As?) and identify the associated partition
(B,N). Using this partition, we approximate the cheap subspaces U and V using Approx-5VD
(Algorithm 5.2). We then compute the subspace [.1.S direction (Ax‘, As®) for (E, N,V, U). For both
directions, compute the feasible step-lengths according to the bounds in Proposition 5.2.9 and
Lemma 5.2.12. We use the better of these two possible steps, and obtain the next iterate after a
corrector step.
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Algorithm 5.1: IPM with subspace LLS

Input :Instance of LI and initial (x?, s%) e N(@B), B €(0,1/6].
Output :Optimal solution (x*,s*) to L.

1 x—x0,5 s

> while (x,s) > 0 do

s | Compute affine scaling direction (Ax?, As?)

4+ | Set a? for (Ax?, As?) according to Proposition 5.2.9(ii)

5 | (£2,89) « (x + a?Ax?, s + a?As?)

= . |Ax? As? ~ ~
6 B(—{z: ;’ < ss,-’ },N<—[n]\B
7| Ve Approx—SVD(((x 5) 7

. .. ||((x,s),l\~l(vf)||
8 z&max{]T]HS%}

9 | Ve—im(Vg)N nﬁ(a?_1W)
10 | U« Approx-SVD((+ )
(x,s),B

, e SOl
n | 1« max{] : IIT;H <
2| U« im(Ug)N T[§(§_1WJ‘)

13 | Find subspace LS direction (Axe ,Ast ) according to Definition 5.4.2 for V and U
u | Setal for (Ax?, Ast) according to Lemma 5.2.12

5 | (R85 — (x + alAxt, s + alAs?)

16 | if (%2, 8%) < (%4, 57) then

17 L(x,s) <—(fa,§a)

1 | else

w | | (x,5) « (24,59

20 | (Ax¢, As®) = CorRRECTOR(X, S)

21| X — x+AxC,s < s+ As®

N[

2 return (x,s)

The main potential in the analysis is the ¢(z), the non-decreasing vector of non-zero singular
values of /, and (£, which are the same by Lemma 5.2.15.
In particular, we have

0(2)i = Oirdim(cer(t))(l2) = Oirdim(eert)((3) - (5.30)

for all i € [dim(im(/,))].

Throughout this section, we will analyze the behaviour of IPM with subspace LLS on a fixed
y-polarized segment CP[u1, uo] with respect to the polarizing partition BW N = [n]. This partition
will be fixed throughout, and for z € N(B) with [i(z) € [u1, o], we use the shorthands

— _ 7w Lo gL _ p5iwit
l, -—(z,N—fN , '_[z,B_fB .

5.4.1 Algorithmic Tools
Polynomial approximation of singular values

To compute the subspace LLS direction, we need to identify the linear spaces U and V that are
obtained from an exact SVD of the matrix M representing the lifting map . 1tis important to note
that our arithmetic model does not allow for computing an exact decomposition. Since our goal is
to be able to implement each iteration of the algorithm in strongly polynomial time, we cannot use
a numerical approximation for the SVD, as such approximations would depend on the norm of the
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matrix. However, the analysis of the main algorithm (Algorithm 5.1) is robust, and it suffices to
identify a subspace V C 7 (£71W) such that the lifting map from V has singular values at most ©
and includes the subspace of right singular vectors corresponding to the singular values < 7/n°¢ for
some threshold 7 and ¢ > 0. In the following we provide such an approximation for ¢ = 1/2.

Algorithm 5.2: Approx-SVD

Input :A matrix M € R,
Output :A matrix V € R"*",

1 V1, s return V
» fori=1,...,ndo s procedure Orthogonalize(N, V):
3 | Ve ortnoconarize(I,, V) Input :Matrices N € R and V € R"¥k
4| Vyj ¢ ortHOGONALIZE(M, V5 ;) Output  :A matrix V e ™K with
MV; . . S .
5| € argmini<]-<11 H im(Vg;) =im(Vg;) forall i € [k] and
s/= j

N-orthogonal columns, i.e., VINTNV
is diagonal.

1 | Perform standard Gram-Schmidt orthogonalization
with the inner product induced by N

6 | V < V with column i swapped with column c
7| v) v

We denote the set of i-dimensional linear subspaces of 2" by S(i). Recall the min-max principle
for singular values:

4 . M| C | IMu|
0{(M) = min max = max min .
Ses(i) ues\{oy ||ul| SeS(n—i+1) ues\{o} ||u||

(5.31)

The next statement gives an approximate version based on an the approximate representatives
for i-dimensional linear subspaces of IR".

Lemma 5.4.5. Algorithm 5.2 returns a matrix V with orthogonal columns such that

ai(M)
n

1 M MV; M
~  max IMo] < IMV;| <+vn min IMof] < no;(M), (5.32)
1 oeim(Va\{0} ||| Vil veim(Va\(0}  [|7]|

IN

foralli € [n].

Proof. Note that the first and last inequality follow from (5.31). We prove the second and the third
inequality. Note that by choice of j in line 5 we have for all j with i < j < n that

MV MV
v vl

(5.33)

: 0]
Therefore, by M-orthogonality of VZIi we have

i 2 (@2 i 211w 2 i 211w 2
IMVull \/iji wHIMVEIZ 650 (IMVY ||y 2z 47 1TV N IMVO ||y Zjzi 471V

- = - > , - > , -
IV ull IV ull v vul VO (2w V1)

>i
1 Imvy
Vv
(5.34)
Note that im(Vg) = im(Vs;) for and ng) =V, foralli € [n].
Therefore,
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Mo Mol 639 1 IMVP 1 My
mmn ———= mn —-— 2> — - =— ’
veim(Var) [0l peimev) N2l Vi v Vi IVl

which proves the third inequality of the lemma.

(5.35)

It remains to prove the second inequality of the lemma. Note that by the I,,-orthogonality of the
columns of V we have for all i € [n] that

||M?J|| ||MV§iu|| orthogonality ||MV§1'M||
- max = max TVoul = max —————
veim(Va)\(0} [[oll weri\foy |IV<iul] ueR\{0) /sti IV /222
Yi<i IMVjllluj] am-Qm 2j<i IMVj[l|u;]
ueRi\{0} sti ||V]||2M]2 ueRi\{0} j<i il
diant MV,
meslan Vi max I ill
j<i Vil
Further, we have for all j < i that V; € im(V(Zj;) = im(Vs5;). Therefore,
MV, Mo|| 635 1 |[MV;
MVl Mol 039 1 MV (5.37)
IVill — veim(vsy |9l Vi IVl
Combining (5.37) with (5.36) gives the second inequality of the lemma. O

Stability of singular values on polarized segments

We now present two statements that describe the stability and evolution of singular values of the
map /, on polarized segments of the central path.

Lemma 5.4.6 (Stability of singular values for multiplicative perturbation). Let y € RZ , W C IR" a

-1
subspace and let €]y\] VRN o np(y~ W) and ()] : RN — 7tg(W) be defined according to Definition 5.2.13.
Let 01 < --- < onand 61 < --- < o their respective singular values. Then, for all k € [N, we have

1

——————0k < 0k < |lyslleollyy' lleo0k - (5.38)
||y31||oo||yN||oo N

Proof. We denote ( = €Iy\;lw and [ := FVN‘/.
We prove the second inequality, the first inequality follows by replacing y with y~! and o with 6.
Note that for any x € riy(y~'W), we have yyx = (yLi;lW(x))N € (W) and (yLIy\;lw(x))B =
yel(x) € mg(W). By definition of ¢, we deduce that

TNl < llysl@ll < llysllelltll- (5.39)

Consider the singular value decomposition / = UZVT such that the diagonal of X is non-decreasing.
For k € |N|,let V(®) = im((VT)<) C min(y~'W) be the column span of the first k columns of V.
This is the subspace corresponding to the smallest k singular values of /. Let further vk = yn VW
be the rescaled subspace in 7 (W). Now, for any v € \7("), we have for v = y&l'i e V) that
[£(@)Il < oxllo]l and so

—~ - (5.39) _
1@ = 11 yno)ll < lysllsllt @) < lyslleooklloll < oxllysllollyy' lsl@]l - (5.40)
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Hence, by (5.31) we get

_ 7@ ¢ L
o < max —=— < |lysllellyy lleo0k - O

AT
Lemma 5.4.7 (Stability of singular values on polarized segments). Let CP[u1, po] be a y-polarized
segment of the central path with partition BUN = [n]. Let z,z € N(B) for B € (0,1/6), such that u := [i(z)
and 1 = [1(z) satisfy o > p > 1 > py. Then we have:

2 2
. %a(z) <o(z) < 4% . %o(z). (5.41)

an2
Proof. Letz := (x,s) and Z := (¥,3). We denote &(z) = x1/2s1/2u 12 and &(z) = XY/ 20 12 by &
and &, respectively. We want to apply Lemma 5.4.6 with y = x~'x1&. By Proposition 5.2.10 we
have

VI-B1<&E<1+p1. (5.42)
With Proposition 5.2.5 and Corollary 5.3.3 we get

e~ 1+2B)(1 + B)Y/2 || x(u)p 2n
= lg-1 < ( < —
lyBlleo = llxpX5 &5 EBlleo < A-ppr @l =7 .
~ = 1+28)(1 + B2 || x()w 2nu '
oo = XN ERE oos( <=L
llyy |l lxnxy & En 1= ppn on .= 77
and 12 o
Ay el e Tl (1+28)(1+p) x(1)p 2n
vz oo = llx5 ' XBERER oo < Q- pen P < -
p B || (5.44)
o r (1+28)(1+B)2 x| _ 2np '
lynlleo = X5 N ENER Tloo < <—.
YN N XNGNGy (1-p)P2 x(n |l = @
using % < 2for B €(0,1/6) and i%i = ;((lit]))ii J;(&%)i" for the maximizing index 7 (as well

as the analogous terms of the other inequalities).
Plugging these estimates into Lemma 5.4.6 yields the result. m]

Simple properties of the subspace LLS step

Here and in the rest of the analysis, || - || denotes the usual £, — ¢, operator norm. By the choice of
V and U in the algorithm, and using the second inequality of Lemma 5.4.5 we obtain the following
bound.

4

Lemma 5.4.8. |/2|,

Hll = 7
A simple and useful bound on 63 and 63, is the following.

Lemma 5.4.9. We have
16V I, [18Y] < Vn,

and
I53I < oV, and (53]l < V.

Proof. By definition, 5V is the projection of some coordinates of &, and therefore |6V || < ||&]| = Vn

according to Proposition 5.2.10. Further, 03] = 102(6Y)||. Thus, Lemma 5.4.8 yields logll <

7||6Y || < 7v/n. The analogous arguments give the bounds ||6Y]| and 103, I-
124
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The empirical gradient and its projections

For a point z = (x,s) € N(B) such that (z) € [p1, tol, the empirical gradient is the direction that
points directly to the endpoint of the polarized segment zP(u1), that is,

Ax®™P = xP(u1) —x, and AsP :=sP(ug) -s.

This would be a desirable direction to directly shoot down along the polarized segment, however,
it requires explicit knowledge of the point z%¥(u;). Nevertheless, a key idea of the analysis is to
measure the discrepancy between the subspace LLS direction and the empirical gradient. We will
analyze the quantities

OV = Ty = 27 P(uDn)ll and oY = |T15(Ep - 35"sP(u)p)|l -

These are the projections of a rescaling of the empirical gradient onto the respective “non-cheap”
subspaces. These quantities are crucial in proving Theorem 5.4.14. Lemma 5.4.11 shows that if
both l,l)v and IJJU are small, then the partition associated to the affine scaling direction matches
the polarizing partition. Furthermore, if both are small then we make significant progress on the
central path (Theorem 5.4.13). Intuitively, in this case ‘most of’ Ax;,mp /%N isin V and ‘most of’
Asgmp /g is in U. Since the subspace LLS step is optimized subject to the constraints Axy /Xy € V,
Asy /8N € U, we can move in this direction nearly as far as with the empirical gradient.

On the other hand, if one of QDV and IIJU is relatively big, then the fact that the rescaled empirical
gradient has lifting costs that are bounded by 1 shows that one of the non-cheap subspaces V or U
contains a direction that is not too expensive.

Partition identification

This section is concerned about the difference between the partition associated to the affine scaling
direction and the polarizing partition. We will show that if the residuals Qg and Q% are small
(recall their definition in (5.27)), then both partitions coincide (Lemma 5.4.10). This in turn can
be used to show that these two partitions coincide, if the norm of the projections of the empirical
gradient ll)v and lpU are small (Lemma 5.4.11).

Lemma 5.4.10 (Identify partition). Let z = (x,s) € N(B), p € (0,1/2], t € [0, 1] and define
V=V, N(t) and U = U, p(t). If||0u|| + ||/)V | < 1/16 then the associated partition (see Definition 5.4.4)
B = {z € [n] : |Ax? /x| < |As?/si] } =[n]\ B agrees with the polarizing partition, that is B = B,
N =N.

Proof. Since £7'Ax?,6% € £7'W and §71As?, 6° € 3"'W+ are in orthogonal spaces, we have that

.15

16 = 27T AX2 + [16° = 87T AP = |67 + 6% — (R Ax* + 871 ASY)||P = |6F + 6% + &I

By the triangle inequality
6% +6° + &Il < (165 + &gl + 161D + (ox, + Enll + 163 11)
1

1 1 1
= llog 1+ 1o Il + 151+ 1163 ||<—+2\/_T—E+§ﬁ 3
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where we used Lemma 5.4.9 to bound [|63|| and |63 Recall from Proposition 5.2.10 that
|%i/xi],18i/si| < /1 + B < 2foreachi € [n]. Therefore, for i € N, we have

As? a4 1 1
<2|—|<2 |6s|+ < —+2ynt < <, (5.45)

51 §; 4 2

and for i € B, we have

Ax? Ax? 1 1
<2|—|<2 |5X|+ < —+2vnt < =, (5.46)

xl ®i 4 2
Since Ax?/x + As?/s = -1, we must have max{|Ax]/x;|, [As/si|} = 1/2, Vi € [n]. Combining
with (5.45) and (5.46), we have that |[Ax?/x;| < |As?/si|, Vi € B, and |Ax]/x;| > |As?/si|, Vi € N, as
needed. O

Lemma 5.4.11 (Partition indentification via empirical gradient). Let t € [0, 7] and define V := V, n(t)
and U = U p(t). We have

1Y+ oY1l < 97 + T +an'5,1EL
If
[ WENETI:
+ +4n! _
Yty n m <6

then the associated partition (B N) coincides with the polarizing partition (B, N), that is B = B,N = N.

Proof. The second part is immediate from the first partand Lemma 5.4.10. Wehave &y = o), —6". By

definition, 6V = =TTy (&n). Since V and V are orthogonal complements, it follows that e N = (& N)-
Hence,
Y = = 115N = 25 xP ()Nl = llog = g @ 2P (u)n)l
~ i (5.47)
> (0% = 1532 n)ll = flo% 1] - 20151 EL,
Analogously &g = ()ILBI = -6 and so
U > oY)l - an-Sw‘l%. 0

Large singular values vs empirical gradient

The following lemma helps us to upper bound either the smallest singular value or ¢ on either the
primal or dual side.

Lemma 5.4.12. For the polarizing partition BUN = [n] let Y,Y C RN be any subspaces such that
Y1 Y,Y @Y = nn(2"'W) and analogously let Z, 7 C B’isuch that Z L Z,Z & Z = ng(3"'W>). Let
o be the smallest singular value of (, |7 and analogously let 0% be the smallest singular value of / ZL|2 Then,

WYl <dn+ (2p1y*1;f1 + 1)n1‘5||£‘z|y|| )

WZo? <dn+ (Zyly )n1-5||ez|z|| .
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Proof. We only prove the first statement, since the second statement can be shown analogously.
From Lemma 5.2.4, we have

I1£2(En = 2t x(un)ll < 116 = 25 x(w)sll < 11€61+ 125 (w15l

(5.48)
<V + (1+B)llx~ (w)sx(u)sll < 4n.
Since oY is the smallest singular value of /, |Y' we can bound
P 0" < IE((EN - 25 P ()l
= [102(En = R 2P (u1)n) = LTy (En = R P (ua)n) |
< ||f (En = 2 xP (D))l + 10Ty (En = 23 2P (u)n)|
(5.49)

(54
< an 4 1| T (6 — 32 ()l
< a1l (T @I + Ty GER P (n)l

< a1l (Vi I G )

Where the last inequality used |[I1y(En)|| < ||En]l < [I&]] = Vn. From Proposition 5.2.10 and
Corollary 5.3.3 we have that

125 2P (Nl < V1 +Bllx(y xP ()l < /(1 + Bl P (u)nlleo < 20 2upty ™
(5.50)
The claim follows by substituting this in (5.49). O

5.4.2 Analysis

The main result of this section is Theorem 5.4.14, which shows that in case that the residuals are
small enough, then within a single step we either come within polynomial factors of the end of the
polarized segment, or the smallest singular value of the expensive subspace becomes polynomial.
Theorem 5.4.1 is then a simple consequence and will eventually be proven on Page 130.

We introduce the special index {(z) € [n] as

(z) =1 +max{ 10(z); < ;5 } (5.51)

Then ((z) — 1 corresponds to the number of non-zero singular values of /, (and () that are not
larger than —.

Theorem 5.4.13. Let CP[uy, pio] be y-polarized and let z = (x,s) € N(B) be an iterate with parameter
1(z) € (p1, Ho), and let z* = (x™, s*) be the next iterate of IPM with subspace LLS run with subspaces V
and U. Lett € [0, 7] andlet Y := V, n(t) and Z = U, p(t). If

Y, 1 Z 15, -1H 1
Y +1° +4n LS (5.52)

then
Tzt = O(n4'5 1y (Hl +o (Z)&lzﬁ”)) '

Proof. By L:emma 541 1, ||Q§ |+ ||()}<[ || <1/16, and the associated partition agrees with the polarizing
partition: B =B, N = N.
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From Proposition 5.2.10 we can bound

1
6% lloo = llox; = ENllo < 1o lleo + lIElleo < e TVIth=2,

1 (5.53)
165 leo = lloF = EBlleo < [0 lloo + IElle0 < e TVitp=2.
Recall from Lemma 5.4.9 that
65l < eV, and [|6}[l < tVn.
Consequently,
Axtast |
= 1576° 11> = 10505117 + 153, 03 I1* < NOFIPNSFI1 + [[0x 1P 163117
(5.54)

< 4(I63 112 + 1oy 1I?) < 8nc?.

Note that this bound gives us for (Ax!, As’) the assumptions of Lemma 5.2.12 as V8nt < /4.
Further, note that

2 2
(xp + Axg)(sB + Asg) (xn + Axi[)(sN + Asﬁ,)

H Z
= (&g + 635)(E + S + I(En + 5 )(EN + S

— 2 2
”/}B Op ” + ||0NUN” (5.55)

2 u2
< log %oz 17 + Nox P o 1%

2 V2
< 4(llo 1% + ok 1)

< a(IY0+ okh),

(x + Ax%)(s + AsH |
U

where the penultimate inequality used that

0 lloo < 1€Bleo + 183 lleo < 1+ B+ VnT <2, (5.56)

due to Proposition 5.2.10 and Lemma 5.4.9. Analogously, ||()%\I] llo < 2. Together with Lemma 5.4.11,

we get
(x + AxY)(s + As?)

r

Lemma 5.2.12 guarantees a step-length

<2y" 429l 18015 1L

el 4 (x + Ax(s + Ash) (5.57)
p Z
such that z* = (x + aAx!, s + aAs’) € N(2p) and
_ 3P 8| (x + Axb)(s + As?)
u(zh) < (1 + ——)(1 —a)u < —
2 n P H (5.58)

< 1}‘76(4\/@17"1 +oVu+ abﬁu)-
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Using that (B»,N,) = (B, N) and therefore ¢, = fz,zl = ¢, Lemma 5.4.8 implies ||£’ZL|U||, ||€”Z|V|| <
7. Let p := dim(V), r := dim(U) and ¢ := dim(im(£;)) = dim(im(£2)). Note that by Lemma 5.4.5

we have IV
o L IEMVivpedll 1 x T (5.59)
Voo IViNpall - Vun ntd

where the third inequality follows by definition of V. This in particular implies that g —p +1 > ((z)

0(2)g-p+1 2 "

and so 0(z);-p+1 = 0(2)¢(z). Further, we have by Lemma 5.4.5 that

v 1
A ﬁa(z)q_pﬂ. (5.60)
Analogously, we have that
T 1
0(z);ps1 2 0(2)¢zy and o > ﬁa(z)r_pﬂ. (5.61)

Together with Lemma 5.4.12 with Y := V, Z := U, we have

= — (5.60) — =

VW o(2)ce) PV 0(2)gp1 < nYVaV(z) <n'o(dn + (2y1y‘131‘1 + 1)1’11'5”()
(5.62)

< n'S4n + (2)!‘1 + 1)n3a(z)c(z)) ,

where the last inequality follows by definition of the index ((z). Analogously we get on the dual
side B
PUo(2)ce < n5@n + (2;1—1 + 1)n3a(z)c(z)). (5.63)

Plugging these into (5.58), we get

) < %(wl + 5ol ), (5.64)

which proves the theorem. |

With Theorem 5.4.13 at hand we can show Theorem 5.4.14, which shows that if the residuals are
not small, then this is easy to handle and we can nonetheless make a similar conclusion to the one
of Theorem 5.4.13. Theorem 5.4.14 shows that we have two alternatives after a single step in the
algorithm.

Let u = [i(z) throughout.

Theorem 5.4.14. Let CP[u1, pol be y-polarized with polarizing partition B\WU N = [n]. Then, given an
iterate z = (x,s) € N(B) with parameter [1(z) € (u1, ko) in [PM with subspace LLS (Algorithm 5.1), the
next iterate z* = (x*,s*) € N(B) satisfies one of the following properties:

(l) G(Z+)C(Z) — O(ﬂ6'5ﬁ_1]f_2),
(i) 1(z") < O(n*p~1y2py).

Proof of Theorem 5.4.14. Algorithm 5.1 runs the subspace LLS with partition BUN = [n]. Let
V =V, n(t/n) and U=1U.p LT /n) (defined in Definition 5.4.3). We distinguish two cases based on
whether the terms ¢/ and Y are small.

Casel. " + Y +4n1'5;/‘1% > L.
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Then, by Lemma 5.4.12 with Y := V; y(7/n) and Z := U, p(7/n), we have that

2- (4n + (2”1#—17,—1 + 1)n1'5(7/n))0(z)g(12) + 4n1'5)'_1% > % . (5.65)

In particular, for the next iterate z*, we have u(z*) < u = O(n1'5}/‘1(ag(lz)y + pi1))-
CaseIL yV + ¢l +4n1%) 71l < L
By Theorem 5.4.13 we have that pi(z*) = O(n4'5,8’1 y~t (yl + agﬁz)y)).

In either case, we have

iz = O(n4'5ﬁ*1]'*1(y1 + og(lz)y)) . (5.66)

If ug > og(lz)y, then f(z*) = O(n*°g~1y71u1), so we are in case (ii). Otherwise, u(z*) =
O(n4'5ﬁ‘ly‘lag(1z)y). By Lemma 5.4.7 we have that o(z*) < 4n%)~21i(z")u~1o(z). In particular,

0(z")(z) < 4y PN 0(2) 0y = OBy 7). (5.67)

Hence, we are in case (i). This proves the theorem. m|
From Theorem 5.4.14 we can now derive the proof of the main theorem as follows.

Proof of Theorem 5.4.1. Consider any two consecutive iterates z = (x,s) and z* = (x*,s*) in [PM
with subspace LLS. In case (ii) of Theorem 5.4.14, the end of the polarized segment will be reached
within O(8~ 'y log(n/y)) iterations, since the affine scaling step itself leads to an 1 — Q(8/+/n)
decrease in the normalized gap, and we always choose the better of the two steps.

In case (i) of Theorem 5.4.14, we have a(z);) = O(n>°p71)71). Using Lemma 5.4.7, af-
ter O(B~'vnlog(n/y)) additional iterations, any subsequent iterate z** = (x**,s*") satisfies
0(z")¢(z) < 7/n'. By definition of C(-) in (5.51), we have ((z*") > ((z) for all these iterates. Such
an event may occur at most n times. i

5.5 The Max Central Path

In this section, we deal with the properties of the max central path that we introduced in Section 5.1.
Given g > 0, we denote by

Pe={xeR":Ax=b, x>0, (c,x) <v*+g},
De={seR™:FyATy+s=c,s>0, (by) 20" -g}
the feasible sets of the linear programs in (5.4). They correspond to the sets of the primal and dual
feasible points (x, s) € ¥ x O with objective value within g from the optimum v*, respectively.
We recall that the duality gap of any pair (x, (y, s)) of primal-dual feasible points of LI fulfills
(c,x) — (b, y) = (x,s). In particular, we have {(x,s*) = {(c, x) — v* and (x*,s) = v* — (b, y). Thus,
the two sets ¢ and 9, are equivalently given by

7’g={x€7):<x,s*>§g}, @gZ{SED:<x*/S>Sg}'

These expressions are in fact independent of the choice of optimal solutions (x*, s*). The following
claim is immedjiate by our assumption that #.., and 7). are non-empty.
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Proposition 5.5.1. Forall ¢ > 0, the sets ¢ and 7 ; are bounded.

We denote by MCP := {z™(g) : g > 0} the whole max central path. The max central path point
z™(g) = (x™(g),s™(g)) is the entry-wise maximum of the set ¢ X D,.

While the points of the max central path are not feasible in general, the following theorem shows
that the max central path shares important similarities with the central path:

Theorem 5.5.2 (Centrality of the max central path). Forall g > 0, we have that

g <x/"(g)si'(g) <2¢ Vie|[n].

Proof. We first prove the upper bound. For i € [n], let x!) € argmax{x; : x € P} and s¢) €
argmax{s; : s € D,}. Note that x("), s exist by Proposition 5.5.1. Then,

x'(g)si'(g) = xl(.i)sl(.i) < <x(i),s(i)> = <X(i),5*> + <X*r5(i)> <2g,

where the last equality follows from Proposition 5.2.1. We now prove the lower bound. We assume
g > 0, since the statement is trivial otherwise.
Note that the dual program of max{x; : x € W +d,x > 0, (x,s*) < ¢ } can be expressed as

min{ozg+<u,x*>:as*+u >elu er,aZO},

using that (u, x*) = (u,d) since d — x* € W, u € W*. Similarly, the dual program of max{s; : s €
W= +¢,5s >0,(s, x*) < g} can be expressed as

min{ g+ (v,s*) 1 px*+v>e,v e W, >0}.

Let us pick optimal («, u) and (8, v) to these two programs. The product of the objective values is
thus equal to x}"(g)s]"(g); the proof is complete by showing a lower bound g.
We first claim that
(u,x*)>0 and (v,s*)>0. (5.68)

By symmetry, it suffices to prove the first claim. For a contradiction, assume (u, x*) < 0. Then,
there exists an index j € [n] such that x]’f > 0 and u; < 0. By complementarity, s;* = 0. This
i

j. . . .
Next, note that the constraints in the two programs imply

contradicts ocs/’.‘ tuj>e

1= (ei,ei> < <as* +u, px* + v) = a(v,s*) + ﬁ(u,x*) . (5.69)
Now, the product of the objective values can be written as
x}'(8)s]"(8) = (ag + (u, x*))(g + (v,5%))
= apg® +g(afo,s*) + plu, x*)) + (u,x*) - (v,5%) = g,
using inequalities (5.68) and (5.69). This concludes the proof. O

Given the above, we have the following straightforward relation between the max central path
and central path.

Lemma 5.5.3. For p > 0, we have that

z"(np) = zP(u) > M

2n
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Proof. Recall that zP(u) = (xP(u), sP(u)) with (xP(u), sP(u)) = (xP(u),s*) + (x*,sP(u)) = nu
using Proposition 5.2.1. Therefore, xP(u) € #,,, and sP(u) € D,,. By definition of the max central
path, zP(u) = (xP(u), sP(u)) < (x"(nu), s™(nu)) = z™(np). For the second inequality, note that

u u U Thm. 5.5.2 u xm(n‘u)
xP(u) = > = x"(n > —I1x"(ny) = ————.
W)= 0w = S ~ s P 2=
By a symmetric argument, sP(u) > s™(nu)/2n. o

5.5.1 The Shadow Vertex Simplex Rule

Given a pointed polyhedron P C 2" and two objectives c1), c? € R" such that max,ep <c(1), x> < oo
and max,ep (c(z), x) < oo, we recall that the shadow vertex simplex rule consists in pivoting over
vertices of P maximizing the objectives (1 — A)cy + Acy as A goes from 0 to 1. More formally, a
sequence of vertices v, ..., 0% € Pisa (cV, c?)-shadow vertex path on P if

o [0, 00 *D]is an edge of P, Vi € [k — 1],
o (@00 < (c@ D) Vi€ [k - 1], and

e thereexists 0 = Ap < A1 < -+ < Ag_1 < Ag = 1such that Vi € [k], <v(i), (1-a)c® + ac(2)> =
maxyep(x, (1 - a)c® + ac(2)> forall @ € [Ai_1, Ai].

To analyze shadow vertex paths further, we define the two-dimensional projection

P[c(l),c(Z)] = { (<c(1),x>, <c(2),x>) ix € P} = (c(l),c(z))T -P.

Under non-degeneracy assumptions (which are easily satisfied by infinitesimally perturbing the
constraints), there is a unique shadow vertex path with respect to c) and ¢®. Non-degeneracy
implies that Ag < A1 < -+ < A} above, and thus the maximizing objective moves strictly closer to
¢ after each simplex step. In this case, the vertices of the shadow vertex simplex path project
under the map x ((c(l), x), <c(2), x ) precisely to the subset of the vertices of the 2-dimensional
projection P[cM), c?] maximizing some open interval of objectives (1 — A)e! + Ae?, A € [0, 1], where
e! and e? stand for the unit vectors of R2. As P[cV), c®] is the shadow (projection) of P onto the
plane spanned by ¢, ¢?, this justifies the name ‘shadow vertex simplex rule’. In the general
setting, the vertices of P[c(V), c®] maximizing an open interval of objectives in (1 — A)e! + Ae?,
A € [0, 1] are precisely the projections of vertices v(*), i € [k], on the shadow path such that 1, < A;.
The degenerate vertices v, i € [k], such that A;_; = A;, will in fact in general project into the
interior of edges of P[c(), ¢].

We define Sp(c(, c?)) as the number of vertices of P[c(!), )] maximizing an open interval of
objectives in (1 — A)e! + Ae?, A € [0, 1]. By the preceding observations, we have that Sp(c), c?)) is
a lower bound on the number of vertices of any (cV, ¢?)-shadow vertex path.

In the above, we restricted both starting and ending objectives ¢!, c?) to have finite objective
value on P. It will be useful in the sequel to extend to the case where ¢(® might be unbounded. In
this case, we define the shadow vertex path as above, with the only modification being that we
let Ax := max{A € [0,1] : maxx€p<x, (1-2)c® + )\c(2)> < oo}, that is, the simplex path stops just
before reaching an unbounded ray for ¢(?). In this setting, note that Sp(cV), c®) is still well-defined
and continues to be a lower bound on the number of vertices on any ¢, c® shadow vertex path.
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The following lemma now gives the main relation between shadow vertex paths and the number
of linear segments of the max central path. Precisely, a segment

MCP[g1, 8ol = {z"(8) : 0 = § = g1}
is linear if z™((1 — a)go + @g1) = (1 — a)z™(g0) + @z™(g1), Ya € [0, 1].
Lemma 5.5.4 (Piecewise Linearity of MCP).
(i) Vi € [n], g = xI'(g) is piecewise linear non-decreasing with Sp(—s*, e®) pieces.
(ii) Vi € [n], g = s]'(g) is piecewise linear non-decreasing with S, (-x*, e¥)) pieces.

(iii) g v z"™(g) is piecewise linear and entry-wise non-decreasing with at most

n
mln{z S7)(_S*/ ei) + SL/)(_X*/ ei)/ (‘/'/’ + (VZ)}

i=1

pieces, where Vp and Vi denote the number of vertices of ¥ and D, respectively.

Proof. Proof of (i) For i € [n],let Q; = P[s*, e']. We note that x"(g) = max{vy : (v1,v2) € Q;,v1 <
¢}. In particular, the map x}" is a non-decreasing concave function of g. Again by definition,
Sp(—s*,e') equals the number of vertices of Q; maximizing an open interval of objectives in
O :={-(1-ANe' +Ae?:1€[0,1]} C R

Define ii;(g) = sup{vs : (g,v2) € Q;}, which is defined to equal — if {(g,v2) € Q;} = 0. By
Proposition 5.5.1, note that #;(g) < oo for all ¢ > 0. By convexity of Q;, i; is concave function on
R4. Let h = sup{ii;(g) : g = 0}.

Assume h = co. By concavity, ii; must be a strictly increasing function on R,. In particular,
i1;(g) = x}"(g). Given this, we see that the linear pieces of x["(g) are in one to one correspondence
with the edges of Q; on the upper convex hull whose projection onto the e1-axis have positive
length (i.e., excluding the potential edge {(0,v2) € Q;}). Since Q; C 132, every such edge can be
uniquely associated with its left endpoint (which is always a vertex of Q;). It is now easy to check
geometrically that the set of such endpoints exactly corresponds to the set of vertices that are
maximizers of the objectives in an open interval of O.

Assume h < co. Let g := min{g > 0: x"(g) = h}. It is direct to see that x}"(g) = iti(g) if ¢ < gn
and that x"(g) = h for ¢ > g;. Furthermore, x!"(g) is strictly increasing on [0, g,]. From this, it is
easy to see geometrically that the number of linear pieces of x" is one plus the number of edges
of Q; on the upper convex hull lying in the band {(v1,v2) : 0 < v; < g}, where the extra linear
segment corresponds to constant segment between g, and co. As in the previous case, these linear
segments can be uniquely identified with their left endpoints, which correspond to vertices of
Q;. Furthermore, it is easy to check that these correspond to vertices of Q; maximizing an open
interval of objectives in O.

Proof of (ii). Same as (i), swapping the role of 1) and x* for ¥ and s*.

Proof of (iii). Let 0 = gi’p < g;’p < < g;;z denote the parameters corresponding to breakpoints
of linear segments of x!", and similarly let 0 = gi’d < gé’d <. < g;;i correspond to breakpoints
for s". Finally, let 0 = ¢1 < g» < --- < gr denote an ordering of the merged sequence of
breakpoints (suppressing duplicates) of each x",s™", Vi € [n]. Since x",s!", Vi € [n], is linear
on each interval [g;, gi+1], i € [T — 1], and on the interval [gr, o), we get that z™ is also linear
on these intervals. Furthermore, they are exactly the breakpoints of the linear segments of z™,

133



5 IPM NOT WORSE THAN SIMPLEX 5.5 The Max Central Path

since z™ is linear on an interval iff x;.“, s}”,i € [n], are linear on the interval. By associating
each linear segment with its left endpoint, we see that the number of linear segments of m is
T <Yl kiP+ ki = Y, Sp(=s*,e) + Sp(—x*,e’). Furthermore, note that for each gj, j €1T1,
there exists i € [n] such that either (g;, x"(g;)) is a vertex of #’[s*, e'] or (g, sI"(g;)) is a vertex of
#[x*,e']. In particular, there exists either a vertex x; of ¥ such that (s*,x;) = g; or a vertex y; of
D such that (x*, yj> = gj. This association between breakpoints and vertices is injective (since the
gj are all distinct). Therefore, we also get the bound T < Vi + V) as needed. m|

From the above discussion, note that Lemma 5.5.4 implies that the number of linear pieces of the
max-central path is at most the number of vertices on 2n shadow vertex paths on # and D.

5.5.2 Direct Proof of Polarization along Max Central Path Segments

In this subsection, we give a simple proof that the central path can be decomposed into T polarized
segments, where T is the number of linear segments of the max central path. The proof avoids
using the wide neighborhood and instead directly compares the central path with the max central
path. By virtue of being more direct, it also achieves a better polarization parameter. Since
the polarization parameter appears under a logarithm, this improvement does not change the
asymptotics of our algorithm.

Lemma 5.5.5. Let MCP[u1, ol be a linear segment of the max-central path with o > p1 = 0. Then
CP[u1/n, po/n] is 1/(16n)-polarized.

x;-"([ll) and 0= S?I(Hl)

Proof. Letus fixi € [n],and let u = o) )

. Then for a € [0, 1],

1-a+au)l-a+av) (1 = a)x™(po) + ax™(p1))((1 — a)s]"(uo) + as]"(u1))
T—atawo (L= a)x (o)s (ao) + axl (s ()

= X~ Do + ap)s (1~ Do + apn) (by linearity)
(T = @)x™(o)s™ (o) + ax ™ (yi1)s ™ (1) y Y
(1-a)uo +au 1
> = —. by Theorem 5.5.2
21— a)uo + apy) 2 (by )

Therefore Lemma 5.3.6 yields u + v > 1. Let B = {i €[n]: ) s%:(yl)} and N := [n] \ B. Thus,
4 X; (.UU) S; (.UO)

x" (1) . s (1) .
m > 1/8,V1 € B,and m > 1/8,Vl € N.

We now show that CP[u1/n, po/n] is y = 1&-polarized with respect to the partition B, N as
above. For u € [u1/n, yo/n] and i € B, we have that

x?p(y) Lemma553 X}"(1y1) MCPmonotonocity  x(gq) i€B 1
P (uo) - 2nx"(uo) - 2nx"(uo) — lén’

P () , -
:?p(:o) > ﬁ, i € N, u e [po/n,u1/n], follows by a symmetric

argument. O

as needed. The inequality

5.5.3 Converting the Max Central Path into a Wide Neighborhood Path

While the max central path does not correspond to a feasible path inside ¥ x 9, we now show that
it is in fact close to a piecewise linear path that lives inside the wide neighborhood of the central
path having the same number of breakpoints.

134



5 IPM NOT WORSE THAN SIMPLEX 5.5 The Max Central Path

Y2

Figure 5.2: The path ['(g) as defined in the proof of Theorem 5.5.6 for the system max —y; —yp s.t. ATy +s =

1 2 25 =55
-5 -1 4 2
to level sets at breakpoints.

¢,s >0, whereand A = ,C = [O 9 27 O]T. Dashed lines correspond

Theorem 5.5.6. There exists a piecewise linear curve I': Ry — N™(1 - %) with at most as many linear
segments as g — z"(g) satisfying u(I'(s)) = s, Vs = 0.

Proof. As in the proof of Lemma 5.5.4 part (3), let 0 = g1 < --- < gr denote the breakpoints for
g z"(g). . .

From here, pigk xi e 7’g/,si'j E Dy, i € [n], j 4e [T], such that xll] = x'(gj), sll.’] = s"(g)),
and such that <x"1,s*> <. < <x”T,s*> and <x*,s"1> <. < <x*,s"T>. Further, for all i € [n],
choose ' and 7’4 in the recession cone of # and 7 respectively, such that (ri'?’, s*> € {0,1},
(x*,ri'd> € {0,1} and ¥t > 0, x]"(gr + 1) = xf’T + tr;’p, si(gr +1) = sf’T + trf'd. Define I'*(g) =
éf:::;xi'j + gif;jxi'f“ .if g < g <gj+1,je[T-1]andT"(g) = x'T +(g—gT)ri'p i.fg > gr. Define
the dual counterpart I similarly. By construction, Vi € [1], we have that T'"?, T4 are piecewise
lipear with breakpoints 0 < g1 < -+ < gr, and Vg > 0, T"#(g) € P, TP (g); = x'(g), Iid(g) € Dy,
r'A(g); = s(g).

From here, define

F(g) = (7(9), M(g) = (% Z ' (g), % Z F""’(g)) :

i=1 i=1

We have that I'(g) € 74 X Dy, Vg > 0. Therefore, Vi € [n], by Proposition 5.2.1 we have

(T = 1(P(9), T(g)) = x((P(g),5%) + (x*, ) < £,
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Furthermore, for i € [n], we have

(% » ffrp(g») (% 3 fffd(g)l-)
i=1 i=1

12 i 1 n m
ST ) = ' ()s'() 2 5 2

P ()iT(2);

1(T(g))
2n

\%

In particular, we have that T'(g) € N™°(1 — % .

Note that by construction I' has at most T linear segments, where T is the number of linear
segments of the max central path. To construct I', we will simply reparametrize I with respect to
1(T'(g)). By Proposition 5.2.2, 1i(T(g)) is linear on linear segments of T, so it suffices to show that
1(T'(g)) is a strictly increasing in ¢. Again, by Proposition 5.2.1, we have that

n

W) = = | Y7 (9),57) + (@)

i=1

which is non-decreasing in g, since each term is non-decreasing by construction. Thus, it suffices
to show that one of (I''?(g), s*), (x*,T14(g)) is increasing. Since x!"()s}'(g) > g at least one

of x]" or s]' must be unbounded. Assume without loss of generality that x}" is unbounded. By

concavity of x}", x}" is strictly increasing. In particular rr(g)er ¢ and rir(g)i = x"(g) implies
that (1_"1'?’( 9), s*) = g, which is increasing in g. This proves the lemma. m|
5.A Missing Proofs
Proof of Proposition 5.2.1. Since x —x” € W and s — s’ € W+, we have that

0=(x—x",s—=5"Yy & (x,s) +(x/,s") = (x,s") + {x', s). |

Proof of Proposition 5.2.2. Using that Y¥_, A; = 1 and the orthogonality of x) ~d € W and s() —d €
W+ forall i € [k] we first get

k k k k
<Z Aix®, Z )\is(j)> = <Z Ai(x® —d)+d, Z Ai(s® —¢) + c>
i=1 j=1 i=1

j=1

= (c,d) + Zk: /\i(<x(i) —d, c> + <d, S0 _ C>)
i=1

/\i((d,c) + <x<i) —d, c> + <d,s(i) - c>)

- i

1l
[

Af<x<i>, s<f>>.

Division by n yields the respective normalized duality gap. m|

Proof of Proposition 5.2.6. By definition of N(B) we have for all i € [n] that I% 1] < % -1 <B
and so (1 - )y < xis; < (1 +p)u. O
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Proof of Lemma 5.2.14. Note first that by construction, the solution set of L}¥(x) is non-empty.
Furthermore, the minimal norm solution exists and is unique by strict convexity of the square
Euclidean norm. Thus, w = L}N(x) is well-defined.

We now show that w = L}’V(x) is a solution to the linear system. We have that w € W and
W = Ty (w)(X) = X =T, wye (x) € (W) +x. Itremains to show thatw; € (W) = n]((Wﬁ]R?)l).
Take any z € H’]1 N W with ||z||> = 1. It suffices to show that (w,z) = (w],z]> = 0. Noting that
w+ Bz € Wand (w + fz); = wr = 1y, w)(x), by the definition of w = L}’V(x), we must have that
lwl? < minger [|w + Bz||> = [[w]? - (z,w)?. In particular, (z,w) = 0, as needed.

Now take any w € W, w; € mj(W+), wy € mp(W)* + x. We wish to show that w = L}"’(x). Firstly,
by the above argument, this system always has a solution, namely L;"(x). Secondly, note that z € W
implies that wy € (7 (W)* + x) N 7i;(W). By the uniqueness of the orthogonal decomposition, this
implies that z; = mr,w)(x). Thus, z is in the solution set of the L}’V(x) program. It remains to
show that z has minimum norm. Letting w” € W \ {w} satisfy w] = 71, (w)(x), we must show that
lw’||> > |lw||>. Noting that z = w’ —w € W N R}“ \ {0} and recalling thatw € (W N ]R;l)l, we have
that [|w + z||* = [|[w]|*> + 2(z, w) + ||z]|*> = [w||* + ||z]|* > |lw||*. Thus, w = L} (x) as needed.

Given the above, we see that the solution to the linear system always exists and is unique (since
L}/‘/ (x) is well-defined). Secondly, since L}/‘/ (x) is the unique solution to a linear system of equations
depending linearly on x, we have that L}N is a linear map. m]

Proof of Lemma 5.2.15. To prove the statement, it suffices to show that for all x € IR/ that

LY () = (I gy (), 47 () = (U (), = ().

Letting z = (I L, w)(x), —
1. ze W,

l’]W L*(x)), by Lemma 5.2.14, it suffices to show that
2. zj e y(W)t +x,
3. z] € 7T](WJ‘).

Property (2) follows directly from z; = I, a)(x) = x = Iz, W) (x). To show (1), it suffices to
show that (v, z) =0, Yo € W+. For v € W+, we see that

(2,0) = (@), 01) = (670,07 ) = (@), 01) = (x4 @)
= (Hon(@),01) = (T (0, 6 (0p)) - since 6 (o)) € (W)
= llm(w)(x), U1 — l’]wl(v])>

<L}N(x), (o - l’jwl(v]), 0])> = <L}'V(x), v - L}’vl(v])> ( since vy € iy (W™))
0

4

where the last equality follows since L}’V(x) € Wand v - L}Nl (vj) e W+
To show (3), we must show that (z,w) =0, Yw € W N IR?. Forw e WnN lﬁ?, we first claim that

L}/‘/L (wy) = 0,. By Lemma 5.2.14, this follows since 0 a solution to the linear system
Xy € T(](WJ')J' =m(WnN ]R?) =m(Wn R?) +wy, XxE€ W, x;e W (5.70)

From the claim, we must have EIW B (wy) = (L}/‘/L (wy))1 = 01. Therefore,

(z,w) = —<€]WL*(x),w]> = —<x,£’]WL(w])> =—(x,07) =0.
137



5 IPM NOT WORSE THAN SIMPLEX 5.A Missing Proofs

Thus, ¢}' = —ZIW* as needed. The equality of singular values follows from the fact that adjoints

always have the same non-zero singular values. m]

Proof of Lemma 5.3.7. By Proposition 5.2.1, we have

llx(ua) /x(po)llx + {15 (u1) /s (o)l = i((X(Ml),S(yo» + (x(po), s(111)))

= L (Cxluo), o)y + (), s(a) = (1 + ﬂ)n. (5.71)
o to

Let BU N = [n] be the polarization partition. Now assume that y > 1. We will show then that
y = 1 and that CP[uq, po] is linear.
Then for i € B, we see that

xi(p) | sip) _ xilpn) g xi (MO) ( ) 1 #1
xi(po) i si(uo)  xi(uo) T Ho Xi (y1) i Prg B o v Y o’

(5.72)

where the last inequality uses y > 1, y1/uo < 1, and that the function § — g +3 1 ” -

B>

Swapping the role of x and s, we also get

is increasing for

xi(p1)

5@ T s S 5 gt o]y, Vi € N. Combining with (5.71),

silo) =
we get that

"(y + %) < I /ol + lls(ar)/s (o)l = ”(1 " %)

For y > 1, this inequality can only hold if y = 1. If y = 1, then all the inequalities in Equation (5.72)
and their analogs for i € N must hold at equality. In particular, we get that x;(u1) = x;(uo), i € B,
and Si([.l1) = Si(yo),i € N.

We now use this to show that CP[uy, to] is linear. Define

po =1 —-a)uo+au; and 2@ = (x@ @) = (1 - a)z(uo) + az(u1) fora €[0,1].

To prove linearity, it suffices to show that z(u,) = z,. To see this, note that for i € B, we have

D = (1 - a)xi(uo) + axi(ur) = (1 — a)xi(uo) + ax;(o) = x;(ug) and L = &1

S = That implies

295 = o)1 - @siuo) + aﬂsi(yo)) = xi(yo)sl-(uo)((l -a)+ aﬂ) = Ha-
Ho -

By a symmetric argument, xl(.a)sga) = lia, Vi € N. Since z(® € ¥ x D and x@s@ = 1,1, we must
have z( = z(u,) as needed.
Now assume that CP[u1, po] is linear, that is, that z(u,) = z4, Yo € [0,1]. We must show that

CP[u1, po] is 1-polarized. For i € [n], @ € [0, 1], we have that

((1- a)xl(.o) + axz(,l))((l - a)sl(.o) + ozsgl)) B xfa)sfa) _ x(ta)s(ta)

= =1.
1- a)xl(.o)sgo) + axl(.l)sz(.l) Ha Ha
x(l) 50 W0
Thus, by Lemma 5.3.6 applied to —, <0> and y = 1, using that — (0) (O) s We get that

1

IORES >
Lo (1+ ”1) DR L R e
NORNCR 1o 1o Ho
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Since this holds for all i € [11], by the same argument as above, the inequality above must hold at
M M
equality for all i € [n]. In particular, for each i € [n], we must have either (1) % =1and % = %
X S.

a )
or (2) % = % and % = 1 (note that % < 1 implies that these cases are disjoint). Let B C [n]
denote the indices satisfying case (1) and N = [n] \ B be the indices satisfying case (2). It is now

direct to verify B, N yield a 1-polarized partition for CP[u1, o], as needed. ]

Proof of Proposition 5.5.1. We restrict to the proof of the boundedness of ¥, since the proof is
analogous for Dg,. Let s° € 9,4 be a strictly feasible point of the dual, and x € #,. By
Proposition 5.2.1, we have

(x,s*) + (x*,s°> =(x,s°) + (x*,s*) )

Since (x*,s*) = 0, we deduce that (x,s°) < g+ (x*,5°). As s° > 0, this implies that x; <
(g +(x*,s°))/s? foralli € [n]. |
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6 Curvature Bounds

In this chapter we study the notion of curvature that was introduced by Sonnevend,
Stoer and Zhao [SS5Z91]. It is a natural notion of complexity of [PM and as such can
provide lower and upper bound of reasonable path-following methods. The curvature
is a purely geometric notion, independent of implementations of [PM. We will present
two main results. The first is an exponential bound on the total curvature, the methods
used and the proof resembling closely the proof of the exponential curvature bound
in Chapter 5. As a second result we sharpen the total curvature bound provided
by [MT08] in terms of the scaling-invariant condition measure i*. We believe that
curvature bounds are of independent interest as they give explicit information about
the geometry of a polytope which in IPM is used only implicitly.

The content of this chapter are preliminary results, which are not published yet.

Contents
6.1 Introduction. . .. ...... ... . .. .. .. 140
6.1.1 Curvatureintegral . ... ... ... ... .. .. .. . o 141
6.2 A simplex path bound on the total curvature . . . . ... ............... 141
6.2.1 Curvature on polarized segments. . . . . . ... ... ... .. . .. 145
6.3 Bounding the curvature with circuitimbalances . . . . . . ... ... ... .. ... 149

6.1 Introduction

Recall the LP formulation in primal-dual form

min {c, x) max (y,b)
Ax =D ATy+s=c (LP)
x>0, §2>0,

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.
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

If both the primal and dual problems in (LP) are strictly feasible, the central path for (LP) is the
curve { (x(u), y(1),s(1) : u > 0} defined by

x(wis(u)i =, Vie[n]
Ax(p) =b, x(u) > 0, (CP)

ATy(u) +s(u) =c, s(u) >0,

which converges to complementary optimal primal and dual solutions (x*, y*, s*) as 4 — 0, recalling
that the optimality gap at time y is exactly (x(u), s(1)) = nu. We thus refer to u as the normalized
dualized gap.

6.1.1 Curvature integral

The curvature of the central path introduced by [SSZ91] is defined as follows:

Y(v) = Vlvi@)s)l (6.1)

where x(u) = dx(w) $(u) = %ﬁl). The total curvature of a segment from g to p1, p1 < po of (LP) is

du 7
Y (O P / x(v)5(v)
](Hl, Ho) = Al y dv = /Hl W dv. (62)

The total path curvature of the central path is defined as 7 (0, o).

defined as

The curvature has following basic properties.
Lemma 6.1.1 ([MTO08, Lemmma 2.1]). The following statements hold:
1. Y(v) < n/2forall v > 0;
2. If Y(vo) = 0 for some vy > 0 then Y(v) = 0 for every v > 0.

6.2 A simplex path bound on the total curvature

In this section we prove Corollary 6.2.3, which is the curvature equivalent of Proposition 5.2.9 (ii).
It states that the curvature integral from Y(u)?u to u is bounded by O(+y/n) if Y(u) < 1. Similarly,
Proposition 5.2.9 (ii) states that a single AS step is able to decrease the duality gap by a term
proportional to [[Ax?As?||/u if this term is < 1. Note that these two terms coincide if (x,s) is
perfectly centered. Let us begin by a few properties of the central path and its derivatives.

X(is(Wi + x(wis(p)i =1, Vie|[n]
Ax(u) =0, (CP-gradient)

ATy(p) +5(w) =0,

by differentiating by p in (CP).
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

Let W(u) := x(u)"'W. The equations in (CP-gradient) can equivalently be written as

) w1

x(w) s u

)
A (63)

W € W)™,

Given 1 and subset S C [n] we write

x
%(u,S) = argmin , and 3(y,S):= argmin (6.4)
xems(W)+dsl| X(H)s sensW)resl| S(H)s
Note that |£(u, S)| < /|S|x(u)s, where | - | is taken coordinate-wise.
We define for S C [n]
Rx(u,S) = , and Rs(u,S) = 6.5
A TE W)= S ©

and in slight abuse of notation Rx(u) = Rx(y, [n]). This corresponds to the notation Rx used in the
previous chapters.
Note that Rx(u) € W(u)* and Rs(u) € W(u). In fact,

Rx(p) = T (1), Rs(u) = T (1) (6.6)

So, in particular Rx(u) + Rs(u) = 1 and we can match

Roe() = u%, Rs(u) = u% (6.7)
Note that we further have
V() = [lpx (sl = IRx(wRs(u)l| < W\/IIRA‘(H)NIIZ + [|Rs(u)g]|? (6.8)

for any partition BU N = [n].

Lemma 6.2.1 (Curvature bound). If 16Y (o) < 1, then for all u € [16Y (uo)?pio, o] we have Y (p) <
V2 %Y(Ho)-

Proof. For a matrix M € R, weights w € IR” ; and direction h € 13", let [ (WA be the projection
onto im(WA). Here W := diag(w). Then

dIT(WA)

T [h] = HW ITI(WA) + [[(WA)HW ™! — 2l I((WA)HW ' T1(WA). (6.9)
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

Applied to Rx and using the notation X(u) := diag(x(u)), X(y) = diag(x(p)) we obtain

dRx(u)  dllwge

o _ e ]
= =g = S g
Al [ () }
Gt | xor ]
X X(u 6.10
= [X((fu))ZX(H)HW(H)L + HW(H X((‘u))z X(lu) 211 W)t X(( ))2 (H)HW (1)* (1) ( )
XE”;Rx(y) +0-2u" 1ﬁw(y)¢(Rx(y)Rs(y))
= (X = 21y )[Ra(p)Rs ()]
Analogously one can show that
Rs(u) = p= (1= 21 Ty ) [R(u)Rs(p)] - (6.11)

Let us further define o(u) := Rx(u)Rs(u). Noting that I — 21 Ty, = —(I = 2l Ty () we get

d d
Nl - 2<@(u), d—y@<y>>
= 2(o(p), Rx(@)Rs(p) + Ro(p)Rs(u))
= % (o), (1 = 20Ty o()TRs() + (T = 2T Ty ) ()IR ()

= 2 ol (1= 21w o) = ()
> —%nmmu%qu(m R

Note that
[[Rx(p) = Rs(l1Z = IRx(u)* + Rs(u)* = 20(w)lI%

= [[Rx(p)(1 = Rs(w)) + Rs(u)(1 = Rx(w)) = 20(u) I3

= |11 - 4o(w)lI% 12
< (1 +4lloWll)
Hence, with Y (1) = +/[lo(1)]|2 we have
d%l*(y)‘* > —%Y(y)‘*(l +47(n)?), (6.13)
and so
T(p) = Lyt - T(u)(l +47(u)?). (6.14)

"( P du
To get good bounds on the evolvement of Y let us consider following more general differential
equation. Fora € R

Valp) = —iya(u)(l + aya(wP) (6.15)

with condition y,(uo) = Y(uo) has the closed form solution

-1/2
Va(u) = ((Y(Mo)_2 + a) i - a) . (6.16)
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

For a = 4 we have Y (ug)? < 1/(4a). Then for p > 4a(u)? 1o we have that

H [
1-—Ja< =0 —,
( HO) 2 () Ho
and so

Va(p) =

<

e

which proves the lemma.

Lemma 6.2.2. Forall ug € R, with 161”(;10)2 < 1 we have
7(167 (100, o) = O(1).

Proof. Using Lemma 6.2.1 we get

to Y
T (167 (o) o, o) = / ﬂalu
Y(4-4poPuo M

o
< / yu(u)
4-4Y (po)? o
1 /2

Ho
< V2Y (o) / /2
447 (o) po H

= —‘/_ V(o) (4 - 47 (u0)20) ™% = ug'?)

=2”?a‘—wW»
= 0(1),

which proves the lemma.

From here it is straightforward to prove the main result of this section.

Corollary 6.2.3. Forall y € Ry with Y(u) < 1 we have T (Y (), 1) =

Proof. Using Lemma 6.2.2 and the bound Y (i) < v/n we have

o oo ()
(Y (po0)*po, o) = / —Edy
Y(uo2uo M

447 (u0)? o Y
= / —(#)dy+ /
Y (uo)? o H 447

4~4Y(;to)2;to 1
< \/E‘/ —du +0(1)

Y (u0)? o
= O0(vn)
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

6.2.1 Curvature on polarized segments
The main result of this section is a total curvature analogue of Theorem 5.1.2.

Theorem 6.2.4. We have that

7(0,00)=0

n
n*>logn min{z Sp(=s*,e) + Sp(—x*,e'), Vp + (Vy)}) ,

i=1
where Vip, Vip, Sp and S are as in Chapter 5.

The proof is similarly to the proof strategy of the previous chapter based on showing that
polarized segments have small curvature. To this end, consider a y-polarized segment CP[u1, tio]
of the central path with polarizing partition BW N = [n]. We are going to prove the following
theorem, of which Theorem 6.2.4 is a trivial consequence.

Theorem 6.2.5. For a y-polarized segment CP[u1, o] we have that

T (u1, po) = 5(n1'5p0157(10g )"1)) : (6.20)

Let us first introduce some basic notation and show basic results.
The important property we will use in the following is that for every & € k%, S C [1] such that

& € mg(W) we have
)
<x(u)s’ x@ws |- 6.21)

-1
Let us denote /, := { XN(F ) " where the latter notation is the same as in the previous chapter
defined in Definition 5.2.13. We can show following bound on the projected residuals in terms of

subspace-restriction of /.

Lemma 6.2.6 (SLLS-proximity). For any subspace V C rin (W (1)) we have

2y, [n]N )
x(pn

11Ty (Re(un) Il = Hllv( < Vnlltul, - (6.22)

Proof. We have

an(f([n], u)n — 2(N, u))

2 i <m(£([nl,u)N - %(N, [J)),nv(f([n],y)N - f(N,y))>
x(u)n

x(uN (N
_ <HV(£([n],u)N - JE(N,y)) (], )y — QE(N,#)>

x(W)N x(u)n
_ _<L(y, ) [Hv(an],uzz(vy)NﬂN,u))L x%)g>3> 629
nv(f([n], wn — £(N, u)) £([n], we
x(U)N x(u)p
2([n], N - f(N,u))H
X(M)N

<{(u,N, V)‘

< Vné(u, N, V)Huv(

£(u,N)
x(p)

Division on both sides and noting that L i (W(p)) 2 V gives the result. ]

Let us now consider the usual orthogonal decompositions V (u) L V(y), Vi(w) @V(y) =nn(W(u))
and U(u) L U(y), U(u) ® U(y) = ng(W(u)*) into cheap primal/dual and expensive primal/dual
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

subspaces. We choose V(1) as the subspace spanned by the kernel of /,, as well as the smallest k
non-zero singular vectors of /,, for some k € [n]. Analogously choose U(u). Recall the duality of
these non-zero singular vectors of /, and (};.

We proceed by upper bounding the curvature Y (u) by finding bound on Rx(u)y and Rs(u)p in
light of (6.8).

The curvature at a parameter y can be upper bounded by

T(u? 1
\(/Pg = WIIRX(#)RS(#)II < [IRx(u)n Il + lIRs (sl - (6.24)
We can further upper bound
. x(p1)N o x(p)n
[[Rx(u)n | S‘ (O + ||[Rx(u)n N
(u1) (1) (u1)
- ’;(‘;11)5 + uv(Rx(y)N—%) + IIV(R,\'(y)N— 9;(‘:[%)
x(u1) , , x(u1)
52‘ e | I Rl + g (Raten = 10+ Hv(y)(lz\f— x(;);“) .

(6.25)
Note that the last term corresponds to the empirical gradient from the previous chapter. In abuse
of notation we write ¢;(1) = 0;((x(u),s(u))). Let us now further bound the terms on the right.
With Lemma 6.2.6 we have that

< Vinl(y, N, V) = Vio(u). (6.26)

1Ty (Re(ow)| = HHV(M)

x(u)n
Let w € W(u) be any vector. Note that
(v (@), Cu(TTy(wn)) € W)
and so
(l IV(#)(ZUN), wp — (‘H (l lv(#)(wN))) = (ZUN - llv(”)(wN), wpB — f(u (1 lv(”)(wN))) € W([,l) . (6‘27)
Therefore, in particular
o g (on) < T o) < o = Cu(TTvigo o)

< lwsll + o (@l Ty ()l (6.28)

< lwgll + o(wllwn|l -
Applying the above with w = Rx(u) — 1 € W(u) and noting that ||[Rx(u) — 1 € W(p)|| < i we get
o (Wi T (Re(un =TI < V(1 + o (p). (6.29)

Applying it with w = x(u1)/x(u) — 1 and noting that with Lemma 5.2.4 we have

x(p1)
x(u) 1” =

x (1)

+Vn <2n++Vn <3n, (6.30)
x(u)

1
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6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

and so
(@l (x(uin = In)IF < 3n(1 + o (u)k) - (6.31)

Plugging (6.26), (6.29) and (6.31) into (6.25), we get

IRl < 25 4 Vot + VAL + oot + 3001+ o0 2
<2 9;(&)5 + Vio(u +4n(1+ o(wi)o(wyil - o

With analogous computation on the dual side we get
nmwmnsﬂfﬁf VIO + 4n(1 + oo, (633)

If we combine these two bounds with the stability of the singular values from the previous
chapter, we are able to bound the curvature until a new singular value becomes small. Let
1 = max{pp1, pa(yo);}rlyo}, where p = poly()~1, n) that we are going to choose later. For every
u € [, po] we have by Corollary 5.3.3 that

x> ~—x(uon, s > =s(uo)s  and
no no
0 e (6.34)
x(u1)n < x(uo)n,  s(p1)p < ——s(uo)s
VHo Vto
Further, we have by Lemma 5.4.7 that
4n? 12
o(Wk < o(po) }!2#};, o (k1 = o(po)k+1 4;12;;0 : (6.35)
With these inequalities, we are ready to prove the main theorem of the section.
Proof of Theorem 6.2.5. Let us now choose
)
k=  : ;< = . 6.36
max{ i:0(uo)i ™ } ( )

147



6 CURVATURE BOUNDS 6.2 A simplex path bound on the total curvature

By the above, we therefore have o(u)x < 1 for all u € [g, uo]. We can now bound

m 14

_ to ~p (6.2.1) Ho \Jl|Rx +||Rs
J(u,uo)=/~ T0) g, 020 s (10 VIRAONILH IR W8
w IS

Ho Ho
$2/ 1 s(p)s x(u1)n dv+2n1/4/ Vo(v)k d
pin VI s(V)B x(v)N oV

K 1
+8n1/2 / —dv
po(po)il o VO (V)i Vv

[nu 4n?
<4n1/4/ dv+2n1/4/ o(yo)k n V
7 % i
4
+8n1/2/ 14t
po(po)y i, Ko v v2vo (o)

=8n3/4v’1/2\/_[—v’1/2]” + 8pd/4 /U(#o)k” Hol/z[‘/_ b

3/2 12,,-1 ,1/2r_,~1/21k0
+32n° %0 (po) 1 [V ]Pv(uo);ll ‘0

< 8n3/47,—1/2p—1/2 4854 /G([Jo)kj’_l +32n3/27/‘1p‘1/2

= O(”3/4)’_1/2P_1/2 + ”5/4\/0(H0)k7’ +n*p \/U(Ho)w ) .

This bound can be used to further bound

T(p™ ', wo) = 7 (p~ ', ) + 7 (@, o)

— (6.37)
< \/Elog(p)+O(Vl3/4]’_1/2p_1/2+715/4 ’G(‘uo)kj; +n / U(#O)k” ),

3/2

where the inequality used Lemma 6.1.1. Choosing p > n°/“) we therefore get

T(p™ ', po) = O(\/ﬁlog(]'_1 +n)+ 1) = O(\/ﬁlog(;'_1 + n)) . (6.38)
We can now make a case distinction. If 1 > o(uo); ! to, then y1 = p~' i and so

T (1, po) = 7 (p™Y, 11, po) = O(Wn'log(y ™! +n)). (6.39)

Otherwise, o(o); 1, o = p~" i and then

T(0(10)isy Mo, o) = 1 (P_1, K, Ho) = O(\/Z log(y ™! + n)) : (6.40)
But now note that again the stability of singular values Lemma 5.4.7, we have for q := ﬁ
-1 4n?90 ()i o 2 )P
G(qcf(yo)kﬂyo)k+1 < 0(#0)k+1T =q4n" =, (6.41)
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and so when we choose the next k as in (6.36), we would increase the index by at least one. Such
an increase can only happen n times. It remains to prove that the curvature corresponding to
qo(‘uo);}rlyo is small. But this can be done with the standard bound

T(qo (o) iy to, to) = 7 (qo(1o)i iy Ho, o(ko)pt1to) + 7 (0(to)y 1 o), to)
< Vitlog(q) + O(Vnlog(y~* +n)) (6.42)

= o(«/ﬁlog(;f-l T n)),

which proves the theorem. O

6.3 Bounding the curvature with circuit imbalances

The relationship between the total curvature and the iteration complexity of the Mizuno-Todd-
Ye (MTY) algorithm has been extensively studied in [MT08]. One of their main results is following
theorem.

Theorem 6.3.1 ((MT08]). Let B € (0,1/2]. For given w® € N(B) and 0 < vy < p(w®), denote by
#w', v 7, B) the number of iterations of the MITY Predictor-Corrector algorithm with B € (0, 1/2)] needed to
reduce the duality gap from vi = u(w®) to v¢. Then,

Tvp,v)INE

=1. 6.43
B0 #(@, vy, B 649

Another central theorem in [MT08] is that the curvature can be bounded in terms « (and ). As
the curvature is scaling-invariant this yields the same bound for «* (and ). Their main result is

Theorem 6.3.2 ([MTO08]). For LP, the total curvature of the standard central path 1(0, oo) is bounded by
7(0,00) = O(n*°log(7"a +1)). (6.44)

The proof of their result relies on two ingredients. First, to show that the worst case analysis for
affine scaling steps recovers a total curvature bound of O(+y/n log(po/ 1)) to reduce the centrality
parameter from g to u;. The other ingredient is showing that the total curvature along a segment
traversed within a single LLS step is bounded by a constant. We recover this result for the special
case of only two layers.

The VY algorithm shows that O(n%°log(a + n)) affine scaling steps with worst-case-analysis
and O(n?) LLS steps suffice to find an optimal solution to [P’ via path-following. For the affine
scaling steps we note that it requires O(f71y/n) AS iterations to decrease the duality gap by a factor
of 2. And so with Lemma 6.1.1

uoAr
I (u/2,u) = //2¥

u

dv < x/E/Z % dv =vVnIn(2) = O(vn). (6.45)

u/

In particular, for O(n33log(i'a + 1)) AS steps we get that the total curvature of the segments
traversed in these steps is O(13°log( a + 1)).

To bound the curvature of LLS steps we require the theory from the previous section. Recall the
acceleration on cheap subspaces in the proof of Theorem 6.2.5. As for LLS steps with partition
B U N we have that V(u) = nn(W), the proof gives us immediately that the curvature for an LLS
step is bounded by O(1).

149



6 CURVATURE BOUNDS 6.3 Bounding the curvature with circuit imbalances

In Chapter 4 we have seen an improvement over the [VY96] bound and presented an algorithm
with O(n2) LLS steps but only O(n?°log 1“a) many AS steps. With the reasoning in this chapter
this immediately yields the following theorem.

Theorem 6.3.3. We have that
7(0,00) = O(n**log 1" a) - (6.46)
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7 Revisiting Tardos’s Framework for
Linear Programming;

Faster Exact Solutions using Approximate

Solvers

In breakthrough work, Tardos [Tar86] gave a proximity based framework for solving
linear programming (LP) in time depending only on the constraint matrix in the
bit complexity model. In Tardos’s framework, one reduces solving the LI’ min{(c, x),
Ax =b,x >0, A € Z™", to solving O(nm) LPs in A having small integer coefficient
objectives and right-hand sides using any exact LI’ algorithm. This gives rise to an
LP algorithm in time poly(n, mlog Aa), where A is the largest subdeterminant of A.
A significant extension to the real model of computation was given by Vavasis and
Ye (Math. Prog. '96), giving a specialized interior point method that runs in time
poly(n, m,log i a), depending on Stewart’s i a, a well-studied condition number.

In this work, we extend Tardos’s original framework to obtain such a running time
dependence. In particular, we replace the exact LI’ solves with approximate ones,
enabling us to directly leverage the tremendous recent algorithmic progress for
approximate linear programming. More precisely, we show that the fundamental
“accuracy” needed to exactly solve any LP in A is inverse polynomial in # and log A
Plugging in the recent algorithm of van den Brand [Bra20], our method computes
an optimal primal and dual solution using O(mn®*! log( 7)) arithmetic operations,
outperforming the specialized interior point method of Vavasis and Ye and its recent
improvement by Dadush et al [DHNV20]. By applying the preprocessing algorithm of
the latter paper, the dependence can also be reduced from A to 1y, the minimum
value of i sp attainable via column rescalings. Our framework is applicable to achieve
the poly(n, m,log 1, ) bound using essentially any weakly polynomial LI’ algorithm,
such as the ellipsoid method.

At a technical level, our framework combines approximate LI’ solutions to compute
exact ones, making use of constructive proximity theorems—which bound the distance
between solutions of “nearby” LPs—to keep the required accuracy low.

This chapter is based on joint work with Daniel Dadush and Laszlé A. Végh [DNV20].
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7.1 Introduction

In this chapter, we consider the task of computing exact primal and dual solutions for linear
programs (LP) in standard form System 1.1.

Here, A € R"™", rk(A) =m < n,d € R", c € R" are given in the input, and x,s € R", y € R™
are the variables. Standard formulations of linear programs often feature a vector b € R™ instead
of the vector d € R". Such standard formulations can be obtained by setting b = Ad. On the other
hand, our formulation can be obtained from such a standard formulation by solving a linear system
of the form Ad = b to obtain d.

Informally, the goal is to find an algorithm that uses poly(n) basic arithmetic operations (e.g.,
addition, multiplication, etc.), where each such operation must be performed on numbers of size
polynomial in the instance encoding length. While no such algorithm is known, the search for a
strongly polynomial LI’ algorithm has spurred tremendous algorithmic advances for many classical
combinatorial problems.

As mentioned in the introduction, strongly polynomial algorithms have indeed been found for
important combinatorial classes of linear programs. Examples include feasibility for two variable
per inequality systems [Meg83], minimum-cost circulations [GT89; Orl93; Tar85], generalized flow
maximization, [OV20; Vég17], and discounted Markov Decision Processes [Ye05; Yell].

To generalize these results to larger problem classes, a natural attempt is to seek abstract
frameworks that capture known algorithms. In this vein, a recurring principle in strongly
polynomial algorithm design is that “good enough” approximate solutions can be used to glean
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7 BLACKBOX SOLVERS 7.1 Introduction

combinatorial information about exact optimal ones. Such information is used to reduce the
underlying instance in a way that preserves all optimal solutions.

This was in fact the key idea in Tardos’s seminal paper on minimum-cost circulations [Tar85]:
solving a problem instance with a suitable rounded cost function reveals an arc that cannot be tight
in any dual optimal solution; consequently, we can fix the flow value to 0. As another example, in
submodular function minimization any sufficiently small norm point in the base polytope can be
used to infer relations in a ring-family containing all minimizers [DVZ218; IFFO1].

At a higher level, it can be useful to view strongly polynomial algorithms as reductions from an
exact optimization problem to a suitable approximate version of itself. To achieve fast strongly
polynomial algorithms using these principles, important considerations are the complexity of the
individual approximate solves, e.g., the degree of accuracy required, and the total required number
of them.

Tardos’s Framework for Linear Programming Generalizing the above idea from minimum-cost
flows to general linear programming, Tardos [Tar86] provided such a framework for solving
any standard form primal-dual P with integer constraint matrix A € Z"™*" using a number of
operations depending only on n and the logarithm of A, the maximum absolute value of the
determinant of any square submatrix of A. This algorithm is strongly polynomial for minimum-cost
flow, noting that digraph incidence matrices are totally unimodular, and therefore Ay = 1. Ata
high level, Tardos’s framework reduces getting exact LI’ solutions to getting exact solutions for
“nearby LPs” with simpler coefficient structure, heavily relying on LP proximity theorems (e.g.,
see [CGST86; Hof52]). More precisely, Tardos reduces computing exact primal-dual solutions
to max (c,x), Ax = b, x > 0 to computing exact primal-dual solutions to O(nm) LPs in A with
“rounded” objectives ¢’ and right hand sides b’ having integer coefficients of size O(n2A4). In
particular, after O(n) such LI solves, one can determine a coefficient x; in the support of some
optimal solution, allowing to delete the x; > 0 constraint. Due to their small coefficients, the LPs in
the reduction can be solved using any weakly polynomial algorithm. We note that the fundamental
property enabling the polynomial solvability of these rounded LPs is that the minimum non-zero
slack of their basic solutions, i.e., min{ x; : x; > 0}, is lower bounded by 1/ (nPMA) by Cramer’s
rule.

Achieving s dependence While Tardos’s framework is powerful, it inherently relies on the
determinant bound Aa. This is only applicable for integer constraint matrices; one can obtain
bounds for rational constraint matrices via multiplying by the least common denominator of the
entries, but this leads to weak bounds that are highly volatile under small changes in the entries. A
significant strengthening of [Tar86] was given by Vavasis and Ye [VY96]. They gave an interior
point method (IPM) in the real model of computation based on layered least squares (LLS) steps
that outputs exact primal-dual solutions in O(n%°log(a + n)) iterations. Improved iteration
bounds were later given for certain special cases, in particular, O(v/n log(a + 1)) for homogeneous
conic feasibility [VY95] and O(n2°log(a + 1)) for LP feasibility [Ye06]. In a conceptual advance,
Vavasis and Ye’s result showed that the polynomial solvability of LI does not require any minimum
non-zero slack assumption.

The condition measure replacing Ay is Stewart’s \'a [Ste89], which for integer matrices satisfies
XA < nAa. In contrast with A that relies on the entry numerics, 74 is a geometric measure that
depends only on the kernel of A; Formally, letting W := ker(A) and 7;(W) = {x7 : x € W }, one
may define {a = {w as the minimum number M > 1 such that forany 0 # I C [n] and z € 7t;(W),
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there exists y € W with y; = z and ||y|| < M||z||. In words, it represents the cost of lifting partial
fixings of coordinates into the subspace W.

Recently, the authors and Huiberts [DHNV20], building on the work of Monteiro and Tsuchiya [MT03;
MTO05], gave an improved LLS optimization algorithm and analysis requiring only O(n** log 1 log( 1, +
n)) iterations, where X’y is the minimum i ap over positive diagonal matrices D > 0. The paper
[DHNV20] further gave a nearly optimal rescaling algorithm which runs in O(m?n? + n°) time
and computes D > 0 satisfying iap < n(1%)°. Thus, by suitable preprocessing, any algorithm
achieving i'a dependence can be converted into one with [, dependence.

A key tool in [DHNV20] is to study the ‘circuit imbalance measure’ i 5. This closely approximates
a, withlog(va +n) = ©(log(ka + 1)), and has very favourable combinatorial properties. Our
approach also relies on s and ,, even though we state the results in terms of the better known
Xaand .

Harnessing the progress in approximate solvers The complexity of fast approximate LI’ algo-
rithms has seen substantial improvements in recent years [Bra20; BTS520; CLS19; JSWZ21; L519;
L5719]. Taking the recent algorithm [Bra20], given a feasible LP min (c, x), Ax = b, x > 0, having
an optimal solution of ¢, norm at most R, for € > 0 the approximate solver computes a point ¥ such
that AX = b satisfying

(c,%) < Ambin 0<c,x> +e-lclla - poly(ka,n) and ||¥7 > < &- poly(ra, n)l|A5'bll, (APX-LP)
x=b,x>

for any basis B € $(A) in deterministic time 0) (n“log(n/e)), where w < 2.38 is the matrix
multiplication exponent.

Tardos’s framework requires an exact black box solver for systems with the same matrix A but
replacing b and ¢ by small integer vectors. It is possible to use the approximate solver (APX-LI)
to obtain exact optimal solution for integer matrices for sufficiently small ¢. Assume A € Z"*",
be7m ceZ"and ||ble, |Ic]lo < nOMA!, and let OPT denote the optimum value of (1.1). We may
call (1.1) in a suitable extended system with ¢ =1/ (no(l)Ag(t)

to identify primal and dual optimal basic solutions. Integrality is used in multiple parts of such
o)

), and use a Carathéodory reduction
a reduction: e.g., for establishing a bound R = n Ag(t) from Cramer’s rule, and for showing
that for any primal feasible solution x, {c, x) < OPT implies {c, x) < OPT — ¢||c||]2R. For a matrix
A € R™", we cannot obtain an exact solver by applying the approximate solver for high enough
accuracy in terms of the condition numbers i s or «a. This is the main reason why we cannot
work with explicitly rounded systems, but require a more flexible approach. Let us also note that
recovering an exact solution from the approximate solver comes at a high arithmetic cost that we
can save if using the approximate solution directly.

Fast algorithms with i 5 dependence The layered least squares interior point methods discussed
above represent substantial advances in the strongly polynomial solvability of LP, yet it is highly
non-obvious how to combine these techniques with those of recent fast LI’ solvers. For example,
for the results of [BTS520; LS19], one would have to develop analogues of LLS steps for weighted
versions of the logarithmic barrier. Furthermore, the proofs of exact convergence are intricate and
deeply tied to the properties of the central path, and may leave one wondering whether the i a
solvability of LP is due to “IPM magic”. It would therefore be desirable to have an elementary
proof of the j s solvability of LP.

Partial progress on this question was given by Ho and Tungel [HT02], who generalized Tardos’s
framework in the real number model. Firstly, they showed that one can still round instances to have
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minimum non-zero slack 74 > 0, depending only on A. Second, they showed that using a blackbox
approximate LP solver, these rounded instances can be solved poly(n,logta,log(Aa/04a)) time,
where 04 is the absolute value of the minimum non-zero determinant of any square submatrix of
A. Here, they prove the relation i4 < nAa/6a and note that Ap/6a can be arbitrarily larger than
Xa. Lastly, they provide a different algorithm that removes the dependence on 74, assuming one
has access to the VY algorithm as a subroutine only on instances with b € {1,0}",c € {0, +1}".

7.1.1 Our Contributions

As our main contribution, we provide a substantially improved Tardos style framework for LI’
which achieves both ia dependence and relies only on approximate LI’ solves: we use the
output (APX-LP) of the approximate LI’ solvers in a black-box manner. Our main result using
the deterministic solver in [Bra20] is summarized below. The more precise technical statements
generalized to non-deterministic solvers are given as Theorem 7.5.2 for feasibility and Theorem 7.6.2
for optimization.

The system (7.14) is an extended system used for initialization.

Theorem 7.1.1 (Enhanced Tardos Framework for Feasibility). Assume we are given a feasibility L.P
Ax = b, x > 0 with data A € R™*", rank(A) = m, and b € R™.

(i) If the primal program is feasible, then one can find a feasible solution x using O(m) approximate LP
solves (APX-LP) with accuracy € = 1/(n 4)°W), on extended systems of the form (Init-LP), together
with additional O(mn®) arithmetic operations. This gives a total complexity O(mn® log(i7 a)) using
the solver of van den Brand [Bra20].

(ii) If the primal program is infeasible, then a Farkas certificate of infeasibility y € R™, satisfying ATy > 0,
(b, y) < 0 can be found using the amount of computation as in (i), and O((nm? + n®) loglog(ia))
additional arithmetic operations.

Next, we state our result for optimization:

Theorem 7.1.2 (Enhanced Tardos Framework for Optimization). Assume we are given primal-dual (1.1)
with data A € R"™", rank(A) = m, b € R™, c € R".

(i) If both primal and dual programs are feasible, then one can obtain an optimal primal-dual pair (x, y, s)
of solutions, using at most O(nm) approximate LP solves (APX-LP) as in Theorem 7.1.1(1), together
with an additional O (mn*) arithmetic operations. This gives a total complexity O(mn@+! log(va))
using [Bra20].

(ii) If either of the primal or dual programs are infeasible, then we can obtain a Farkas certificate of
primal or dual infeasibility in the same running time as in (i), plus O(n®m?loglog(a)) additional
arithmetic operations.

This theorem yields the first LI’ algorithm achieving i s dependence that is not based of the
analysis of the central path. At a high level, we achieve this by more deeply exploiting the power
of LP proximity theorems, which are already at the core of Tardos’s framework. In the rest of
this section, we explain some of the key ideas behind the above theorem and how it compares to
Tardos’s original algorithm as well as that of Vavasis and Ye.
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Overview of the approach Both Tardos’s and our approach use variants of Hoffman’s proximity
bounds, see Section 3.5. The fundamental difference is that while Tardos uses an exact solver where
the perturbed objective and right hand side vectors are fixed in advance before calling the solver,
we decide these perturbations “on the fly” as a function of the returned approximate solutions we
receive.

Let us illustrate Tardos’s and our approaches on the dual feasibility LI

ATy+s=c¢,s>0. (D)

The feasibility algorithm in [Tar85] proceeds as follows. Define b; = i (Aa+ 1)i"1a;, where a; is
the i-th column vector of A, and consider the primal system

min (c,x) st. Ax=b, x>0. (P)

Note that by the choice of b, this system is always feasible. If it is unbounded, then we may
conclude infeasibility of (D). The reason for the particular choice of b is that whenever the system
is bounded, the dual of (P) has a unique optimal solution; this can be shown by a determinant
argument. Consequently, for any optimal solution x* to (°) and S* = supp(x*), the system aly =ci
i € 5" yields a feasible solution to (D). The exact LI’ solver will be applied to a series of rounded
problem instances of the form

N

min (¢,x) st Ax=b, x>0, xr=0, (P)
where ¢ € 7", |||l < n2Aa,and T C [n] is a set of indices i where we have already concluded that
x? = 0 in every optimal solution to (P). This is initialized as T = 0, and every call to the LI’ solver
enables the addition of at least one new index; thus, we need O(n) oracle calls to solve feasiblity.
According to the definition of b, this is an integer vector with ||b|| = ©(mA}). As explained above,
we can obtain an exact solution to () by calling (APX-LP) for accuracy ¢ = 1/ (no(l)f\g(n) .

To conclude that i € T for some i € [n], Tardos uses a proximity theorem that is a variant of
Lemma 3.5.5. It implies that if ||& — c|| is “small”, then (P) has a dual optimal solution that is
“close” to the dual optimal solution obtained for ().

In contrast, our approach in Section 7.5 proceeds as follows. If ¢ > 0, we simply return s = c.
Otherwise, the norm of the negative coordinates ||c~||; will play a key role. We can strengthen (D)
by adding a constraint of the form

lIs = clloo < plica, mlle™ 1, 7.1)

where 1« A is the circuit imbalance measure; for integer matrices ka < Ap and p(ica, 1) = poly(ia, n)
is some polynomial. A proximity result (Corollary 3.5.2) implies that whenever (D) is feasible,
there is a feasible solution also satisfying (7.1).

We can use (APX-LP) directly to obtain a solution (7, 5) such that ATj +35 = ¢, [|5 — ¢]|le <
%p(l\‘A, n)|lc” |1, and |57 ||eo < €l[cT||1 for € = 1/O(n41<‘1§). Again, note that in addition to approxi-
mate feasiblity, we also require proximity of s to c; we can obtain such a solution with this extra
property without an increase in the running time cost.

From here, we can identify a set K of coordinates such that 5; is large enough to conclude that
there exists a feasible solution s to (D) with 5; > 0 for i € K; this is done similarly as in Tardos’s
approach.
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We project out all variables in K, meaning that we remove the inequalities 2y +s; = c; fori € K
from the system. We recurse on the smaller subsystem. From the recursive call, we obtain a feasible
solution y’ to (D) in the smaller system that also satisfies (7.1). The proximity constraints enables
us to easily map back y’ to a feasible solution y to (D) by a simple ‘pullback” operation.

As noted above, the very existence of an exact LI’ oracle heavily relies on the integrality
assumption of A. This integrality is also used to establish the relation between the optimal solutions
of () and the solutions of (D), using a determinant argument. In contrast, the proximity arguments
as in Lemma 3.5.5 and Corollary 3.5.2 do not rely on integrality; we can use here « instead of Ax.

Even for integer matrices and ©a = ©(A4), and using the same solver for (APX-LP), our algorithm
is faster by a factor Q(n?/m). A key ingredient in the running time improvement is to strengthen

o,

the system with (7.1). This allows us touse ¢ = 1/(n 2(1)); otherwise, we would need to require

O(l)icg(")). This yields a factor n improvement over [Tar85].

a higher precision ¢ = 1/(n

Another factor nn/m improvement is obtained as follows. In the approach sketched above, if the
set of “large” coordinates K is nonempty, we get a bound 7 on the number of recursive calls. Using
a slightly more careful recursive setup, we can decrease the rank of the system at each iteration,

improving this bound to m.

Let us now turn to optimization. Our algorithm will be more similar to the one in [Tar85], and
for integer matrices with xa = ©(Aa) and m = Q(n), the asymptotic running time bounds will be
the same.

We now outline Tardos’s approach. Given an optimization problem (1.1), we first check for both
primal and dual feasibility. If these are both feasible, then we go through < m main loops. In
each main loop, we use the same approach as above to solve (P) with a perturbed b € 7™ with
1610 < n2AA. Using < n oracle calls, we obtain optimal primal and dual solutions (x, v, s). Again,
proximity guarantees that if b is “close” to b, then we can identify an index i with a “large” x; > 0
where we can conclude s = 0 in every optimal solution. Equivalently, x; is in the support of some
optimal solution, and hence we may delete the constraint x; > 0, and proceed to the next main
loop after projecting out the variable x;. We note that the bound n on the inner loops is in reality
n — m, and this can be improved to m by swapping the primal and dual sides.

In our approach in Section 7.6, the goal is to end up in the same place as Tardos at the end of the
main loop, where the difference will be how we get there. As mentioned above, in Tardos’s setting,
one already knows beforehand that the final objective and right hand side for which one will have
optimal primal-dual solutions will be b, a rounded version of b, and the original c. However, the
only important property is that at the end of the loop we end up with a primal-dual optimal pair for
the original objective c, and some right hand side b’ close enough to the original b. In particular, b’
need not be known at the beginning of the algorithm and can thus be chosen adaptively depending
on the outcome of the approximate LP solves.

For the above purpose, we utilize proximity theorems (see Section 3.5 for precise statements)
to allow us to stitch together the “large” coordinates of approximate dual solutions to achieve
feasibility. At the same time, we perform a similar complementary stitching of primal approximate
solutions, where we judiciously perturb “small” coordinates to 0, inducing a corresponding change
of right hand side, to enforce complementarity with the dual solution. Here proximity allows us to
control how much the solutions will change in future iterations, which is crucial to not destroying
the structure of the solutions built so far.

We also note that Grotschel, Lovasz, and Schrijver [GLS12, Theorem 6.6.3] give a different proof
for Tardos’s result using simultaneous Diophantine approximation (see also [FT87]). This shows
that [P can be solved by creating a single perturbed instance with integer b and ¢ bounded in

157



7 BLACKBOX SOLVERS 7.1 Introduction

terms of the encoding length of A such that the set of optimal bases coincide in the two systems.
The perturbed instance can be solved in poly(n, m,log Aa); we simply take an optimal basis and
compute the corresponding primal and dual optimal solutions for the original b and c. However,
this reduction inherently relies on integrality arguments.

Comparison to layered least squares IPM methods To setup a comparison, we first recall that
standard log-barrier based IPMs follow the central path { (x(u),s(), y(u)) : 4 > 0} defined by the
equations x;(u)s;(u) = w, Vi € [n], together with feasibility for (1.1). u represents the normalized
duality gap and (x,, y,, s;;) converges to optimal solutions as u — 0. The number of calls to the
approximate LI solver above can be usefully compared to the number of so-called disjoint crossover
events on the central path used in the analysis of the Vavasis—Ye algorithm [VY96]. A crossover
event occurs for a pair of distinct indices (i, j) between the times ' < u, if x;(u%) 3 > x;j(u°) and
for all times p’ < u!, x;(u°) > x;(u°). In words, an (i, j) crossover happens between time 1° and
p' if the variables x;, x; are “close” to being in the wrong order at time 1° and are in the correct
order at all times after u!. The Vavasis and Ye LIS step was in fact designed to ensure that a new
cross-over event occurs a “short time” after the step, i.e., sometime before 1/ if the step ends
at u. From here, it is obvious that the number of distinct crossover events, i.e., on a new pair of
indices, is bounded by ().

The approximate LI” solves in our algorithm have the effect of inducing similar crossover type
events, though this number is O(mn) instead of O(n?). Precisely, after each LI’ solve, we are
able identify two non-empty disjoint subsets of variables I, ] € [n], such that at least one of the
variables x;, j € ], will end up being substantially larger than all the variables x;,i € I in the final
optimal solution. Lastly, the accuracy requirement of ¢ = 1/(1174)°™" for each L solve is in a sense
analogous to moving down the central path by that amount. We note that [DHNV20] gave an
improved analysis of the Vavasis and Ye algorithm, showing that on “average” one sees ((1/log 1)
(slightly different) crossover events after (1,74)°) time units, which is slightly worse than what
we achieve here per approximate LI’ solve.

Failure will be certified Our algorithm requires an estimate on the circuit imbalance parameter
KA. This is a common assumption shared by most previous literature: Tardos’s algorithm uses
an estimate of A4 ; Vavasis and Ye require a bound on i a. These parameters are hard to compute
[Kha95a; Tun99]. However, knowing these values is not required, and we can use the following
simple guessing procedure, attributed to J. Renegar in [VY96]. We start with a low guess on i a (or
some other parameter), say M = 2. If the algorithm fails to return the required solution, then we
conclude that the estimate was too low, and replace the guess M by /2. Thus, we can still obtain a
dependence on log(va + 1), without knowing the value.

A new aspect of our algorithm is that in case of a failure, we do not simply conclude that our
estimate was too low indirectly from the failure of the algorithm, but we also obtain an explicit
certificate. Namely, an elementary operation is to compute /ifts mentioned previously: for the subset
W = ker(A), anindex set I C [n], and a vector y € 17(W), we compute the minimum-norm vector
z € W such that z; = y. Our parameter « 5 satisfies ||z|l < xally|l1 (Proposition 3.3.7). Whenever
our algorithm fails due to underestimating M < «a, this will be certified by an index set I C [n]
and a vector y € n;(W), and lift z with [|z]|e > M||y/|1.
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7.1.2 Organization

In Section 7.2, we recall the subspace formulation of LI’ and review important properties of
the condition numbers s and its combinatorial cousin, the circuit imbalance measure 5. In
Section 3.5, we gave an overview of existing and presented new LP proximity results, based on
Hoffman type bounds. In Section 7.3, we present a constructive strongly polynomial time variant
of Hoffman’s proximity theorem, which will be useful for extracting Farkas infeasibility certificates
from approximate solutions. In Section 7.4, we review the current state of the art approximate LP
solvers and state our main theorems for extracting the solutions we need from these solvers in
both the feasibility and optimization context, Theorems 7.4.6 and 7.4.7 respectively. The proofs of
these theorems are deferred to Section 7.7, where we also describe the LP extended system we use
System 7.14. In Section 7.5, give the describe our framework for LI’ feasibility, and in Section 7.6
our framework for LI optimization.

7.2 Preliminaries

For a matrix A € R™*", recall the condition number | defined as

A= sup{| AT(ADAT)_lAD” De @}
ATy L Y2 aT ) - (7.2)
- s Il | j minimizes HD Ay - P)” forsome0 #p € R" and D € .

It is important to note that YA only depends on the subspace W = ker(A). Hence, we can
also write ' for a subspace W C R", defined to be equal to A for some matrix A € RF*1 with
W = ker(A). We will use the notations {A and jw interchangeably. We studied several more
properties of ;' in Chapter 3.

Recall the definition of the lifting map L}¥: 71;(W) — W by

IW(p) = argmin{ ||zl : z1 = p,z € W}.

The affine subspace condition number We will now introduce condition numbers related to .
They are going to be needed in the analysis of the optimization algorithm (Algorithm 7.2). For a
subspace W C [n] and a vector d € R" we define

xw(d) = max{ |xBt — xB2|| . xBi e W + d,3B; € By s.t. supp(xP') C B, fori = 1,2} (7.3)

Note that we have that

xw(d) < max{ B + [|1xB2| - xB € W+ d,3B; € By s.t. supp(x®) € B; fori = 1,2}

7.4
< 27w ()]l - 7D

Proposition 7.2.1. Given a subspace W C R", a vector d € R" and coordinates I C [n] such that
supp(d) C I. Then, we have yw(d) = xw,(dp).

Proof. Any two bases B, B, € $(Wr) with corresponding basic solution xBi, xB2 e Wy + d; can be
extended to a bases B1,B; € B (W) with corresponding basic solutions x51 = (x51, Oap\1), xB2 =
(xB2, 0p,\1) such that xP1, xP2 e W + 4. o
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Definition 7.2.2 (Robust lifts). Given a subspace W € R", vector d € R",d ¢ W and & > 0, we define
the robust condition number

xw(d, €)= sup {xw(@):[[¥-x[| <e}. (7.5)
xeW+d

We have that ' (d, -) is monotonically increasing in the second argument and yw(d, 0) = yw/(d).

Proposition 7.2.3 (Robust lifts under trivial subspaces). Given a subspace W C R", vector d € R",
& > 0and some I C [n] such that (W) = {0}, then for | := [n] \ I we have

xw(d, &) = Xryw)(dy, €). (7.6)
Proof. We have

w(d, €)= sup {xw(@):[I¥—x| <e}
xeW+d

= sup {\mm(E): 1T —x[l < e}
xeW+d

= sup  {xqmm@E): % -yl < e}
X]Gﬂ](W)+d]

= Uryw)(d], €). =

The estimate M and lifting certificates The value of « and ;A may not be known. In fact, these
are hard to approximate even within a factor 2P°¥(") [Tun99]. Throughout our algorithms, we
maintain a guess M on the value of iy, initialized as /| = 1. At certain points in the algorithm, we
may find an index set I C [n] and a vector p € ri;(W) such that ||L}N(p)||oo > Ml||p|li. In this case,
we conclude that M < x by Proposition 3.3.7. Such a pair (I, p) is called a lifting certificate of M < .
We can then restart the algorithm with an updated estimate M « max{2[|L}" (p)llo/Ilpll1, M?}.
We formally define the set of lifting certificates

Definition 7.2.4 (Lifting certificates). For a subspace W C R" and a number M > 1 we define the set of
lifting certificates €(W, M) as

W, M) = { (0, p) € 2T X R 2 p € (W), LY ()l > Milplh |- 77)

Definition 7.2.5 (Farkas certificates). For a subspace W C R" and a vector d € IR we define the set of
Farkas certificates (W, d) as

FW)={veW":0v>0,(v,d) <0}. (7.8)

Note, that LP(A, d, -) is primally feasible if and only if FF(ker(A), d) = 0.

Remark 7.2.6. During the algorithm, we project out variable sets | C [n] and work recursively with the
space W’ = 1, j(W). A lifting certificate for W' is then a pair (I, p) with I € [n]\ ], p € R!, such that
||L}’V'(p)||00 > M||p|l1. While Proposition 3.2.17 already certifies that the guess M is wrong for W, it is
unsatisfactory that the obtained certificate holds for a different space. But it is easy to see that the certificate
still holds up to a factor of \/n also for the original space W: Let p € W be an arbitrary vector such that
Pial = L}N'(p). Then

VALY (P)lleo = LY () 2 LY ()] | = LY ()1 = 1LY (9)lleo > Ml |l1-
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In particular, the inequality above shows ||L}" (p)I| > Mllpll1 = MlIpl|, so (I, p) is a certificate for W in the
classical £r-norm. For ease of presentation we disregard this detail in the remainder of the chapter.

Fact 7.2.7. Given a subset I C [n] and an instance of Primal(W,d, -). A certificate of primal feasibility y
of the subsystem Primal(nw, dy, -) extends canonically to a certificate of primal infeasibility (Op,\1, v) of
Primal(W,d, ). In particular,

{(O[n]\l,z) 1z € F(m (W), d,c)} C §(W,d,c). (7.9)

Optimal rescalings For every D € ©, we can consider the condition numbers fwp = {4p-1 and
Kwp = Kap-1. We let
X?N = ¢"A=inf{iwp : D € D}

Ky = K'A=inf{xwp : D € D}

denote the best possible values of i and « that can be attained by rescaling the coordinates of W.
Recall that a near-optimal rescaling can be found in strongly polynomial time.

Theorem 7.2.8 ((DHNV20]). There is an O(n>m? + n®) time algorithm that for any matrix A € R"™"
and W = ker(A), computes a value t such that

E< w < ()
and a D € © such that
kwp < (i55y)° and twp < n(iy)*.

As a consequence, after using this preprocessing step, any algorithm that has running time
dependence on log(iw + n) is turned into an algorithm with dependence on log(i},, + n). We note
however that for small values of log(iw + n), this preprocessing may turn out to be a bottleneck
operation for our feasibility algorithm.

7.2.1 Treewidth

The following definitions are taken from [DLY21]. We simplify the notation as theirs handles
general block-structured matrices A. We essentially consider the special case where every block
has size 1.

Definition 7.2.9 (Dual Graph of a Matrix). The dual graph of matrix A € R"™" with is the undirected
graph Ga = (V,E) with V = [m], and {i, j} € E if and only if A; , # 0 and A; , # 0 for some r € [n].

Definition 7.2.10 (Tree decomposition). A tree-decomposition of a graph G is a pair (X, T), where T is
a tree, and X: V(T) — 2V is a family of subsets of V(G) called bags labelling the vertices of T, such that

1. Usev(n X(t) = V(G),
2. foreach v € V(G), the nodes t € V(T) with v € X(t) induce a connected subgraph of T, and
3. foreach e = {u,v} € E(G), there exists a node t € V(T) such that {u,v} C X(t).

The width of a tree-decomposition (X, T) is defined to be max{ |X(¢)| -1:t €T }.

Definition 7.2.11 (Treewidth). The treewidth tw of G is the minimum width over all tree-decompositions
of G. Intuitively, the trecwidth of a graph captures how close the graph is to being a tree. We denote by tw(A)
the treewidth of the dual graph Ga of A.
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7 BLACKBOX SOLVERS 7.3 Constructive proximity algorithms

7.3 Constructive proximity algorithms

System 7.1. Sign-Consistent-Circuit

Data: A pair (W, y), where W C R" is a subspace, y € W.

Task: Find a vector z € W that is sign-consistent with y and such that supp(z) € C(W).

We let CD(W, y) denote the set of sign-consistent circuit decompositions of a vector y in a
subspace W.

System 7.2. Sign-Consistent-Circuit-Decomposition

Data: A pair (W, y), where W C R" is a subspace, y € W.

Task: Find a sign-consistent circuit decomposition of y, i.e., an element in CDO(W, y).

We begin this section with two basic lemmas.

Lemma 7.3.1. Sign-Consistent-Circuit can be implemented in time O(n7 (Y(A))) if W = ker(A) or
W =im(AT).

Proof. A basis B of A such that B N supp(y) is maximized, can be found within # linear system
solves with matrix A. Given a basis B € $(A), one can solve the linear system Agx = A; for
some i € supp(y) \ B. Let x be the solution. Then we can augment y by a scalar multiple « of x
such that the vector y’ := y — ax is sign-consistent with y and has strictly smaller support than y,
i.e., supp(y’) & supp(y). Repeat this procedure with a new basis B’ of A which can be found by
pivoting within a single linear system solve until i’ is supported on a circuit, i.e., supp(y’) € C(W).
This gives an overall O(n) linear system solves. An analogous algorithm can be implemented for
im(AT). O

Lemma 7.3.2. There is an algorithm for System 7.2 that runs in time O(n>7 (Y(A))) if W = ker(A) or
W =im(AT).

Proof. We repeatedly invoke a solver to System 7.1 to find a vector g € W, supp(g) € C(W) that is
sign-consistent with y and set y’ := y — g, where « is chosen such that y’ is sign-consistent with y
and has strictly smaller support than y. We invoke System 7.1 at most n times. With Lemma 7.3.1
this gives a total of O(n?) linear system solves. o

In this section, we give an algorithmic implementation of the Hoffman Proximity Theorem
(Theorem 3.5.1), assuming that a feasible solution is already given: we obtain another feasible
solution in strongly polynomial time that also satisfies the proximity bounds.

This can be derived from a ‘Carathéodory-type’ algorithm that we present in a more general
form, as it may be of independent interest. We present the algorithm in two stages, with a basic
subroutine in Lemma 7.3.3, and the main algorithm described in Lemma 7.3.4.

162



7 BLACKBOX SOLVERS 7.3 Constructive proximity algorithms

System 7.3. Hoffman-proximity-1

Data: A tuple (A,y, ], M) with A € R"™", y € ker(A), ] € [n], M > 1and let W = ker(A).

Task: Find one of the following:
1. A vector z € W, such that z is sign-consistent with y, ||z — || < M||y|l1, and z; = 0,

2. Apair(I,p) € §(W,M).

We denote algorithms that implement System 7.3 by 7 ... Analogously, we denote the algorithms
for System 7.3, where ker(A) is replaced by im(AT) by /iy,.

We denote by 7 (/ier, A) and 7 (%im, A) the smallest of the runtimes over all algorithms that
implement /.. (A, -) resp. Zim(A, ).

Lemma 7.3.3. System 7.3 can be implemented with O(n) linear system solves. That is, T (/ixer) =
O(n7 (Y(A))) and 7 (/i) = O(n7 (Y(A))).

Proof. The proof shares similarities to the one in Lemma 7.3.1. Find a basis B of A,\; and solve
Apx = Ajy;. Then set iy’ := y — ax where a > 0 is chosen maximal such that y’ is sign-consistent
with y. Repeat this procedure until y} = 0. The proximity bound follows automatically if we
havenot encountered a certificate in C(W, M). An analogous argument works on the image of A™.

O

Lemma 7.3.4. There exists an implementation of System 7.4 that requires O(n?) linear system solves. That
is T (7 ver) = O T (L(A)) and T (7 i) = O(n*T (L(A))).

Proof. Given an instance (W, y, J, M) of System 7.4 compute a sign-consistent circuit decomposition
of y using Lemma 7.3.2 or conclude with an element in C(W, M). Let the circuit decomposition
be y = Y5 a;g’ with k < n and for all i € [k],supp(g’) € C(W),a; > 0. We let z° := 0 and
set iteratively z' = z'"! + B;¢' where 0 < B; < a; is chosen as the smallest value f such that
(6 =271 = Bg)*|| + ||(u — 2! = Bg?)7|| is minimized. Intuitively, this means that § is raised as
long as it decreases the gap on a coordinate in supp(¢*) or a coordinate in supp(u~). For z := z* it
is now easy to see thatz € W, ¢ <z < w and ||z]l; < M|[[{* + 4 ||co- o

The following two corollaries will make use of the assumption that n —m = ©(n).

System 7.4. Hoffman-proximity-2

Data: A tuple (W, y, ¢, u, M) withW C R", y e W, { € (RU {-o0})",u € (R U {00})" such
that{ <y <wand M > 1.

Task: Find one of the following:
1. Avectorz € Wsuchthatf <z <u and ||z]|cc < M|+ +u"||1,

2. Apair(I,p) € €W, M).

We denote algorithms that implement System 7.4 where W = ker(A) by # ... Analogously, we
denote the algorithms for System 7.4, where ker(A) is replaced by im(AT) by 7 ;,,..

We denote by 7 (/yer, A) and 7 (%im, A) the smallest of the runtimes over all algorithms that
implement /.. (A, -) resp. Zim(A, ).
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Note that using fast matrix multiplication and techniques from Section 4.2 of [Bra] the time
complexity per pivot can be reduced to O(n'°?°) instead of a linear system solve, leading to
improved running times in settings, where no structure of A can be exploited in linear system
solves.

7.4 Black-box algorithms

7.4.1 Black-box exact linear algebra

System 7.5. Apx-Projection-Kernel

Data: A tuple (A, d,T,I), where A € R"™" W = ker(A),d e R", T > 1and I C [n].

find x e R"

s.t. xeW+d (Primal subspace constraint),  (7.10a)
llxr]| < Tmin{||y/|| :y e W+d} (Apx. projection onto I) (7.10b)

System 7.6. Apx-Projection-Image

Data: A tuple (A, c,T',I), where A € R"™" W :=ker(A),c e R",T >1and I C [n].

find s e R"

s.t. seWt+c (Dual subspace constraint), (7.11a)

[Iszll < Fmin{ lyrll : y € W+ c} (Apx. projection onto I) (7.11b)

Definition 7.4.1. For a matrix A € R"™" we denote by B(A) the asymptotic running time to solve
System 7.5 and System 7.6 exactly, i.e., for T =1, that is for data (A, d,1,1) forany d € R" and I C [n].

Definition 7.4.2. For a matrix A € R™*" we denote by V~(A, T') the asymptotic running time such that
System 7.5 and System 7.6 can be solved with T for any d € R™ and I C [n].

Definition 7.4.3. For a matrix A € R"™" we denote by L(A) the running time to solve any linear system
of the form Ax = b and ADATx = b, D € D for x exactly.

Note that for Definition 7.4.3 it would suffice to be able to solve ADATx = b, as any solution x
automatically gives a solution y to Ay = b via y = DATx with computational complexity nnz(A).

7.4.2 Black-box linear programming solvers

Our feasibility and optimization algorithms in Sections 7.5 and 7.6 use oracles that return ap-
proximate LI’ solutions. These can be implemented by using any weakly-polynomial algorithm
that returns approximately optimal approximately feasible solutions as in (APX-LP). We will use
the following result that summarizes recent developments on interior point methods. Whereas
the papers only formulate the main statements on primal solutions, they all use primal-dual
interior-point methods, and also find dual solutions with similar properties. We present the results
in such a primal-dual form.
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Theorem 7.4.4 ([Bra+21; Bra20; DLY21; [SWZ21; LS19]). Blackbox-Approx-Solver (Oracle 7.3) with an
initial point around po and with precision ¢ can be implemented in time

(1) In O((mn + m*5)log(uo/¢)) expected running time [Bra+21].

(2) In O(n® log(uo/€)) deterministic running time, assuming w > 13/6 [Bra20]. The same expected
running time is achievable assuming w > 2 + 1/18 [[SWZ21].

(3) In 5((nnz(A) + m?)\mlog(uo/¢€)) expected running time [LS19], where nnz(A) denotes the
number of nonzero entries in A.

(4) In 5(ntw(A)2(y0 /€)) expected running time, where tw(A) is the treewidth of matrix A [DLY21].

We use the notation W(A) to denote the ‘cost per unit’ in these results. That is, we define
W(A) as the smallest runtime such that Blackbox-Approx-Solver can be implemented in time
O(W(A)log(o/¢€)). By Theorem 7.4.4 we have that

W(A) < min{mn +m?>°,n?, \/E(nnz(A) + mz), ntw(A)2} . (7.12)

We are going to make some mild assumptions regarding W(A) under modifications to the matrix
A. This is important for the recursive calls to theblackbox LI’ solvers that are going to deploy as
well as for the initialisation system used in System 7.14.

Assumption 7.4.5. Given a matrix A € R™*", then for any submatrices B € RP>*1 of A and C € RP*"
and a vector v € RT*" we have for
-B A

T

A= (7.13)

v
that \V(A) = O(W(A)). We further assume that \V(A) = Q(nnz(A)).

The second part of Assumption 7.4.5 is very natural and is true in most cases nnz(A) is the time
to process a matrix. We require this assumption because we will repeatedly compute matrix-vector
products Ax and ATy, both procedure take nnz(A) time and should not dominate the time to solve
a linear system. On the other hand, this second assumption might not be true in an amortized sense,
were maybe many linear systems are solved with the matrix A such that through preprocessing a
basis or other structure of the matrix could be determined such that the amortized runtime per
linear system solve might drop below nnz(A). It could also be the case that the matrix is given
implicitly through a lot of structure, e.g., as a product of two matrices, both of which allow cheap
linear system solves; or the columns of A could correspond to some underlying combinatorial
structure. We want to exclude all these scenarios with the second part of Assumption 7.4.5.

We now state the main forms of feasibility and optimization oracles we use. In Section 7.7, we
derive these results from Theorem 7.4.4, by running the algorithms on an extended system. The
oracles used in Sections 7.5 and 7.6 can be implemented from Theorems 7.4.6 and 7.4.7.
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7 BLACKBOX SOLVERS 7.4 Black-box algorithms

System 7.7. Apx-Feas

Data: A tuple (W, d, M, €), where W C IR" is a subspace, d € R", guess M > 1, and ¢ > 0.

find x e R"

s.t. xeW+d (Primal subspace constraint), (7.14a)
[[x7]| < elld]| (Primal apx. feasibility), (7.14b)
[lx]l < Celld|| (Primal norm bound) (7.14¢)

where C; := n!5M = O(poly(n, M)).

We want to remark that the choice of C; is somewhat optimized in that the exponent in n and M
is as small as possible for the upcoming proofs in this section to work out. Nonetheless, any choice
of C; that is polynomial in n and M would be fine to get the desired runtimes for the blackbox
algorithms.

Theorem 7.4.6 (Proof on p. 182). There exists a pair of algorithms (Algorithm 7.4 and Algorithm 7.5) that
returns either of the following outcomes:

(F1) Near feasible primal-dual solutions (x, s) such that
(F1.1) x is feasible to Apx-Feas(W,d, M, ¢), and
(F1.2) s is feasible to Apx-Feas(W+, ¢, M, ¢).

(F2) A Farkas certificate of primal infeasibility: y € F(W, d),
(F3) A Farkas certificate of dual infeasibility: y € F(W*, ¢),
(F4) Alifting certificate (I, p) € C(W, M).

The running time depends on the outcome and is presented in Table 7.1.

Outcome Running time
(F1) O(V(A)log(Me™))
(F2) O(W(A)log(Me™)) + 7 (4" (AT))
(F3) O(W(A)log(Me™)) + 7 (£"™<"(A))
(F4) O(W(A)log(Me™) + T (A1 (AT)) + T (41 (A))

Table 7.1: Running times to implement Theorem 7.4.6
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System 7.8. Apx-Opt

Data: A tuple (W,d,c, M, ¢), where W C R" is a subspace, d,c € R", guess M > 1, and
e>0.

find x,s € R"
s.t. xeW+d (Primal subspace constraint), (7.15a)
seWt+c (Dual subspace constraint), (7.15b)
[x~|| < elld]| (Primal apx. feasibility), (7.15¢)
IIs7]l < ellell (Dual apx. feasibility), (7.15d)
llx os|| < ellelllld]] (Approximate complementarity), (7.15e)
llx]| < Colldl| (Primal norm bound), (7.151)
[Is]] < Collell (Dual norm bound) (7.15g)

where C, := 4n%2M = O(poly(n, M)).

Theorem 7.4.7 (Proof on p. 185). Let an instance of a linear program of the form System 1.2 and M > 1,
€ > 0 be given. There exists an algorithm (Algorithm 7.6) that returns either of the following outcomes:

(M1) A pair of primal and dual near-feasible and near-optimal solutions (x, s) as solutions to System 7.8,
ie., Apx-Opt(W,d,c, M, ¢).

(M2) A Farkas certificate of primal infeasibility y € F(W, d),
(M3) A Farkas certificate of dual infeasibility y € F(W+, c), or
(M4) A lifting certificate (I, p) € C(W, M).

The running time depends on the outcome and is as follows:

Outcome Running time
(M1) O(W(A)log(Me™))
(M2) O(V(A)log(Me™)) + 7 (77"(AT))
(M3) O(V(A)log(Me™)) + 7 (7 ™"(A))
(M4)  O(W(A)log(Me™h) + 7 (7™"(AT)) + T (7" (A))

7.5 The feasibility algorithm

Given a matrix A € R"™" and d € R", we let W = ker(A). In this section, we consider the feasibility
problem Primalx € W +d,x > 0.

A key insight is to work with a stronger system, including a proximity constraint. According to
Corollary 3.5.2, whenever the problem x € W +d, x > 0 is feasible and xw < M, then System 7.9 is
also feasible. In fact, this would be true even with the stronger bound /! instead of C;lt” ; we use
this weaker bound to leave sufficient slack for the recursive argument. Note that if d > 0, then the
only feasible solution is x = d.
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System 7.9. Alg-Feas

Data: A tuple (W, d, M), where W C R" is a subspace, d € R", guess M > 1.

find x e R"

s.t. xeW+d (Subspace constraint), (7.16a)
[|[x =d| < C;lfgﬂd_ | (Proximity constraint), (7.16b)
x>0 (Non-negativity) (7.16¢)

where C;lfg = 8C, = O(poly(n, M)).

We use a black-box approach assuming an oracle that returns an approximately feasible solution.
The oracle will give a solution to Prox-Feas and is implemented by Oracle 7.1. Outcome (i) gives an
approximately feasible solution with a bound on the negative components and a slightly stronger
proximity guarantee than in System 7.9. Outcome (ii) gives a Farkas certificate of infeasibility in
§(W, d), whereas outcome (iii) gives a lifting certificate of M < kw, i.e, an element in C(W, M).

System 7.10. Prox-Feas

Data: A tuple (W, d, M, €), where W C IR" is a subspace, d € R", guess M > 1, and ¢ > 0.

find x e R"

s.t. xeW+d (Subspace constraint), Q1)
llx = d|l < Cpelld™ || (Proximity constraint), (Q2)
[lx7|| < e||ld™|| (Apx. feasibility constraint) (Q3)

where Cp¢ = 8CMn®2 = O(poly(n, M)).

Oracle 7.1. Prox-Feas-Solver

Input: A tuple (W,d, M, ¢), with a subspace W C R",d € R", a guess M € R, and
parameter ¢ > 0.

Output: One of the following outcomes:
(i) A solution x to System 7.10, i.e., Prox-Feas(W, d, M, ¢),
(if) A Farkas certificate y € H(W, d),

(iii) A subsetI C [n]and a vector p € mi;(W) such that (I, p) € C(n;(W), M).

This oracle can be derived from Theorem 7.4.6, by finding an approximately feasible solution to
a modification of the system x € W + d, x > 0. The derivation is given in Section 7.7.2; the running
time is stated as follows.
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7 BLACKBOX SOLVERS 7.5 The feasibility algorithm

Lemma 7.5.1 (Proof in Section 7.7). Given a matrix A € R™" and vector d € R". Let W = ker(A),
and M be an estimate on iw. Further, let 0 < € < 1. There exists an implementation of Oracle 7.1 for data
(W, d, M, &) with following outcome-dependent running times:

Outcome Running time

(i) O(W(A)log(Me™))
(ii), (i) O(W(A)log(Me™)) + T (7 im(AT))

The algorithm is stated in Algorithm 7.1. It allows to solve Alg-Feas(W, d, M) by combining an
approximate solution x to Prox-Feas(W, d’, M, ¢) for some d’ € W + d with an exact solution to
Alg-Feas(mtj(W), dj, M) obtained recursively from a smaller system on a coordinate subset I C [n].

Recall that for a set K C [n], cl(K) denotes the closure of K, i.e., the unique largest set C C [#]
such that C C ] and rk(A¢) = rk(Ag) where ker(A) = W as usual.

We select a set K of indices i where x; is very large in the approximate solution x; for such indices,
proximity guarantees that there must be a feasible solution x* € W + d, x* > 0 with x7 > 0. We
project out all these indices, along with all other indices ] := cl(K) \ K in their closure, and recurse
on the remaining index set I := [n] \ cl(K) = [1] \ (KU J). We note that the purpose of the set ] is to
to reduce the dimension of the dual space in the recursive call.

The choice of the proximity bounds allow us to ‘stitch together’ the solution obtained on 7t ;(W)
from the recursive call with the approximate solution x to a feasible solution to the original system.
Roughly speaking, the amount of change required to cancel out all negative coordinates in x; is
small enough so that x remains positive on K.

An important feature in the scheme is the choice of the vector d’ for the approximate system.
This will be either d’ = d or d’ = [ Iyy(d); hence W + d’ = W + d. However, this choice is crucial
due to the proximity bounds: System 7.9 features ||d~|| as well as a bound on ||x — d||.

In particular, if ||d~|| is “too big’, then we may end up with an empty index set K and cannot
recurse. In this case, we swap to d’ = 1y (d); otherwise, we keep d’ = d. We note that always
swapping to d’ = I Ty (d) does not work either: System 7.9 features the bound ||x — d||, and using
|[x = Ty (d)|| in the approximate system may move us too far from d. Fortunately, the bad cases
for these two choices turn out to be complementary.

We note that the distinguished role of Iy (d) is due to the bound ||x|| > ||TTw=(d)|| for any
xeW+d.

The overall feasibility algorithm is given in Algorithm 7.1. The output can be (i) a feasible
solution to System 7.9; (ii) a Farkas certificate of infeasibility, or (iii) a lifting certificate of M < «w.
The latter will always be of the form of an index set I C [n] and a vector p € (W) such that
||L}’V(p)||oo > M|lp|li. In this case, we can restart the entire algorithm, after updating M to
max{||LY (p)llw/ Iplh, 212},

The algorithm calls Oracle 7.1. For outputs (ii) and (iii), we return the Farkas certificate or the
lifting certificate for M < «y. For output (i), we construct the sets I, ], and K and recurse on rij(W).

We are now ready to state the central theorem of this section, which in particular proves
Theorem 7.1.1.

Theorem 7.5.2. Algorithm 7.1 is correct. The runtime depends on the outcome and is as follows:

Outcome Running time

Primal(W, d) O (m(WV(A)log(M) + 7 (H(A)) + 7 (cI(A))))
FW,d)  O(mW(A)log(M) +m7 (B(A)) + m7T (cl(A)) + 7 (7 im(AT)))
CW, M) O(mW(A)log(M) +mT (B(A)) + mT (cl(A)) + T (7 im(AT)))
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7 BLACKBOX SOLVERS 7.5 The feasibility algorithm

Algorithm 7.1: Feasibility-Algorithm

Input :A e R"™", W C R" subspace, d € R", guess M > 1.
Output  :An element in Alg-Feas(W,d, M), F(W,d) or €(W, M).

11 ~|| 2 max i ,5— ( then 17 [« cC
if (|| Iy @), 37| th J — c(K)\ K
2 | d e Tlye(d) 18 [ [n]\ (JUK)

- 19 & « Feasibility-Algorithm(rty (W), x1, M)
» if d 2 0 then 20 switch & do
! Lreturn d u | case (i) & € Alg-Feas(np(W), x;, M) do
5 T« Zx/ﬁMC;EJ’ 2 Zi} — AW i

e 2 7 <—LIU](w—x1,x])

6 & ——

RO G W) w | | if @l < Ml - x1, %)y then
’ switch ;/doe( SOOI A € 2 Lreturn X+
8
9 | case (i) ¢ € Prox-Feas(W,d, M, ¢) do 26 else
w || gotol5 2 Lreturn (IUJ,(w - xg, x]_))

-

1| case (i) ¢ € F(riy(W), x;) do
12 ‘ return Farkas certificate ¢
1 | case (iii) ¢ € C(rtp(W), M) do

28 case (ii) & € F(mi; (W), x1) do
Y  (s,05uK)

29

’
14 ‘ return /ifting certificate ¢ % retur{l y
: i 31 case (iii) & € C(f(W), M) do
5 X0 £ ‘ return &

16 Ke—{ie[n]:x; >2T|x"|} -

Proof. We first show that x’ is feasible to Alg-Feas(W, d, M). Then, we verify that K # 0.

Feasibility of x": Let us first show that x’ is well-defined; this requires that (w — x7, x]‘) € myuy(W).
By definition, w € m;(W) + x; means that w = @; for some @ € W + x. We have that w — x; =
(@ —x); € ;(W). By the definition of ], (01, z) € 7tjuy(W) forany z € /. Thus, (w—x;,z’) € 7o (W)
forany z’ € RJ.

The containment x” € W +d is immediate, since L% ]((w -Xq, x]_)) e W,and W+x = W +d. Hence,
we have (7.16a). For the rest of the proof, assume that ||L%]((w - Xy, x]’))||00 < M||(w —xj, x;)||1.
Let us verify the non-negativity constraint (7.16c) holds for x” > 0. By definition, if i € I, then the

w

corresponding coordinate of L' ((w — x7, xj_)) equals w; — x;, and thus x7 = w; > 0. Analogously,

0]
for j € J, the corresponding coordinate of L%]((w - X, x]‘)) equals x5 and so x;. =xj a2 0. For
k € K, we have x; > xj — ||L¥¥J]((w - xI,x]_))Iloo. By definition of K, x; > T||xI_U]||. Then, x; > 0
follows as

alg

1LY (0 = x1,37) oo < Mo = 21,27}l < VAM a0 = 21,27} < VAM(CE + Dl

< Tllxg |

(7.18)

To complete the proof that x” is feasible to Alg-Feas(W, d, M), it remains to verify the proximity
bound (7.16b), i.e., ||x’ = d|| < C;]fg||d‘||. First, we need an auxiliary claim.

Claim 7.5.2.1. ||x — d|| < 4C,||d"|| and ||lx~|| < e]|d"|.
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Proof. 1f d’ = d, then from the feasibility of x to Prox-Feas(W,d’, M, ), we have ||x —d|| < C|ld" |

and ||x~|| < ¢ #d, then d’ = [Ty (d), ||d~|| > |ITw~(d)|| and ||d"|| > ”d” and so
llx —dl < |lx = TTw ()] + [TTw ()] + [|4]|

< CollTwa (@)~ [ + ([T T (@) + 2C ¢l ||

< (Cpr + DI (d)) +2C ]l

< (chl' + chl)”d_”

<4C|la7|l, and

X[l < ellTTw(d) [l < ellTTw ()] < elld .

proving the claim. ]

Using Claim 7.5.2.1 as well as the bound in (7.18), we see that

Ix" = dll < llx = dll + [1x" = x[l = lx = dll + L, (@ = xp, x)) | < 4Cplld™ [l + Vi Tl

< (4C “Ild I

Recursion on smaller subset: We show that K # 0. If d = d’ then either ||d™|| < ||IIwx(d)|| or
lla=Il < [1d]l/2Cpe). I |ld™ || < [[TTw=(d)]| then,
lxll o w (DI [0l

[¥lle0 =2 — =

TN T NE Vi ewm

and if ||d-|| < Z"f” ,then ||lx — d|| < C,¢lld™ || by the call to Prox-Feas(W,d’, M) and so

> Tllx~|l,

llxll = lldll =[x = dll > 2Clld™ [l = Cpelld ™[l = Coflld™ Il = Cpre HIxTIl = VaTllx~|l,
and hence ||x|| > T||x7||. The remaining case is d’ = I lyy+(d). Then we have

[l o M Iw (@l x| -

IIIIoo_\/_ N —g\/z—

Infeasibility certificate: Assume our algorithm resulted in a certificate of primal feasibility of
LP(ri(W), x1). Then by Fact 7.2.7, this certificate can canonically be lifted to a certificate of primal
infeasibility of LP(W, d). O

7.6 The optimization algorithm

in this section, we show how LP can be solved using an approximate LI’ solver. We present an
algorithm that comprises an Inner (Algorithm 7.3)and an Outer Loop (Algorithm 7.2). The calls to
the approximate LI’ solver will happen inside the Inner Loop.

The outer loop gives an algorithmic implementation of Corollary 3.5.4. The subroutine Inner-
Loop(W,d, c, M, €) returns a solution (x, s), to System 7.11 for some ¢ = @(poly(M,n)~!). Note
that Algorithm 7.3 in fact returns a solution to the stronger system Alg-Opt, but this is only required
for the recursive calls of Algorithm 7.3. Given (x,s), we can now for ¢ small enough fix some
primal variables to 0 via Corollary 3.5.4. Note that the role of the primal and dual in Corollary 3.5.4
and System 7.11 is reversed.
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7 BLACKBOX SOLVERS 7.6 The optimization algorithm

System 7.11. Primal-Feasible-Apx-Complementary

Data: A tuple (W,d,c, M, ¢), where W C R" is a subspace, c,d € R", guess M > 1, and
e > 0.

find x,s € R”

s.t. xeW+d (Primal subspace constraint), (7.19a)
seWt+c (Dual subspace constraint), (7.19b)

Is a0l < ellcl| (Complementarity), (7.19¢)
x>0 (Primal non-negativity) (7.19d)

The subroutine InnerLoop will be described in Section 7.6.2; we now state the running time.

Lemma 7.6.1. Algorithm 7.3 (InnerLoop) is correct. The running time depends on the outcome and is as
follows:

Outcome Running time
Alg-Opt(W, d, ¢, M, caub) O (m'V(A) log(Me., ™) + m7 (H(A)))
FW,d) O (mV(A) log(Me..s™) + mT (B(A)) + 7 (715" (AT))
C(W, M) é(m\y(A) log(Me.™h) + m7 (L(A)) + T(y/gjn(A)))

The overall algorithm described in Section 7.6.1 repeatedly calls InnerLoop to set primal and
dual variables to 0 according to Corollary 3.5.4, and recurses to lower dimensional subspaces. The
final optimal solutions are obtained via calling the feasibility algorithm on both primal and dual
side. Providing a certificate that M < «x in case that the algorithm fails is non-trivial, but we will
show how it can be done efficiently.

7.6.1 The Outer Loop

Consider an instance of System 1.2 and an estimate M on «y. We first use the feasibility algorithms
and check if the primal system x € W + d, x > 0 and the dual system s € W+ + ¢, s > 0 are feasible.
The dual feasible vector is in particular important as the input of InnerLoop requires a feasible
dual vector. The overall algorithm is presented in Algorithm 7.2. We will maintain an index set
B C [n], initialized as B = [n]. We gradually remove indices from B. A removed index i has the
property that due to proximity results (Corollary 3.5.4) there exist optimal dual solutions s* such
that s? > 0. By complementary slackness we therefore have x? = 0 in all primal optimal solutions.

Hence, at any stage, assuming that /| > xw we are guaranteed that there exists an optimal

*

[n1\B 7 N
indices’ and the corresponding subspace W C 1R® thatis W = Wp.

primal solution x* with x = 0. At every iteration, we have the index set B C [n] of “‘undecided

The algorithm terminates when ¢ is contained in W*. The remaining indices B are split up
between B and N based on whether they are in the support of the current primal feasible solution
%. Finally, we obtain the primal and dual solutions by solving feasibility problems on the subsets B
and N = [n] \ B. If both are feasible, they form a complementary pair of primal and dual solutions,
and hence they are optimal. In case of a failure, we conclude that the underlying assumption
M > xw was wrong and construct a certificate of this outcome.
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7.6 The optimization algorithm

Algorithm 7.2: Optimization Algorithm

Input
Output
C(W, M).

& — Feasibility-Algorithm(W, d, M)
if & ¢ Primal(W, d) then

Lreturn L)

¢ « Peasibility-Algorithm(W+, ¢, M)
if ¢ ¢ Dual(W, ¢) then

Lreturn ¢

de— & C— 9O
WeW;f—d;5«¢

29

30

31

32

:An instance (W, d, c) of LP and guess M > 1.
:Either solution (x*, s*) optimal for LP(W, d, c), or a certificate in F(W, d), F(W, ¢) or

N « [n]\B

d e [d-LY(dn)], )
¢ « Feasibility-Algorithm(Wg, d, M)
if ¢ ¢ Primal(Wg, &) then

9 B« [n]

0 Eay %n—sM—z 35 | return ¢

u t«1 36 else

» while B# 0 and ¢ ¢ W do 7 | x" e (0,0N)
13 | ¢ « InnerLoop(W,d, ¢, M, es,p) "

u | if o ¢ Alg-Opt(W,d, ¢, M, ¢,p,) then
1 Lreturn ¢ 39 C [C - LEVL (CB)]N

w ¢ « Feasibility-Algorithm((WL)y, &, M)
a if ¢ € Dual(W+)y, ¢) then

2 LS* «— (0g, )

1 | else

17 (%,3) « ¢

18 if ||§\(§,9?)” > "VSUb”lIW(C)” then
return (x*,s”)

u elseif ¢ € C(W)y, M) then
45 Lreturn ¢

20 I« SUPP(CSS(gx {‘subnl IW(C)”)) 16 else
2 J < [n]\1 a7
2 return (J, &) s | &« Feasibility-Algorithm(W+, ¢)
23 L 1w | if & ¢ Dual(W+,c) then
" B B, W® — W,§(t) 3 50 Lreturn L)
s1 | else
25 te—t+1 52 C— &
26 B—B\{iel:[5| =5} 53 Use ¢ and the dual vectors 5(1),...,§(t_1) to find a

27 W «— Wpg, ¢ « §p,d « &p certificate z € C(W, M)

= 54 return z
28 B« supp(%) L

Theorem 7.6.2. Algorithm 7.2 is correct. This means, for data (W, d, c) it finds a primal-dual optimal
solution (x*,s*), a Farkas certificate in %(W, d) or 5(W+, ¢) or concludes that the guess M was to small
and certifies this with an element in C(W, M).

The running time depends on the outcome and is as follows:

Outcome Running time
optimal in LP(W, d, ¢) O (mn(V(A)log(M) + 7 (L(A)) + 7 (cI(A))))
5(W,d) O (m'V(A)log(M) + mT (L(A)) + m7 (cl(A)) + 7 (7 1., (AT)))
FW,c) 5(n\I/(A) log(M) +n7 (B(A)) +n7 (cl(A)) + 7 (# 1er(A)))
(W, M) 5(mnW(A) log(M) + mn7 (B(A)) + mnT (cl(A)) + 7 (% im(AT)))

Proof. The main part of the poof is recognizing that the variables that are removed from B in Line
26 belong to the set N* of variables for which x},, = 0 for all optimal solutions x* of LP(W, d, c).
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7 BLACKBOX SOLVERS 7.6 The optimization algorithm

Note that the guarantee of InnerLoop is that
1Al < necwxwe(c, neqmywe(c)) < 2neqn iw I Iw (o)l (7.20)

In case that the if-condition in line 18 evaluates to true, we see via (7.20) that

Thm.>3.348 Xwe > ”5\(5:5)“ 2n2Mf'sub“HW(C)“ —

> (7.21)
n 2n25'51117||IIW(C)“ 21’126‘511[)“11[/\/(6')”

Kw
We can certify this by the fact that all basic solutions on the last recursive call to InnerLoop have
large cost. This can be recovered by defining the set I in line 20 and returning a corresponding
lifting certificate.
So, from on assume that the if condition in line 18 evaluated to false, ie., [|5,;5l <
2n%M e |I3]|. We then move on and remove elements from B in line 26. In case that M > «yy this
conclusion is correct and follows automatically by the proximity result Corollary 3.5.4 as

I8l 2 —= 1151 > =Wl > sl 2 el 0l
§llo = —=II5l = —=l1Iw (@)l > =—=——— 51z ————|5.G.s
\/ﬁ \/H 2nls Esub A WL &%) 2n2'5i'sub7\"w G0 (722)
> MVn5360ll = cwllsienlh,
and so the proximity result gives x} = 0 for all i such that §; = [|3]|c-

However, in case that we underestimate «w, i.e., M < iy, we might erroneously remove elements
from B in line 26 and this may remain undetected until later, when we fail to construct a dual
feasible solution on N.

But M < xw might not be detected in the while-loop in line 12, but only much later, when we
detect infeasibility of the final dual system Dual((W+)y, ¢).

We now sketch how a certificate of in €(W, M) can be found nonetheless, by using the constructive
proximity results in Section 7.3 in conjunction with the dual solutions 3, ...,3® returned by
the calls to Innerl.oop as well as the terminal dual solution u*1) := 0p. First, we find the unique
index i € [f] such that the system s € Wgi + cgwy,sp = 0,5 > 0 is infeasible and the system
s € W) + cpin, s = 0,5 > 0 is feasible. Such an i must exist as the corresponding system for B
for i = t + 1is feasible, while the system for i = 0 is not. This property is monotone in the sense
that if the system corresponding to i is feasible, so is the system for all j > i. Therefore, we are able
to find the index i via binary search in log(n) calls to the feasibility algorithm for the dual systems.

Let now 3 be such a solution to the system corresponding to i + 1. Note that the final primal

solution x is supported on B, hence <x;«+1)r §) = 0. Let us extend 5 arbitrarily to an element

§ € Wi + cgw, i-e., Sgivy = 5. Then, we still have <x*B(i), S > = 0. We now apply the constructive
Hoffman proximity theorem # to § — (), where we use appropriate lower and upper bounds such
that all the augmentations we perform on (") are either increasing negative coordinates of §) or are
improving the objective with respect to x). We must have that this call to 7 results in a certificate
in C(W, M). The alternative would be that the augmentation succeeded. But then, by choice of
the coordinates in B®) \ B{*1) we would have that the resulting vector § would be non-negative on
B\ BU*D) hence it would fulfill § > 0. Further, its objective value is no worse than the objective
value of 5, hence (x*,5) = 0 and so 5p = 0. In particular, § is feasible to s € Wy + cgw, s = 0,5 > 0.
This is a contradiction to the assumption that the system is infeasible. m]

By proving Theorem 7.6.2, we also proved the special case Theorem 7.1.2.
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7.6.2 The Inner Loop

Proof of Lemma 7.6.1. The proof will be a generalization of the proof of Theorem 7.5.2. We assume
the case that the algorithm returned (x/,s”) € Alg-Opt(W, d, ¢, M, ¢5). The other scenarios are
handled as bad case scenarios in the analysis. We use the variable names in the algorithm and begin
by showing the primal proximity constraint (7.41d). For this, we first prove a proximity claim
regarding x.

Claim 7.6.2.1. ||x — d|| < 4C,olldx,0)ll and ||x~|| < lldaa,olll-
Proof. 1f d = d, then from the feasibility of (x,s) to Prox-Opt(W, d,c,é, M, ), wehave ||x —d| <

Cpolldaw@,oll and [[x7|| < ¢[ld (4,0 ll, so we are done.
In the case i # d, we have d = [y (d), [|d.,0ll > |11 Tw(d)]| and ||d a0l > ”d“ . So

llx = dll < llox = Tl ()] + ([T ()] + (|l
< CoolHwe @I + 1T Tw= (@)l + 2C 0 lld s ol
< (Cpo + DI ()] +2Cp0lld (a0
< (CH +2C0)ld a0l
< 4Cpo||d \d,o)ll, and

lx7l < @7 < lllTw (@] < ¢

A(d,C) “ 7
proving the claim. m

If i = d, then ||x 05| < ellda@,ollllcll by (7.42¢c) in System 7.13. Else, d = Ilw+(d) and
L (d) > [|daa,0)ll, implying [|x o s|| < e[[IIw (d)llllc|l < ||d A, llllcll as well. Further, we have for

-1/2,

all j € supp(5) thats; > n=/%,[|¢]|. Hence, for all j € supp(5) we have

< lxosil _ flxos]] \/_k”d\(dc)H”C” \/_f”d‘\(d,c)”

P < — < < 7.23
! Sj "] csunll€ll Esub ( )
and so with the equation above and Claim 7.6.2.1
(7.23 2¢en
lxa@aoll < Nx7l + 1xswpp@ll < ellda@oll + ~|ld \doll < ldrq@,oll - (7.24)
Esub Esub

We can assume that [[w||« < M||(v = x1, —xj, 0j7)l1 as otherwise we would have concluded with a
certificate in €(W, M) on Line 30.
Therefore, by assumption,

||| < \/EHL%] (U - X1, -Xj, O]\T)Hm
< M+/nll(v - x1, =x7, 0pplh
< MVAR(CE %

Ig
< M\/_C;g’”x‘\(x,i)”l
< Mncpo ”x A(x, Z)”

b+ 10 |
(7.25)

lg
22
C

Esub
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where we used the feasibility of (v, u) to Alg-Opt(ri;(W), x1, 51, M, co,) and that ] € A(x, 5) by
definition. UsingClaim 7.6.2.1 and the inequlaity above we can deduce that

llx" = dll < [lx = d|| + [|x" = x]| (7.26)
< |lx = dl| + [|w]| (7.27)
(7.25) 2en? M
< 4G+ —/——C 2 a0l (7.28)
<sub
alg
< Cpgj“dl\(d,c’)” ’ (729)

showing (7.41d).

Recursion on smaller subset: We show that K # 0. If 7 = d then either ldr@,oll < [ITTw(d)]| or
ldaw@,oll < d1/2C00). I lldaw@,oll < [[TTw(d)]] then,

o lxll o we @I Ma@oll 029 e

ViT o Nm N oz

and if [|d (4,0l < 2"{’” then ||x = || < Cpolld a0l by feasibility to Prox-Opt(W, d, ¢, & M, ¢) and
SO

”xlloo = ||x‘\(x,s)|| 2 T”xA\(x,s)” ’

(7:24) Esub
”x” > ”d”_”x_d” > cho“dk\(d,c)”_Cpo”d.\(d,c)” = Cpo”d\(d,c)” 2 C}W(ﬁﬁ||x.\(x,s)|| 2 \/ETHx.\(x,s)” ’

and hence ||x||w > T||x~||. The remaining case is ¢ = ITjy+(d). Then we have ||x~|| < e[|T Ty (d)]|
and

xosl_ llxosll _ VrellTw=@IHIEN _ vaellTTw= (@)l
I= :] = E] = Esub|I€]l €sub

(7.30)

and therefore

B (7.23)
||x.\(x,§)|| < ”x ” + ”xsupp(i)” < ”llWJ'(d)H +

— |1y ()] <2

€ sub & sub

||IIWJ.(d)||. (7.31)

and so

lIx]leo =

lxll o M Iw @I e .
LI > — vl < Tlxaesll-
Vi

Vo 2en
In all cases we therefore conclude that ||x]|c = T||x~||. Hence K # @ and |I| < n — 1.

We now show that x” is well-defined. This requires that w is well-defined, which in turn requires
that (v — x1,—x7,0]\f) € mu (W) (Line 28). By definition of ], we have that ;;(W) = IR/ and
mtiup(W) = (W) x /. As v is the primal variable of the recursive call to Alg-Opt we have that
v € (W) + xy and so v — x1 € m;(W), implying (v — xj, —xf,Ol\j) € (W) x ) = myup(W). The
containment x’ € W + d is now immediate as LIU]( —x1,—xj,0p7) € W. Hence, we have (7.41a).

For the dual subspace constraint (7.41b) note that u € (W*); + 5y and so s’ = (5jux, u) +s —5 €
Wt+5+s-5=W++s=W*+c.

Let us verify the primal non-negativity constraint (7.41¢). For i € [ we have x = x; + (v; — x;) =
v; > 0. Forj € J we have x; =xj—xj =0and forj € J \ ] we have x;, = xj 2 0. It remains
to show the non-negativity on K. By definition of v and the constraint (7.41d) we have that

alg
“U - XI“ < Cp(?”x.\(xl,ﬁ)
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Hence, for i € K we have x| > x; — ||L}"L’)I((v - xl,x]‘))lloo >(T- MnC;i?)l
(7.41¢).

We now show (7.41c). Note that 5 > 0 as |||l < |Is7|| < €supl|¢]l and so 5; = 0 for all i € [n]
with s; < 0. Further note that x} = 0and 5\ = 0 by construction. Hence,

XA(x,s)ll = 0, proving

15 A¢s7 xynxupll = 0, (7.32)

Note that 7; (W+)jur) = {0} because | = cl(K) \ K, so we can apply Proposition 7.2.3.
Further, note that ||s — 5| < . |I¢]] € €supxwr(c). And so

/ﬂ\jWJ- (C, NEsub AW+ (C)) = X;WJ- (S, NEsub AW+ (C))
2 ;le(S - (S - §), nfsub/\/wl(c) - ||S - g”)
= :\TWl (:/ (7’1 - :l)fs;ub/\/wL (C)) (733)

;E(WL)IU/ (S1up, (n = Dyeeup xw (c))

vV v

\%

/\N/(WL)I(§1, (n = Deanxwe(c)),

where the third inequality uses 5k = 0 with Proposition 7.2.1 and the last inequality follows from
Proposition 7.2.3 where we use 7t; (W=);ur) = {0}. Hence,

1, = [ 043108 | + 15 =51 (7.34)
< Nua,eyntll + 15 A eynkopll + 115 = sl (7.35)
< Nuag,o)ll + 115 A xyn@upll + 115 = sl (7.36)
< lesun X wy, (51, Hsun xwy, (51)) + 0 + coup xwe(c) (7.37)
< Hfesun xwe (e, nesun xw(€)) + esup xw (c) (7.38)
< (1 + Desup xw e, negun xw(c)) (7.39)
< negpiwe(c, nesp ywe(c)). (7.40)

Here, (7.37) follows from the feasibility of (v, u) to the recursive system Alg-Opt(rt; (W), x1, 51, M, €up)
and (7.32). Further, (7.38) follows from (7.33). (7.39) follows from yw(c) < yw=(c,0).

Infeasibility certificate. Assume our algorithm resulted in a certificate of primal feasibility of
LP(rt;(W), x1). Then by Fact 7.2.7, this certificate can canonically be lifted to a certificate of primal
infeasibility of LP(W, d).

Running time. The runtime is dominated by the m recursive calls to InnerLLoop and the calls to
the Proximal-Opt-Oracle as well as the projection that we perform. Note that the lift in line 28 boils
down to another projection. Hence, the runtime claim follows. O
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Algorithm 7.3: InnerLoop

3

4

5

6

7

Input W CR", ceRl,deR", M =1, error ¢gy, > 0.
Output :A solution to Alg-Opt(W, d, ¢, M, 4,,), an element in F(W, d) or an element in C(W, M).

if (d, c) € Alg-Opt(W,d, c, M) then
L return (d, ¢)

alg .
po €

T MnC
ded
. d
if 1 (4,0l > max{ 11w @), 441} then
| d e Tlwe(d)
S « supp(c)
¢ — Ipysxrinns)(€) .
¢ « Proximal-Opt-Oracle(W, d, ¢, &, M, €)
switch ¢ do B
case (i) ¢ € Prox-Opt(W,d,c,¢, M, ¢) do
Lgo to 18
case (ii) ¢ € F(W,d) do
| return o

case (iv) o € ¢(W, M) do
Lreturn &

(x,8) « ¢

e ess(s, Sl

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Ke{ienl:xi>Tlxaesl}
J < c(K)\ K
I [n]\ cl(K)
& — InnerLoop(np(W), x1,51, M, esp)
switch & do
case & € Alg-Opt(ri(W), x1,51, M) do
(v,u) — &
Je—Alx,5)N]
W — Lm](v — X1, =X, 0]\7)
if ||w|leo > M||(v — x7, —Xj, Oj\f)Hl then
Lreturn generated certificate in C(W, M)
X e—x+w
s’ (u,5juK) +5 -5
return (x7,s’)

case & € §(nt;(W), x1) do
return lifted certificate in F(W, d)

case & € C(ni;(W), M) do
Lreturn lifted certficate in (W, M)

System 7.12. Alg-Opt

Data: A tuple (W, d, ¢, M, ¢.1,), where W C R" is a subspace, c,d € R", ¢ > 0, guess M > 1

and a dual error &gp,.

find x,s € R"

s.t. xeW+d

seWt+¢

”SA\(s,x) | < nesupxwe (e, negup xwe(c))

alg
llx —dll < Collld ol

x>0

where C;l(;g i=8Cpo = poly(M, n).

(primal subspace constraint), (7.41a)
(dual subspace constraint), (7.41b)
(apx. compl., dual feas.), (7.41¢)

(Primal proximity constraint), (7.41d)

(Primal Non-negativity) (7.41e)

Note that the factor n shows up on the right-hand-side of Equation (7.41c) because we need to

provide some slack for the recursive calls to work where the number of variables is smaller of .
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System 7.13. Prox-Opt

Data: A tuple (W,d,c,¢, M, €), where W C R" is a subspace, ¢,¢,d € R", ¢ > 0, guess
M >1,and ¢ > 0s.t.c — ¢ € WH and supp(¢) € supp(c).

find x,s € R"

s.t. xeW+d (Primal Subspace constraint), (7.42a)
seWh+c (Dual Subspace constraint), (7.42b)

llx o s]| < elldx@,elllc]] (Apx. complementarity), (7.42¢)

llx —dll < Cpollda,oll (Primal proximity), (7.42d)

lx7]| < ellda@,el (Primal near non-negativity), (7.42¢)

IIs~II < elic]| (Dual near non-negativity), (7.42f)

Is]] < Colic]l (Dual norm bound) (7.42g)

where Cp, = 8C,Mn3?2 = poly(n, M).

Oracle 7.2. Proximal-Opt-Oracle

Input: Data (W, d, c, ¢, M, ¢€) for Prox-Opt (System 7.13).

Output: One of the following:
(i) A solution (x,s) to Prox-Opt(W,d, c,¢, M, ¢),
(if) A Farkas certificate y € H(W, d),
(ili) A Farkas certificate y € F(W+,¢),

(iv) A lifting certificate (I, p) € (W, M).

The implementation of Oracle 7.2 is given in Section 7.7.2, using Theorem 7.4.7.

Lemma 7.6.3 (Proof on p. 189). There exists an implementation of Proximal-Opt-Oracle (Oracle 7.2) for
data (W, d, c, ¢, M, ) with following running times, depending on the outcomes:

Outcome Running time

(i) O(W(A)log(Me™))

(i1), (iii), (iv) ~ O(W(A)log(Me™)) + 7 (7im(AT))

7.7 Implementation of oracles and subroutines

All of the fast LI solvers we are going to use in a black-box manner are based on interior point
methods. The papers [Bra20; CLS19; J[SWZ21] use the standard log barrier, while the papers
[BTSS20; LS19] are using a different central path based on leverage scores, or more generally Lewis
weights. Another new result shows faster running times for matrices with small treewidth [DLY21].
Interior point methods rely on a primal-dual centered initialization point which is not easy to
achieve for the original problem. Therefore, all the above-mentioned papers use an auxiliary
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system for initialization, that has the property that near-optimal solutions to this system can be
rounded to near-optimal and near-feasible solutions of the original system. We could apply their
main theorems here, but we feel that the reader would benefit more from a general exposition of the
main theorems in of the above-mentioned papers. The discussion in this paragraph is summarized
in the following theorem:

Theorem 7.7.1 ([Bra+21; Bra20; DLY21; JSWZ21; LS19]). Consider System 1.1 for A € R"™ " with
rk(A) = m. Assume that primal and dual are feasible and furthermore a primal-dual feasible pair
(x0,50) € R™™ with ||xg o so — poly|| < 0.5 is given for some o > 0. Then a primal-dual feasible pair
(x,s) € R™" with duality gap (x,s) < u can be found in time

(1) In O((mn + m>%)log(uo/ ) expected running time [Bra+21].

(2) In 5(71‘*’ log(uo/w)) deterministic running time, assuming w > 13/6 [Bra20]. The same expected
running time is achievable assuming w > 2 + 1/18 [[SWZ21].

(3) In 5((nnz(A) + m?)\m log(uo/ ) expected running time [LS19], where nnz(A) denotes the
number of nonzero entries in A.

(4) In (F)V(n’fw(A)2 log(uo/ 1)) expected running time, where tw(A) is the treewidth of the matrix A.

Note that the all the implementations of Oracle 7.3 are interior point methods, which heavily
makes use of the given initial point (xg, o). On the other hand, other implementations of the oracle
could be based on cutting plane methods or combinatorial algorithms that could just ignore the
initially given solution (xo, so).

Oracle 7.3. Blackbox-Approx-Solver

Input: An instance of LP(A, d, ¢) with feasible primal-dual pair (xg, so) such that ||x¢ o so —
uolll < 3 for some g > 0 and p > 0.

Output: A feasible solution (x, s) to LP(A, d, c) with (x,s) < p.

7.7.1 Proofs of Theorem 7.4.6 and Theorem 7.4.7

We create the auxiliary System 7.14 which for a correct guess M (i.e., M > xw) maintains optimal
solutions of the original instance, and which can be initialized close to the central path of the
standard log-barrier. Note that - and i can be significantly larger in System 7.14 than in the original
System 1.1. Fortunately this does not matter, as we only aim for approximate solutions to the system.
Importantly, this new system preserves sparsity and rank patterns, which is necessary to achieve
the runtimes claimed in Theorem 7.7.1 under the mild Assumption 7.4.5. We state System 7.14 in
both matrix formulation and subspace formulation. The matrix formulation confirms that we can
use Assumption 7.4.5. The subspace formulation will be used in the remainder of this section.
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System 7.14. Initialization-LP

min <Cl X — -ZC>+MP<1/ Z)

Ax — Ax = Ad
n
in+3?=MD
i=1

x,%,x>0

min (c, x — x)+Mp(1, x)

x—xeW+d

n

Zx,-+f:MD

i=1

x,x,x>0

Data: Data (A, d, ¢) for an instance of P with data and values Mp, Mp > 0.

max (y, Ad)—Mp3s
ATy+s-35l=c

-ATy+s=Mpl-c

5,5, >0,

max (¢ —s +51,d)—Mps

s—51leWt+¢
s—51+s=Mpl

5,5, 20,

Lemma 7.7.2 (Initialization). If Mp > C||c||, Mp > (n + 1)C||d|| and C = 4, then System 7.14 can be
initialized near the central path induced by the standard log-barrier with parameter

MpMp

to = O( ] ) = O(lleii<1D)- (7.43)

Proof. For the primal side set x = ﬁMDI, x = = (Mpl—-d), %= %MD and on the dual side

N+l
y=0,s =Mpl,s = Mpl+c,5=Mp. Itiseasy to see that (x,x, %, y,s,s,5) is a feasible solution to
Initialization-LP (System 7.14). Further, for u = —L_MpMp we have that

n+1

I -5t cos,x 05,708l = Il - px ol + 1 - plx o 5|2+ |11 — 15 0 52

1
= R — 2
\/0+ |1 z +1)H(MD1 d)o (Mp1+c¢)||2+0

1
= i ||[doc—Mploc+ Mplod|
pMp

11, 1
C2n+1) C Cn+1)

IA |
M= Ol T &

proving that the inital point is in the desired neighborhood of the central path. m]

Proofs of Theorem 7.4.6 and Theorem 7.4.7

Theorem 7.4.6 (Restatement). There exists a pair of algorithms (Algorithm 7.4 and Algorithm 7.5) that
returns either of the following outcomes:
(F1) Near feasible primal-dual solutions (x, s) such that
(F1.1) x is feasible to Apx-Feas(W,d, M, €), and
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Algorithm 7.4: Apx-Feasibility-Primal

Input :Instance of Primal with data (W, d), ¢ > 0,
Output :Onein {(F1.1), (F2), (F4)}.
1 if d = 0 then
2 Lreturn 0
¢c—0,Mp—1,Mp — (Ce=Ddll, u < elld|l
(x,x,%,s,5,5) « Blackbox-Approx-Solver(Initialization-LP(Mp, Mp), 1))
if (d,s —51) + Mp5 > 0 then
| return x —x

o W e w

else
5 Lo — 21" AT, supp((s =51)7), ], M)

N

m

9 | return ¢

Algorithm 7.5: Apx-Feasibility-Dual
Input :Instance of Dual with data (W, ¢), € > 0,
Output :Onein {(F1.2), (F3), (F4)}.

1 if ¢ = 0 then

2 Lreturn 0

s d «0,Mp « n~V2C|[c||, Mp « 1, u « &llc]|

s (x,x,%,8,s,5) « Blackbox-Approx-Solver(Initialization-LP(Mp, Mp), u)
s if (c,x —x) + Mp(1,x) > 0 then

6 Lreturn s—5

7 else
s LO — AM(A, supp((x = x)7), ], M)

9 | return ¢

(F1.2) s is feasible to Apx-Feas(W+, ¢, M, ¢€).
(F2) A Farkas certificate of primal infeasibility: y € F(W, d),
(F3) A Farkas certificate of dual infeasibility: y € F(W+, ¢),
(F4) A lifting certificate (I, p) € C(W, M).

The running time depends on the outcome and is presented in Table 7.1.

Outcome Running time
(F1) O(W(A)log(Me™))
(F2) O(V(A)log(Me™)) + 7 (47" (AT))
(F3) O(W(A)log(Me™)) + 7 (4" (A))
(F4) O(W(A)log(Me™)) + 7 (4M(AT)) + T (4" (A))

Table 7.2: Running times to implement Theorem 7.4.6

Proof of Theorem 7.4.6. Let us first find a primal near-feasible solution via Algorithm 7.4. If d = 0,
then x = 0 fulfills (F1.1). Otherwise, we apply Blackbox-Approx-Solver (Oracle 7.3) to System 7.14
(Initialization-LP) with data (W, d) as well as (¢, Mp, Mp) = (0,1, (C; — 1)||d||) and initialize with
to = O(-2MpMp), noting that the assumptions of Lemma 7.7.2 are fulfilled. The terminating

parameters for Blackbox-Approx-Solver are set to u = ¢||d||. Note that log(uo/u) = 5(8_1M)
and so in time O(V(A)e™! log(M)) we obtain solutions (x, x, ¥) and (s, s,5) with duality gap
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(x,8) +{x,8) + (x,5) < ¢||d||. Let us distinguish between following cases based on the negated
dual objective (d,s — 51) + Mp5 in System 7.14.

CaseI. (d,s —51) + Mp5 > 0. In this case, the primal objective value in System 7.14 is
(1,x) <(d,s —51) + Mp5 +(x,s) +(x,58) +(¥,5) < 0+ ¢||d|| = ¢[|d]|. (7.44)
Now, £ := x — x is the required solution for (F1.1) as

xeW+d,
12711 < elldll, (7.45)
121 < 1]l < lxlls + lxll < (G =Dl + elld]] < Celld]f -

CaseIl. (d,s —51) + Mp3 < 0. Then § =s — 51 € W+ satisfies
(d,8) < =Mp3 = ~(C; = D[|d||5 < —n~(C; = D)|dIII5 |1 - (7.46)

Let ] := supp(87). If o := #!>™(AT, 8, ], M) fullfils ¢ € C(W*, M), then we terminate in case (F4).
Else, let z := ¢. Then z € W+, is sign-consistent with §, z; = 0, and ||z — §||cc < M|~ ||1. By the
sign-consistency, z > 0, since §; > 0 for all i € [n] \ J. We show that (d, z) < 0, and consequently,
z is a Farkas certificate i.e. z € (W, d) as in (F2). This follows since

" R . R (7.46) _ e e
(d,zy=(d,8) +(d,z=8) < (d,8) + ldlhllz =3l < —n'ClldlI3" Il + MIIdIl1 11371 <0,
(7.47)

where the last inequality follows by definition of C.

Analogously a near-feasible dual solution (or one of the alternatives) can be found with Algorithm 7.5.
If c = 0, then s = 0 fulfills (F1.2). Otherwise, we apply Blackbox-Approx-Solver (Oracle 7.3) to

System 7.14 (Initialization-1.P) with data (W, c) as well as (d, Mp, Mp) = (0, n"/2C¢||c||, 1) and

1
n+1

terminating parameters for Blackbox-Approx-Solver are set to 4 = ¢||c||. Note that log(uo/u) =
5(8_1M) and so in time O(V(A)e™! log(M)) we obtain solutions (x, x, X) and (s, s, 5) with duality
gap (x,s) +{x,s) + (%,5) < ¢|c||. Let us consider following cases based on the primal objective
(¢, x —x) + Mp(1, x).

initialize with g = O( MpM D), noting that the assumptions of Lemma 7.7.2 are fulfilled. The

CaseI. (c,x —x)+ Mp(1,x) > 0. In this case, the dual objective value is
—Mp5 > (¢, x —x) + Mp(1,x) — ({x,8) + (x,8) +(%,5)) 2 0 —¢lc]| . (7.48)

Let § := s — 51. Note that by the constraint § + s = Mpl and s > we have that [[§*]/. < Mp.
Hence, we get the required solution

s§eWt+g,
18711 < V3 < ellcll, (7.49)
1811 < Vall8lleo < Vi max{[|§*]|eo, 137 lleo} < Vit max{Mp, 5} < Cellc]|
for (F1.2).
CaseIl. (c,x —x)+ Mp(1,x) <0. Then £ := x — x € W satisfies

(c, 2y < =Mp|lxlls = —nY2Cle|lllx 1 - (7.50)
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Let | := supp(27). If ¢ = 21""(A, %,], M) fulfills ¢ € C(W, M), then we terminate in (F4).
Else, let w := ¢. Then w € W is sign-consistent with £, w; = 0 and [|[w — %[l < M|[£7[l1. By
sign-consistency w > 0, since £; > 0 forall i € [n]\ J. We show that (c, w) < 0, and consequently,
w € F(W+, M) is a Farkas certificate as in (F3). This follows since

(c,w) =(c, %) +(c,w = %) < =n"PCille|||£7 [l + Vu M2 |hlle]l <0,

where the last inequality follows by choice of Cy. m]

Algorithm 7.6: Apx-Optimal

Input :Instance of LP(A, d, ¢), € > 0, guess M.
Output :Onein {(M1), (M2), (M3), (M4)}

1 £ — min{(4C,)7L, ¢} 16 if |7 > ¢,]|d|| then

2 ef (41/1)—1{0 17| Le——-X+(0AR)

s ¢ « Apx-Feasibility-Primal(LP, ¢ ) 8| U oo»}nxn o

4 if ¢ not in Case (F1.1) then v O 7/~ker (A, % -%,¢u,M)

5 Lreturn o 20 if o € Q(W, M) then

- 2 | | returno

6 X «— O

7 ¢ « Apx-Feasibility-Dual(LP, &) 2| 00

s if ¢ not in Case (F1.2) then B ZeX+D . _

9 Lreturn o ul| ] e supp((z - %) ), I [n]\]
5 | b e—z7—X7, 6 —0,u —2z—-%

0 5«9 ] J ]t

% | O — FMNA,z—%, 0,0, M)
u Mp « 4Mn3/2C¢||d||, and, Mp «— 4Mn/2C||c|| o c @?Vv M) then
(x,x,%,s,s,5) «Blackbox-Approx-Solver( ¢
1 - 28 Lreturn <
Initialization-LP(A, d, ¢, Mp, Mp), o))
29[ W — ¢
& 3 = 0| We—z—X—D0
B X x=x8 s -5l a1 | returnw
u if |[X7]] < ¢ ||d|| and ||57|| < ¢o]|c|| then
15 Lreturn (%,3) -
32

33 M — 7/?1><m(AT,§ -8§,0,u, M)

" im
3 return &

Theorem 7.4.7 (Restatement). Let an instance of a linear program of the form System 1.2 and M > 1,
€ > 0 be given. There exists an algorithm (Algorithm 7.6) that returns either of the following outcomes:

(M1) A pair of primal and dual near-feasible and near-optimal solutions (x, s) as solutions to System 7.8,
i.e., Apx-Opt(W,d,c, M, ¢).

(M2) A Farkas certificate of primal infeasibility y € F(W, d),
(M3) A Farkas certificate of dual infeasibility y € F(W+, c), or
(M4) A lifting certificate (I, p) € C(W, M).

The running time depends on the outcome and is as follows:

Outcome Running time
(M1) O(W(A)log(Me™))
(M2) O(W(A)log(Me™)) + 7 (7" (AT))
(M3) O(V(A)log(Me™)) + 7 (7" (A))
(M4) O(W(A)log(Me™h)) + 7 (7" (AT)) + T (7 "(A))

184



7 BLACKBOX SOLVERS 7.7 Implementation of oracles and subroutines

Proof of Theorem 7.4.7. We let

g0 =min{(4C.), e}, ep=@An)le,, Mp =4MnPPCHd||, and Mp = 4Mn'2Clc].
(7.51)
First, apply the algorithms Apx-Feasibility-Primal and Apx-Feasibility-Dual to data (W, d, c, <, M).
Note that log(z'f‘l) = O(log(Mne™)), hence the asymptotic runtime bound is observed. If it
returns in (F4) we return in (M4). If it returns in (F2), we return in (M2), if it returns in (F3), we
return in (M3). Note that the claimed runtime bounds are observed. From now on assume that the
call returned in (F1). Then we obtain vectors X and § such that

eW+d, |27l <eelldll, (121 < Celldll,

A R . A (7.52)
SeW=+c, |57l <erllell, 18l < Cellell-

Proceed by using Blackbox-Approx-Solver for System 7.14 with W,d,c, Mp, Mp and u =
sollellld]]. In time 5(\1’(A) log(¢,1M))) we can obtain solutions (x, x, %) and (s, s, 5) with duality
gap (x,5) + (x,5) + (%,5) < &, llel[d].

Welet¥ =x—xe€W+dand§ =s—51 € W + ¢ and distinguish three cases.

Case I is the successful case in which we can derive near-feasible and near-optimal dual solutions.
In Case II we have large primal error in which case we will be able to conclude that either the
guess of M was too low (certified by an element in €(W, M)) or that the primal is in fact infeasible,
certified by a Farkas certificate in F(W, M). Deriving one of these certificates is not straightforward
as we are dealing with a modified linear program to get the near-feasible solution £ than the
program in which we aim to find the near-optimal solution as well. In the paragraph “Norm
reduction” we explain how such a certificate can be obtained in Algorithm 7.6 nonetheless. The
final case, Case III analogously finds a certificate of small guess M or obtains a certificate of dual
infeasibility in F(W+, ¢). In this case the argumentation relying on norm reduction can be omitted.

Casel. ||X7|| < &l|d|] and |57 < &,]lc]]-

In this case, we claim that (¥, §) is a near-feasible near-optimal pair of solutions as required in
(M1). It is straightforward, that (%,5) € (W + d) X (W* + ¢) fulfill the subspace constraints in
System 7.8. Further, as ¢, < ¢ the Primal apx. feasbility and Dual apx. feasibility constraints are
fulfilled as well. Now , we have

~Mpl < —¢||d|l1 <-% <&=x-x<Mpl, and

(7.53)
—Mpl < —é‘U”C”l < -5 <§=s-51< Mpl,

where all the inequalities follow by the assumption of Case I and the constraints in the subspace
formulation in (7.14). In particular ||%]|c < Mp and ||5]|e < Mp, implying ||| < VnMp||d|| <

Colld|l (showing (7.15f)) and ||3]| < VnMpllc|| < Coll¢]l (showing (7.15g)). It remains to show
(7.15e), i.e., the bound on ||x o s||. With the norm bounds on ¥ and § we obtain

[Zo3ll <llxos|l+[|x7 08| +[|X o3[+ ||X o5
< (20 + 202+ 0Co + 2, Co) eIl
< 4, Colle|llld]|
< ellelllidll.

(7.54)

Case IL || || > «||d|l.
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In this case, we use the approximately feasible solution £ to find a lifting certificate (I, p) €
C(W, M) or show dual infeasibility. The intuition is that because of the high cost Mp on the
variables in x the solution ¥ is actually a far worse solution than the almost feasible solution £.
On the other hand, (x, x, ¥) is almost optimal to System 7.14 as certified by the small duality gap
with (s, s, 5). We will turn this into a contradiction.
Let I :=supp(x7), ] = [n] \ I and let us define ¢, u € R" as {y = —%, {y = £1 — &1, u = oo1. Then
{<i-X<uandX-XeW.If¢:= 7/"1\,'1:”(A,3? —%,€,u, M) e &(W, M) then we return in (M4).
Otherwise, letv ;= ¢. Then,v € W,¢{ < v < u and

olleo < MI[E* +u~]ly = MI[EF]ly < MIIZ |1, (7.55)
since u > 0, and |¢;| < X7 whenever ¢; > 0. We let z := X + v. Now,
zeW+d, -3 <z, and |z —-%|c = 7]l £ M| |1 (7.56)

hold. In particular,
27l < 1271k < Vall£7l < Vieglldll, (7.57)

where the last inequaility holds by (7.52).

Norm reduction If ||z*||; > Mp we can not easily convert z to a feasible solution of (7.14) with

the parameters Mp,Mp chosen above. Therefore, we reduce the ¢;-norm of z by sign-consistently

moving it towards £, without decreasing the objective value with respect to c.

To this end, let | := supp((z — £)7), I:=[n]\], (7; = zj - &y, b =0,u=z-%and ¢ =
HNA,z — %, 0,0, M). If 6 € C(W, M), then return in case (M4). Else, let @ := ¢ and

ker
w:=z-%—®w €W issign-consistent with z - £, w; = 0 and

Iz =%~ wllw = 1@l < MIIE* + a7 [l = Mllz = 2ll < M(llz7 ]l +112[l1).  (7.58)

By choice of ¢ and i we further have w > 0. If (¢, w) < 0, then w is a Farkas certificate of dual
infeasibility w € F(W+, ¢) and we return in (M3). Else (¢, w) > 0 and Z := z — w fulfills

ZzeW+d, (Z,¢) ={z—w,c) <(z,¢) (7.59)

and we have

N B B _ o wrzl=0 . (757),(752)
12711 = zj—wp)~ h+lGz—wp)~ [l < lz7 W+ @+D) 7 < llz7h+I271h < 2¥neglld],
(7.60)
Further note that
_ (7.58) B . . . ~
IZll0 = llz —wlleo < M(llz"[lx + [[R]11) + [[Rlle0 < (M + DI[£]lx + M|z [l1 76D

(7.52),(7.57) 751) M
< (M A+ DVRCHI| + Vae M) < 4aMVrCdl < =2

We are ready to show hat Z contradicts the small duality gap of ¥. By (7.61) we can map Z to a

primal feasible solution
(z',2',2)=(E",Mp - |IZ"]1,27) 2 0 (7.62)
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of (7.14). The objective value of this solution is

(c,z =z") + MpllZ'[l1 = {c, Z) + Mp||Z" |
<{c,z) +2Vne Mp||d|| (by (7.59), (7.60))
= (c, Xy +(c,z — &) + 2¥ne  Mp||d||
< (e, %) + llellullz = &lleo +2Vne  Mp||d||

< (e, %)+ Ml lIZ I +2vre, Mplid] (by (7.56)
< (e, %)+ (VAMllell + 2ne,7 e M 15l (11> <.l

< (e, %)+ (VM Il + 2,7 Mp I 1l + el = 1l

< (e, ) + (VA + Dllell + 21,7 e Mp ) 1571 = el ]

< {c,x —x) + Mpllxllr — & llelllldll,
(by (7.51) ¢y < (4n)Le,, Mp > 2(M + 1)vn|lc|))
This is a contradiction, since (¢, x — x) + Mp||x||1 is the objective value of the solution (x, ¥, x)
that was chosen to be within ¢, ||c||||d|| of the optimum value.
Hence, such a feasible solution does not exist. So either we had that ¢ € C(W, M), (i.e. we were
in case (M4)) or we terminated with the Farkas certificate w € F(W+, ¢).

Case IIL [|57|| > «|lc]|.

The argument is similar to the one in Case 11, but we do not need to perform the norm reducton.

Again, we use the approximately feasible solution § to find a lifting certificate in C(W+, M) or show
primal infeasibility. Let us define ¢ := 5—Mplandu := §+5~ andlet s := 7/’%”’ (AT,5-5,¢,u, M).
If & € (W, M) we terminate in case (M4). Else, let v := &. Then, v € W+ and fulfils

0]l < MIIET +u™[lr = Mlu~[l1 < M|I57 ]I,
since { < 0 and |u;| < 5] whenever u; < 0. Weletz := § —v. Now

ze€Wr+e, -8 =5-u<i-v=2z, z=35-0v<3§0=Mpl and |[|z=§]lc = [|7]lcc < M5 ||1.
(7.63)
In particular,
lz7Mlh < 187111 < Vaegell- (7.64)

The dual objective of System 7.14 can be rewritten as
(y,Ad) — Mps = (ATy,d) — Mp5 = (c,d) — (s —=51,d) — Mp5,

as used in the subspace version of System 7.14. So, equivalently we could minimize (s — 51, d) +
Mp5. The vector z can be transformed into a feasible dual solution as follows. Let z,, =
min(0, min;e,) z;). Note that |z,,| = [|z7[le < Vneflle|l by (7.64). We can define a dual
feasible solution (z’,z’, z’) to the System 7.14 with W,d,c, Mp and Mp as (z’,Z’,2') = (z —
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Zm1, =zm, Mp1—2z) 2 0 by (7.63). We proceed in similar manner as for Case Il and show that this
feasible solution contradicts near-optimality of (v, s, s, 5) for the dual of System 7.14. We have

(d,z' —2'1) + Mpz' = {(d,z) + Mp|zy|

<(d,8)y+(d,z-38)+Vne Mp|c| (1zm| < Vnerlcll, see above.)
< (@,3) + ]}z = Sl + Vire Mpllc]

<(d, 3y + M|ldll1115" |l + Ve Mplicll (by (7.63))
< (@, 3) + VMl + Vie Ml

< (d,5) + (VaMllal + Vi e, M) 157 (15711 > <. el
< (@, 3) + (VAMIdI + Ve e, Mo IS + 11 = <. el

< (d,5) + (VA + 1l + Ve e Mp 1571 = eolleld]
< <d1 S — §1> + MD§ - é'””C”Hd“,
(by (7.51) Mp > 2+/n(M + 1)||d||, ¢; < 2n)71¢,)
This is a contradiction, since (d, s — 51) + Mp5 is the objective value of the solution (s, 5, 5) that
was chosen to be within ¢,||c||||d|| of the optimum value.

Hence, such a feasible solution does not exist, and therefore, 4 must have fulfilled 4 € C(W+, M),
i.e., it is a lifting certificate (Case (M4)). O

7.7.2 Implementation of the oracles

We proceed to show Lemma 7.5.1 and Lemma 7.6.3 which correspond to the implementations of
Oracle 7.1 and Oracle 7.2, respectively.

Lemma 7.5.1 (Restatement). Given a matrix A € R"™" and vector d € R". Let W = ker(A), and
M be an estimate on «w. Further, let 0 < € < 1. There exists an implementation of Oracle 7.1 for data
(W, d, M, &) with following outcome-dependent running times:

Outcome Running time

(i) O(W(A)log(Me™))
(ii), (i) O(WV(A)log(Me™)) + 7 (7 m(AT))

Lemma 7.6.3 (Restatement). There exists an implementation of Proximal-Opt-Oracle (Oracle 7.2) for
data (W, d, c, ¢, M, ) with following running times, depending on the outcomes:

Outcome Running time

(i) O(W(A)log(Me™)

(i), (iii), (iv) ~ O(W(A)log(Me™)) + T (#:m(AT))

We note that Oracle 7.1 is a special case of Oracle 7.2; thus, Lemma 7.5.1 follows as a special case
of Lemma 7.6.3. Before proving the latter we formulate another Lemma that will be required in the
proof (Lemma 7.7.3).

Lemma 7.7.3 (Exchanging near optimal solutions). For W € R",d,c € R", guess M > 1and ¢ > 0
let (x,s) and (%, 5) be two solutions to Apx-Opt(W,d,c, M, €). Then, (x,5) and (%, s) are both solutions
to Apx-Opt(W, d, c, M, 8enC,).
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Algorithm 7.7: Apx-Optimal-Proximal (Implementation of Oracle 7.2)

Input :Data (W, d, ¢, ¢, M, €) for Prox-Opt (System 7.13)
Output :Onein {(i), (ii), (iii), (iv)}

1 8etl,],1,],2, ¢asin (7.69) u if & € C(W, M) then
2 15 | return &

3 O — Apx—Optimal(ni(W), di’ cp, M, )
4 ifo € T\(T(,(W), di) then

5 Lreturn (0,~,<>)

16 (w,5) «— &
v ie—w+d—d

18

¢ if ¢ € C(r;(W), M) then w & (07,8)
7 | Lift ¢ to an element Z € C(W, M) 0 if [|¥ 05[] < 0lld(g,0)llIC]] then
8 Lreturn Z; 21 Lreturn (¥,9)
9 (£,8) <90 2 else
10 5 | { _di -7
1 e Apx—OBtimal(W,H, c,M,¢) u | Letue(RU {oo})i such that
1 if & € F(W,d) then Ti—d; ifiesupp(c),
13 Lreturn ) i o else.
25 <><—/7/7]rz‘>r<n(A,f—d,€,M,M)
2 | return ¢

Proof. All constraints but the duality gap (7.15¢) are preserved. Here, note that (x —X,s —5) =0
asx—%¥ € Wands -5 € W+ and so

(x,8) +(%,5) = (x,5) + (%,5) < Vn(lx os|| +[1Z 0 5])) < 2Vnellc[l|1d]l. (7.65)

Furthermore, we have that (x,s) > —+vn(|lx7||l[s]| + [|x[[ls~|]) = —2vneC,||d|[||c||. By the same
argumentation (%,5) > —2vneC,||d||||c||, and so

(x,5) < 2evi(C, + Dlidlllc],

(%,5) < 2eVn(Co + 1ldlllc] e
and thus
llx o5l < llx o5l < (x,5) +2(/lx [l IS + lx{l1I5~ 1)
< 2eVn(Co + Dlld]lllcll + 4evVnColld]llicl] (7.67)
< 8eVnColldlllicl.
The bound for || % o s|| follows by symmetry analogously. o

In Algorithm 7.7 and in its analysis via Lemma 7.6.3 we will require the following recurring

terms.
e 7.68)
0= —. .
Noi (
Furthermore, let
A . A R o
I={ien]:di <2Mlldraoll}, T:=[n]\],

&= 7
16MnC, - 8ynC, - 4Mn32

- - - 0
I:=1%ie[n]:d; <4Mn|d , =[n]\l, §=—7"—"77——.
{ieln]:d ldr@oll}, T = [n]\ SV AN

(7.69)

Proof of Lemma 7.6.3. We split the proof into three steps. In Step | we construct the dual solution
the problem. In Step II we construct the primal solution. In Step Il we show that if stitching
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together the primal solution from Step Il and dual solution from Step I fails, then we are able to
construct a certificate of such failure.

Step 1. Providing the dual solution.

We run Apx-Optimal (Algorithm 7.6) on the data (r;(W), d;, ¢;) with guess M and parameter ¢.
The reason that we do not consider the elements in [] \ I is that we need to bound the minimum-
norm vector in the affine space in which we run the solver. Note that |d;|| < 24/nM||d 4,0 and
that supp(c) C [ as ¢ > 0. Let us discuss the potential outcomes of the algorithm. We can only
be in case (M2), if the original system x € W + d was already infeasible. In particular, a Farkas
certificate extends to the original system (see Fact 7.2.7). (M3) can not happen as c|,,; = 0 by
definition of / and so c; is a feasible dual solution to LP(7;(W), d;, ¢;), by further noting that
¢i—c; € (m(W))™. If in case (M4), we output the corresponding lifting certificate in €(rt;(W), M)
and terminate. The remaining case is that we obtained approximately feasible and approximately
optimal primal and dual solutions (£, §) as in (M1) fulfilling

270 < élldill < & - 2vVnMllda@,oll < ellda@oll,

1571 < &l

€050 < &lld;liicsll, (7.70)
121l < Colld;ll, and
51 < Collésll-

Step I1. Providing the primal solution.

Let d € R" be defined as

- d; ifi e T,
d; = (7.71)
2Mnlld@,e)ll  otherwise.

Essentially, o is d with a cut-off for variables large compared to the norm of d 4. Consider
LP(W, d,¢) and apply Algorithm 7.6 with M and #. We analyze the different outcomes according
to Theorem 7.4.7. As in Step I the case (M3) can not occur as c is a feasible dual solution. In
case of primal infeasibility (M2), we show how to convert the certificate of primal infeasibility
for the auxiliary system LP(W, d,¢) into either a primal infeasibility certificate of the original
system or find an element in C(W, M). A certificate of primal infeasibility for LP(W,d,c) is a
vector s € 5(W,d),i.e., s € Wt, s > 0 such that <t_i, s> < 0. By definition of d, the last condition
is equivalent to

(d, sy + (4Mnllds,e)ll17,s7) = (d,s) <0. (7.72)

im

¢ € C(W+, M) terminate with the Farkas certificate, otherwise let y := ¢. Then y € W+ and
z=s—yfulfillss > z > Osuch that z; = 0 and [|s — z[|eo = [|yllcc < M|~ +€*|]1 < M]|s;|1. But
then

Let {,u € R" such that {; = 0, {; = s; and u = s. Then compute ¢ := FM(AT s, 0,u, M). If

(7.72) _
(d,z) = (dr,z1) = (i, s7) + (dp, 21 = s7) <" =(dMnlldsoll1y, s7) + 147 hlls = zlle
< —(4Mnlldx,e)ll17, 57) + Mllda,elllisill <0,

so z is a Farkas certificate of the original system LP(W, d, ¢), i.e., z € (W, d).
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It remains to consider the (successful) case (M1), i.e., we obtain primal-dual near-feasible and
near-optimal solution (@, 5) to LP(W, d, ¢). In this case, we can define ¥ := @& + d — d and get

reW+d,
EEWJ_-FL\‘/,:WJ‘_FC,
15711 < i@l < &)\l
‘Il (7.73)
AEN < M2l a0 1,
ol < Colldll < 4CoMn2|ld s g,0)ll, and
51l < Collell

15711 < ¢

loos] <

Note that for the primal side we get the proximity and near-non-negativity from

15 = dll = o = dll < o)l + 1]l < 2-4CoMn*?||d s (4,0ll, and (7.74)
__ o _ &
15711 < elld]] < 4eMn®P|ld a0l < —Wlld‘\(d,all, (7.75)

Now, for j € | note that

Y= wj—dj+d; 2 ~llw |+ (4 = 2)Mnlldrgoll = (e +2Mn)lld @0l = Malldyaoll, (7.76)

Step IIL. Combining primal and dual solution.
Let us extend the dual solution S to the full space via s := (07, 5). We now consider the primal-dual
pair (¥, 5) and distinguish cases based on || o 5]|.
We distinguish following two cases.
Case L. ||X 05|l < Olldw,qlllIc]l.
We can now show that (¥, 5) is the desired solution to System 7.13. As 6 < ¢ the condition
(7.42c¢) is fulfilled. The subspace conditions (7.42a) and (7.42b) are straightforward. The primal

proximity constraint (7.42d) follows from (7.74) and the choice of C,,,. From (7.75) follows
near-feasibility (7.42¢e). Dual near-feasibility (7.42f) and norm bound (7.42g) follow from (7.70).

CaseIL |[X o3| > olldaw,olllc]l-
We will show that in this case M < xw must hold, which we will certify with an element in

C(W, M). We do so by showing that the primal solution £ in Step I of the proof can not be
used in conjunction with Hoffman proximity results to produce a proximal solution to d.

To this end, extend 1 arbitrarily to an element ¥ € W + d such that ¥; = £. We proceed by
converting this solution into another one that is proximal to d without increasing the objective
value respective to c. To thisend let £, u € R! such that

6=-d; -1 and u;:= { Ti—d; ifi€supp(c),
o else.

These vectors have the property

7.7(

_ . 770 _
N6 +u=lli < lda@oll + 12710 < Nda@aolh + & - 2MVnlldagelh < 2daaolh,  (7.77)
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Let¢ = %ﬁg”(A, ¥ —d, €, u, M). In the remainder of the proof we show that ¢ € C(W, M), i.e.,

we terminate with a lifting certificate.

Defining ¥ = d + z, we note that ¥; > d; — [|z[|o1 = 0 and (¢, ¥) = (c,d + z) < (¢, ¥) hold as
c>0and ¥; =d; +z; < d; +u; = ¥; for i € supp(c). Therefore, we get that

Assume not. Then z := ¢ fulfills z € R" with ||z]|ec < M[[€* +u~|ly < 2M|ld @0 ll1 by (7.77).

(7.70)

(1,8) = (X =5,8) +(5,5) = (I =5, 0) +(1,5) < (,5) =(, &) < [T o 5]l < Elidilllc;ll-
(7.78)
Using the bound on the norm of z we get the primal proximity as
15 = dlleo = Iz lleo < 2M[|da0lls (7.79)

from which we conclude that

v

. y (7.79)
15511 < 157 = dill + 1]l < 2MNnllda,oll + 2MVnlld ol < 4MValld@oll.  (7.80)

Further, we have
11 < (i + 071 = 11271 < £l (7.81)

Therefore, with (7.78), (7.79), (7.80) and (7.81), we have that

15 05l = 15 051l < (5, + 2( 157 e lills + 115 lollE7 1)
< EN 1+ 23 (2Nl - ol + AM Nl ol - V) .
< (ZM\/E+ 2V - 2MVn - C, +4Mn)€||dl\(d,c)||||5||
< 16MnCo|ldaa,elllC]]-
Further
- _(7.79)
Y—di+dp 2 =|lY = dillel +d; = 2MVn|ldy@ellt +2Mnlldy@elll 2 0. (7.83)

Therefore, (¥ + d — d, 3) is feasible to Apx-Opt(W, d,c, ]\71, 16MnC,é) for some M > M. Fur-
ther, we already knew that (¥ + d—d,s ) = (0, 5) is feasible to Apx-Opt(W, d, e M, ). Hence, by
Lemma 7.7.3 we have that (t+d—d, 5) is feasible to Apx-Opt(W, d, ¢, M, max{16MnC,Z,}-8ynCy,)).
Further, note that supp(d — d) C | and that supp(5) € [ and so

supp(d —d) Nsupp(Z) € N1 =0. (7.84)
Therefore,
S 8- 7 BT _yy (715€) o -
[fodl "="|[(x+d-d)os| < max{leMnC,¢, e} 8VnCollc|l|d]] (7.85)
< max{16MnC, 2, 7} - 8VRCo||E|| - 4Mn>2||d a0l (7.86)
< olldaw@,ollicll, (7.87)
contradicting the assumption of Case II. ]

192



7 BLACKBOX SOLVERS 7.8 Projection-free black-box algorithms

7.8 Projection-free black-box algorithms

It is noticeable that the exact linear algebra performed in Algorithms 7.1 to 7.3 can dominate the
overall running time for the approximate solvers. The main aim of this section is to describe
methods to reduce the computational burden of the exact linear algebra. We could have stated
the main algorithms and theorems of the previous sections in terms of the ideas presented in this
section, but for ease of presentation opted to postpone their introduction.

We will be able to state the following improved runtimes for both feasibility and optimization
algorithms:

Theorem 7.8.1 (Projection-free blackbox algorithms). Given data (A, d,c), A € R™", W := ker(A)
such that LP(A, d, c) has primal and dual feasible solutions, as well as a guess M > i a. There are algorithms
that solve following LP problems in the corresponding runtimes.

Problem Running time
x € Primal(W, d) O (m(V(A)log(M) + L(A)))
s € Dual(W+, d) O((n — m)(W(A)log(M) + £(A)))

(x,s) optimal to LP(W,d,c) O (m(n —m)(\V(A)log(M) + L(A)))

Note that while the black-box framework itself does not rely on projections, the black-box
algorithm themselves might perform such expensive operations.

In Theorem 7.8.1, approximate solvers to a harder problem (L) go hand in hand with exact
solvers to an easier problem (Linear System Solve (LSS)). This does not come as a surprise. In
real-world problems, approximate solutions to LI’ can be found efficiently with [PM. The drawback
in comparison to Simplex based algorithms is that once an approximately optimal solution is found,
the bottleneck is to turn these solutions into optimal basic feasible solutions, see e.g., [GWXY21].

Fast exact linear system solvers. The reduction of the exact linear algebra tasks to linear systems
solvers raises the question of how such solvers compare to approximate solvers for L. Assuming

mxm js invertible, a long-standing bound has been O ().

that we are given a basis B, so that Ag € R
This corresponds to just inverting the matrix A and then for a system Apx = b solve x = Al‘;lb. For
sparse matrices this has been improved on in a breakthrough result by Peng and Vempala [PV21],
but their result depends on the condition number of A. Techniques that solve linear system in

dependency on parameters related to treewidth have been developed in [AY13; LRT79].

7.8.1 Operating in subspaces

The main results of the previous sections are formulated in subspace language. While the initial
constraint matrix A € R"*" is given where W = ker(A),e we operate on subproblems where for
some I C [n] we aim to solve (or approximate) an LP in the spaces W; and 7;(W) with vectors
dr and c;. Such operations can also be concatenated, i.e, for ] C I we might consider 7t;(Wp)
and 7;(W);. The formulations we demonstrate in this section will be applicable to such chained
subspace operations as well. j The easier cases is to consider the space W;. It is easy to see that
this corresponds to the constraint matrix Ay, i.e., Wy = ker(Aj). With Assumption 7.4.5 we have
V(A7) = O(V(A)).

Next, consider the space 117(A). We could perform matrix manipulation such as finding an
invertible matrix B € R"*" such that the matrix A := BA fulfills ker(A) = ker(A) and such that
A contains a block Agy; for some K C [m] such that ker(Agx) = mr(W). But note that on the one
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hand computing such a transformation can be expensive and on the other hand the entries of KKX I
might have much higher numerical complexity as well as nnz(KKX 1) > nnz(A). Furthermore, the
treewidth of the matrix may be affected. In general, it could be that V(Axx;) > V(A).

Instead, we opt to not modify the matrix and instead augment the matrix by negative copies of

the columns not in I. Namely, for | := [n] \ I, we set A= [—A] A] , where with Assumption 7.4.5

we have W(A) = O((A)). We further extend the vectors d to d:= (07,d) and ¢ to ¢ := (—cy, ¢). The
output (x, s) of a black-box solver with data (A, d, ) can then be converted to a corresponding pair
(x, s) of the original system via the canonical coordinate projection on (X, s).

7.8.2 Approximating minimum-norm points

Another recurring task in our algorithms is the computation of minimum-norm points in subspaces.
That is, for some subspace W with corresponding matrix A such that W = ker(A) and a vector
d, we want to find [ly:(d), i.e,, the minimum-norm point in W + d. This task is in general
expensive. In particular, solving it exactly may not be cheaper than approximately solving an
LP. One way of addressing this issue is to reduce the task to LLS. Here, note that if rk(A) = m
we can express | [y:(d) = AT(AAT)"'Ad. Hence, with Assumption 7.4.5, the task of computing
the projection of d onto W+ can be reduced to a single LLS with the matrix AAT. Unfortunately,
it could be in general that “(AAT) > Y(A). A different approach is the following. Note that
everywhere were we apply projections, the exact projection is required. Instead, it would suffice to
compute a vector z € W + d such that ||z|| = poly(M, n)||l 1w (d)||. Algorithms 7.1 to 7.3 would
still go through, would such a z provided instead of an exact projection, modulo some polynomial
modifications in the values of C;i,“, C;Ir” and ¢. This is the motivation behind the definition of
.. Recall that any basic vector x® € W + d for some basis B € B(W) has the property that
1Pl = A Ad|| = [AG" AL (D] < [AG" AN (@) < TwllTw-(d)]| by Proposition 3.3.5.
Hence, an algorithm that finds any basic solution in W + d is an implementation of "} . (A, i) and
therefore for ‘i . (A, niy) (recall Theorem 3.3.8). Note, that analogously a basic dual solution can
be found: Given a basis B € 8(W) and the affine space W+ + ¢, we can find the basic solution s?
corresponding to B via solving s® = ¢ — ATAchB. If we assume that £(A) > nnz(A), then x? and
sP can both be computed in time ¢(A).

We also have to take care of the tasks of computing approximate projections for subspaces
Wi + dp and 7ip(W) + dj, that is finding vectors in the respective spaces whose norm approximates
11w (D]l and T, w2 (d). Again, reformulated as problem over bases, the first task boils
down to finding a maximal independent set of variables in I, ignoring the variables in | = [n] \ I.
The second task is the opposite: Find a maximal independent set in | and augment it to a basis
in B(W) by iteratively adding independent columns in I. Now, basic solutions with these bases
(and their coordinate projections onto I) correspond again to minimum-norm approximations with
multiplicative error .

With these insights, we want to phrase this implementation of ' (A, niw) as a sequence of
linear system solves. So, the aim is to express 7 (‘1. (A, niw)) as a function of 7 (£(A)).

If we are given a basis, then we can manage this approximation within a single linear system
solve as described above. Otherwise, the bottleneck is to actually compute a basis. There are
several algorithms of doing this, see e.g., [CKL13] and references therein. We describe another
approach to be able to express the task of finding a basis as a sequence of linear system solves. The
algorithm goes as follows: Initially, set B = {i} for some arbitrary index i with A; # 0. Now, to
augment B by one index, we set N := [n] \ B, use a random vector u € RN and solve Agx = Ayu
for x. If the system is feasible, then B is a basis with high probability. Otherwise, there exists an
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7 BLACKBOX SOLVERS 7.8 Projection-free black-box algorithms

index j € N such that A; ¢ im(Ap). We aim to find such an index j and add it to B. We then repeat
the process until B is a basis. To find such a j, we partition N into two parts of almost even size
N1 UN; = N, |Nj| = |[N2| £1 and solve the two systems Apx = An, un, and Agpx = An,un, both for
x. We keep iterating with one of N1 or Np, depending on where the linear system solve failed. This
recursion has depth log(n) and hence it requires O(2(A)) to augment B by one element. We then
repeat the process until B is a basis.

The algorithm described above works correctly with high probability and requires O(rk(A))
many linear system solves. Hence, we have that 7 (V< (A, kw)) = O(rk(A)7 (L(A))).

Note that the bottleneck of the algorithm is to find the initial basis. Once the basis is found,
we only require a single linear system solve to find an approximate miminum-norm point in the
subspace. In the current formulation we compute for every approximate projection the basis from
scratch. But the algorithms behave in a dynamic manner in which variables are projected out
one-by-one. This can be exploited as we once we have a basis only have to perform a pivot. A pivot
can be performed within a single linear system solve. This drops the amortized time per projection
to just a single linear system solve.

The idea is the following. Assume we have computed an initial basis B and now in a recursive
call to Algorithm 7.1 or Algorithm 7.3 we project onto the coordinates I C [n]. Let ] := [n]\ I. As
described above, the task is now to compute a new basis B such that BN J is maximized among all
bases. The naive computation would take O(|]|) = O(n) many linear system solves. We show how
todoitin 5(rk( J)) many system solves. First, with the procedure described above we can augment
J N B to a maximally independent set K C | within 8 (rk(Aj\p)) many linear system solves. Then,
for any k € K we solve the linear system Ap\xx + A\ (¥ = Ay for x and y. Such a solution must
exist, and all solutions fulfill x # 0. We can then drop any index i € supp(x) from B. We repeat
this procedure for all k € K which gives another total of |K| linear system solves.

In particular note, note we have that dim(rt;(W)*) = dim(W+) — |K|. This yields overall 5(m)
many linear system solves in both Algorithm 7.1 and Algorithm 7.3.

We also have to be careful as we do not have access to the value of « but only work with guesses
M. But this can be handled easily. If the algorithm encounters vectors x, xB € W + d, where xB is
a basic solution, such that ||x|| > n/||x||, then the vector x3 — x € W can be used to generate a
certificate in (W, M). If on the other hand no such pair of vectors is encountered, then all required
guarantees we have for « carry over to M.

Approximating the lifting map. We can easily extend the argumentation above to the lifting
map. In the algorithms, we require to compute L (w) for some x € 71;(W). Again, it suffices for
J == [n]\ I to find a vector v € R/ such that (v, w) € W and ||v]| < poly(n,M)H[L}’v(w)]]ll. This can
again be done by finding a maximal independent set K C | and solve Axx = Ajw for x. As seen
above, the naive static approach requires 8 (rk(Ay)) many linear system solves for this task. But
note, that whenever we perform such an operation in the algorithms, we are already given a basis B
such that B N | is maximized among all bases. Hence, Apny is already a such a full rank submatrix
rk(Apny) = rk(Ay). Hence, a single linear system solve suffices.

7.8.3 Avoiding closure computation

Another expensive task is the computation of the closusure cl of a subset of variables. Recall, that
in InnerLoop and Feasibility-Algorithm we compute a set of large coordinates K, compute their
closure cl(K) and recurse on I := [n] \ cl(K). This is to ensure that the dimension decreases on
the subspace on which we recurse, more precisely, we ensure that dim(7i;(W))* < dim(W+). As
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the original space fulfilled dim(W+) = m this gives us a recursion depth of just m instead of n.
However, we can circumvent the expensive operation of computing the closure. Assume that we
have picked a set of large variables K in either Algorithm 7.1 or Algorithm 7.3 and let K := [n] \ K
be the remaining variables. In the notation of the algorithms this would correspond to K =T U J.
Instead of recursing on I via 7t;(W) we are going to recurse on a set P which will fulfill] € P € K
and the corresponding subspace mp(W). What does K’ need to fulfill? We need that the set K’
defined as the set we want to project our recursively while running on 7tp(W) contains an element
that is not contained in cl(K). This is exactly the condition we require to obtain a recursive depth of
at most m.

We will find P as follows. We sort the variables in K := {1,..., |K|} such that dy > -+ > d|g
and find the unique index j € [K] such that {1,...,j — 1} € cl(K) and j ¢ cl(K) or conclude that
K C cl(K) and set j = |K|. This can be achieved with binary search with the same algorithm as in
Section 7.8.2 in log(n) linear system solves. We now set P := {j, ..., |K|}.

In the following we will describe why this procedure gives us the desired recursion depth. In
the algorithms, we rely on one of two types of arguments why K’ is non-empty. We now have to
extend these arguments to K’ \ cl(K), to show that indeed K’ \ cI(K) is non-empty.

The first argument is a minimum-norm vector argument. We have, that every vector z € p(W) +dp
has norm ||z|| > ||l 1, w):(dp)|l and by the guarantee of the algorithms this is enough to identify
a variable i € P such that z; = ||z||« which is sufficiently large. Now, the variables in K’ N cl(K)
vanish on minimum-norm vector, that is [I I, (dp)]pncix) = 0. In particular, for L := P N cl(K)
and M := P\ L we have that np(W) = RE x 7y1(W) and so we have |[zu|| > |11z, )= (dm)ll =
Il L, w2 (dp)ll. Hence, we can identify a variable i € M such that z; = ||zx||c > ||ﬂ;i1(d1)|| which
is sufficiently large and is hence in K" and can be projected out in the next iteration.

The second argument is a proximity arqument. The idea is that d; has norm that is much larger
than the guaranteed proximity of the recursive call to the algorithm. That is the black-box call in
the algorithn produces x € Wp + dp such that ||x — dp||e < ||dp||. But note that by choice of P we
have that [|dp||« is attained on a variable in P \ cl(K). So, we are able to identify a variable i such
thati € K\ cl(K).

7.A Applying interior point methods as blackboxes

This section discusses how the recent breakthroughs in [PM for LP can be leveraged to implement
Oracle 7.3.
The IPMs we use can be classified by the barrier function that is used.

7.A.1 The standard log-barrier

The papers [CLS19], [Bra20], [[SWZ21] and [DLY21] use the standard log-barrier. As we do in
this chapter, all of these papers construct an auxiliary system to be able to initialize the IPM with
a near-central point. Therefore, we are not able to use their main theorems directly, but have to
extract the behavior of the algorithms in the respective auxiliary systems that they use. [CL519] as
well as [Bra20] uses feasible primal-dual points throughout. Hence, we can use their algorithms
directly to obtain the bounds W(A) = O(n®) randomized ([CLS19]) as well as deterministically
[Bra20] as long as w > 2+ 1/6.

The same holds for the result in [DLY21]. The arxiv version contains Theorem A.1 which
shows that an exact feasible point of the auxiliary system is returned. This gives us that \V(A) =
O(ntw(A)?).
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7 BLACKBOX SOLVERS 7.B A symmetric initialization system

Deviating from the other solvers, [[SWZ21] uses sketching techniques on the left and as a result
their returned points are not feasible. They discuss in Appendix H of the arxiv that they can
recover feasible points without decreasing the duality gap at computational cost that is dominated
by the algorithm. Hence, we can also apply their results to obtain 'V(A) = O(n®) for a randomized
algorithm as long as w > 2 +1/18.

7.A.2 The Lee-Sidford barrier

The papers [LS19] and [Bra+21] use the Lee-Sidford barrier. For [Bra+21] they maintain a feasible
dual solution of the auxiliary program, but to reconstruct a feasible primal solution they require
a linear system solve with matrix ADAT, where D is some diagonal matrix and additional cost
nnz(A). This result is stated in Lemma 4.11 of the arxiv version. Note that 'W(A) > nnz(A) by
assumption, hence this term gets dominated anyway. For the term regarding the linear system solve,
not that our overall runtime computes as many linear system solves as calls to the approximate
solver. Hence, the reconstruction of a feasible primal solution has costs that are dominated by the
black box linear system solves as well. The result of [Bra+21] gives us therefore an overall running
time of W(A) = O(mn + m?5) randomized.

For [L519] we get similar results on reconstructing a primal-dual feasible solution with appropriate
duality gap to the auxiliary system. Theorem 43 yields a feasible dual point to the system, while
Theorem 1 gives us a feasible primal point. These theorems contain a running time parameter 7
that is similar to V(A) defined in this chapter. An earlier paper by the same authors [L.515] shows
how to amortize the linear system solves to obtain the claim amortized running time per linear
system solve of 0 (nnz(A) + m?). Hence, we they obtain the overall randomized algorithm with
V(A) = o) (v/m(nnz(A) + m?)) that implements Oracle 7.3.

7.B A symmetric initialization system

In this section we want to discuss an alternative to our system for initialization System 7.14 (Initialization-
LP). Recall that we chose Initialization-LP to ensure that \V for the modified matrix matches \V of
the original matrix under Assumption 7.4.5. On the other hand, the proofs that we can implement
the black-box solvers as required are quite complicated. In this section we present a different
system, which turns out to be symmetric on primal and dual side, so guarantees on the primal carry
over analogously to the dual side. Furthermore, the system preserves «w up to constant factors,
which recall is not the case for Initialization-LP. On the downside, the number of constraints on
the primal side increases from m to m + n, hence, we can not guarantee anymore that '/ does not
increase significantly.

In case that m = ©(n) this does not change the asymptotic runtime. We also want to point out
that the papers [Bra+21; DLY21] are able to handle additional lower and upper bounds without
increasing the runtime.

Throughout, we let A € R™", W = ker(A), and let b € R™, ¢,d € R" such that Ad = b. In
order to apply interior point methods to (1.1), one needs to work with an extended system where
a near-central initial solution can be easily obtained—in particular, both primal and dual sides
must be strictly feasible. A common approach is to use the self-dual homogenous initialization
[YTM94]; however, this may significantly increase the condition numbers i 4 and « 4. An alternative
initialization that approximately preserves \'4 and x4 was proposed in [VY96], and also used in
[DHNV20]. The drawback of this formulation is that the primal and dual side are not symmetric:
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7 BLACKBOX SOLVERS 7.B A symmetric initialization system

we would have to prove several properties on the primal and dual side separately. However, as
primal and dual are nearly symmetric, major parts of the proofs of these lemmas would be identical.

We now propose a symmetric modification of the system in [VY96] that also preserves the
condition numbers approximately. Throughout, M is an estimate of the «. Given an instance
(W, c,d), we derive two other parameters from M.

Mp =2|lc|1M, Mp =2||d|l1 M . (7.88)

The system is then defined as follows:

System 7.15. Symmetric Initialization-LP

Data: Data (A, d, ¢) for an instance of [.P with data and values Mp, Mp > 0.

min <Crx _9_(>+MP<11 ZC>
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which displays the desired symmetry via x ~ s, x ~ 5 and ¥ ~ s in the subspace formulation of
System 7.15. In the following we will show that the system can be initialized centrally and that the
condition number " does not increase by too much. Let us begin with the latter.

We denote by A the primal constraint matrix of System 7.15, that is

A -A 0
1
1 -1 1

A

_ (7.89)

Lemma 7.B.1. Let W = ker(A)for A as in (7.89). Then, K < 4w,

Proof. Let g = (x,y,z) € R¥ denote a minimum support vector in W. First, assume there is an
index i € [n] such that x;, y;, z; all have nonzero values. Then, let ¢’ = (ef,et, —%ei), where ¢!
denotes the i-th vector in the standard basis. We have ¢’ € W, and supp(g’) € supp(g). By the
minimality of g, this implies g = ag’ for a # 0; the ratio between the largest and the smallest
absolute value entries is 2.

For the rest of the proof, we can assume that there is no index i such that x;, y;, z; are all nonzero.
By construction, w = x —y € W. Let Ty, C [n] denote the set of indices where x;y; # 0, Ty C [n]
the set with x; # 0, y; = 0, and T, C [n] the set with y; # 0, x; = 0. By our assumption, if i € Ty,
then z; = 0, and therefore x; = %yi. If i € T, then z; = —x;, and if i € T;, then z; = %yi.

We claim that w is a minimum support vector in W. Indeed, if there is a smaller support vector
w’ € W with supp(w’) € supp(w), then we can map it to g’ = (x/, y’,z’) € W as follows. For each
i € Tyy, wesetx; = 2w;, ylf = w: For each i € Ty, we let x; = w;, z; = —w;, and for each i € T;, we
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lety; = —w}, z} = —%w: . We set all other coordinates of g’ to 0. It is easy to verify that ¢’ € W and
supp(g’) G supp(g), giving a contradiction.

Hence, the largest ratio between the absolute value of elements of w is < kw. The same
construction as described above can be used to map the entries of w to the entries of g. This implies
a bound < 4« on the ratios between the elements of g, since each of (x;, y;, z;) will be one of
w;, —w;, 2w; and—%wi. m]

Initial solutions While we use the black box results in Theorem 7.4.4, it is worth noting that for
interior point methods, the system can be easily initialized near the central path with the following

solutions.

2
(x/ -ZC/ x) = gMD(ln/lnlln) + (d/ On/_d)
) 1 (7.90)
(y/ s, EIS) = §MP(OM/1n11n/ 1n) + (OMI On/ _EC/ _C)

The duality gap between these solutions is ~ %nMpM D-

7.C Miscellaneous

Lemma 7.C.1. Let A € R™", W = ker(A) and I C [n]. Then, both of the following can be computed in
time O(min{m?n, n®}).

(i) L} (p), for any p € mp(W).
(i) LV (q), for any q € m;(W*).

Proof. Let us begin with (i). First, obtain a vector w € W such that w; = p. This can be done by
solving the linear system A, ;x = —A;p and setting w = (x, p) in time O(min{m?n,n®}). The
components in [n] \ I of L}’V(p) are now given by the orthogonal projection of x onto (W,\;)*. Note
that Wy, \r = ker(Ap)\r)- So, for B := Ay,)\; we have

(L} ()] = BT(BBT)'Bx,

where BBT € R canbe computed in O(min{m?n,n®})anditsinversein O(m®) < O(min{m?n, n®}).
All other operations are matrix-vector products and can be computed in time O(mn). Therefore,
the overall running time of computing L}N (p) is O(min{m?n, n®}).

To show(ii), analogously to (i) we first obtain a vector @ € W+ such that @; = g. Note that
W+ = im(AT) and so we find y € R™ such that (A;)"y = g. This can again be done in time
O(min{m?n,n®}). Then, we can set & = ATy € W+. The coordinates in [1] \ I of L}/"L(q) are now
given by by the projection of @,\; onto 7[,)\;(W). The space rt[,)\;(W) can be represented as the
kernel of a matrix A, that arises by performing Gaussian elimination and pivoting the entries in
in time O(nm®~1) < O(min{m?n, n®}) [BH74; IMHS2]. Then, we have

LY (D] = 1 — AT(AAT) Ay

As in (i) this can be computed in time O(min{m?n, n®}). O
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8 Circuit diameter

We study the circuit diameter of polyhedra, introduced by Borgwardt, Finhold, and
Hemmecke [BFH15] as a relaxation of the combinatorial diameter. We show that
the circuit diameter of a system {x € R" : Ax =b,0 < x < u } (i.e., System 1.3) for
A € R™" isbounded as O (m? log(m +1a)+nlogn), where « 4 is the circuit imbalance
measure of the constraint matrix. This yields a strongly polynomial circuit diameter
bound e.g., if all entries of A have polynomially bounded encoding length in 2. Further,
we present circuit augmentation algorithms for LPs using the minimum-ratio circuit
cancelling rule. Even though the standard minimume-ratio circuit cancelling algorithm
is not finite in general, our variant can solve an optimization L.’ in O(n®log(n + 1a))
augmentation steps. In this tune, we also prove an improved bound on the convergence
of steepest-descent augmentation.

This chapter is based on joint work with Daniel Dadush, Farbod Ekbatani, Zhuan Khye
Koh, and Laszl6 A. Végh [DKNV22; ENV22].
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8.1 Introduction

For a system { x € R? : Mx < d } with integer constraint matrix M, polynomial diameter bounds

were given in terms of the maximum subdeterminant Ay [Bon+14; BR13; DH16; EV17]. These

arguments can be strengthened to using a parametrization by a ‘discrete curvature measure’
om > 1/(n Ai,l) (see Chapter 3). The best such bound was given by Dadush and Hahnle [DH16] as
O(d®log(d/5m)/om), using a shadow vertex simplex algorithm.
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As a natural relaxation of the combinatorial diameter, Borgwardt, Finhold, and Hemmecke
[BEH15] initiated the study of circuit diameters. Consider a polytope in the standard equality form

P={xeR":Ax=b,x>0} (P)

for A € R™", b € R™. This corresponds to the feasible point of Primal(A, b, -). All edge directions
of P are elementary vectors, and the set of elementary vectors &(A) equals the set of all possible
edge directions of P in the form (P) for varying b € R" [ST97].

Recall the definition of a circuit walk as a set of consecutive points x1, x®, ... x*+1) € P such
that foreach i = 1,...,k, x(*) = x() 4 g(i) for g(i) € &(A), and further, x® + (1 + e)g(i) ¢ P for
any ¢ > 0, i.e., each consecutive circuit step is maximal. The circuit diameter of P is the minimum
length of a circuit walk between any two vertices x, y € P. Note that, in contrast to walks in the
vertex-edge graph, circuit walks are non-reversible and the minimum length from x to y may be
different from the one from y to x; this is due to the maximality requirement. The circuit-analogue
of the Hirsch conjecture, formulated in [BFH15], asserts that the circuit diameter of a polytope in 4
dimensions with n facets is at most n — d; this may be true even for unbounded polyhedra, see
[BSY18]. For P in the form (P), d = n — m and hence the conjectured bound is m.

Circuit diameter bounds have been shown for some combinatorial polytopes such as dual
transportation polyhedra [BFH15], matching, travelling salesman, and fractional stable set polytopes
[KPS19]. The paper [BDF16] introduced several other variants of the circuit diameter, and explored
the relation between them.

Circuit augmentation algorithms Circuit diameter bounds are inherently related to circuit

augmentation algorithms. This is a general algorithmic scheme to solve System 1.1
min {c,x) st Ax=0b,x>0. (LP)

The algorithm proceeds through a sequence of feasible solutions x*). An initial feasible x(*) is
required in the input. Fort = 0,1,..., the current x) is updated to x*) = x) + ag for some
¢ € &(A) such that (¢, g) < 0,and & > 0 such that x*) + ag is feasible. The elementary vector g is
an augmenting direction if (c, ¢) < 0 and such an & > 0 exists; by LI’ duality, x*) is optimal if and
only if no augmenting direction exists. The augmentation is maximal if x') + a’g is infeasible for
any @’ > @; a is called the maximal stepsize for x*) and g. An upper bound on the number of steps
of a circuit augmentation algorithm with maximal augmentations for arbitrary cost ¢ and starting
point x( yields an upper bound on the circuit diameter.

The simplex algorithm can be seen as a circuit augmentation algorithm that is restricted to using
special elementary vectors corresponding to edges of the polyhedron.' For the general framework,
the iterates x(®) may not be vertices. However, in case of maximal augmentations, they must all lie
on the boundary of the polyhedron.

In unpublished work, Bland [Bla76] extended the Edmonds—Karp—Dinic algorithm [Din70; EK72]
algorithm for general LD, see also [Lee89, Proposition 3.1]. Circuit augmentation algorithms were
revisited by De Loera, Hemmecke, and Lee in 2015 [DHL15], analyzing different augmentation
rules and extending them to integer programming. We give an overview of their results first
for linear programming. In particular, they studied three augmentation rules that use maximal

1'Simplex may contain degenerate pivots when the basic solution remains the same; we do not count these as augmentation
steps.
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augmentation. Let x(*) be the current feasible solution, and we aim to select an augmenting
direction g as follows.

e Dantzig-descent direction: Select g such that —(c, g) is maximized, where ¢ = ¢* is the
elementary vector with lem(g©) = 1 for a circuit C € Cyy.

o Deepest-descent direction: Select g such that —a(c, g) is maximized, where « is the maximal
stepsize for x*) and g.

o Steepest-descent direction: Select ¢ such that —(c, g)/l/gl1 is maximized.

Computing Dantzig- and deepest-descent directions is in general NP-hard, see [LKS19] and
as detailed below. The steepest-descent direction can be formulated by an LP; but without any
restrictions on the input problem, this may not be simpler than the original one. However, it
could be easier to solve in practice; Borgwardt and Viss [BV20] exhibits an implementation of a
steepest-descent circuit augmentation algorithm with encouraging computational results.

Augmenting directions for flow problems

It is instructive to consider these algorithms for the special case of minimum-cost flows. Given a
directed graph D = (V, E) with capacities u € IRE, costs ¢ € RE, and node demands b € RV with
b(V) = Yiev bi = 0. The objective is to find the minimum cost flow x that satisfies the capacity
constraints: 0 < x < u, and the node demands: for each node i € V, the total incoming minus
the total outgoing flow equals b;. This can be written in the form Capacitated-LP with A as the
node-arc incidence matrix of D, a TU matrix. Let us define the residual graph D, = (V,E,), where
for (i,j) € Ex welet (i,j) € E if x;j < ujj and (j, i) € E if x;; > 0. The cost of a reverse arc will be
defined as cj; = —c;;. We will also refer to the residual capacities of arcs; these are u;; — x;; in the first
case and x;; in the second.

Let us observe that the augmenting directions correspond to directed cycles in the residual graph.
Circuit augmentation algorithms for the primal and dual problems yield the rich classes of cycle
cancelling and cut cancelling algorithms, see the survey [SIMO0].

The maximum flow problem between a source s and sink t can be formulated as a special case as
follows. We add a new arc (f, s) with capacity oo, set the demands b = 0, and costs as ¢;s = -1
and ¢;; = 0 otherwise. Bland’s [Bla76] observation was that the steepest-descent direction for this
problem corresponds to finding a shortest residual s-t path, as chosen in the Edmonds—Karp-Dinic
algorithm.

More generally, a steepest-descent direction amounts to finding a residual cycle C C E, that
minimizes the mean cycle cost ¢(C)/|C|. Thus, the steepest descent algorithm for minimum-cost
flows corresponds to the classical Goldberg—Tarjan algorithm [GT89] that is strongly polynomial
with running time O(|V| - |E[?) [RG94].

Let us now consider the other two variants. A Dantzig-descent direction in this context asks
for the most negative cycle, i.e., a cycle maximizing —c(C). A deepest-descent direction asks for a
cycle C of arcs that maximizes —ac(C), where «a is the residual capacity of C. Computing both
these directions exactly is NP-complete, since they generalize the Hamiltonian-cycle problem: for
every directed graph, we can set up a flow problem where E, coincides with the input graph,
all residual capacities are equal to 1, and all costs are —1. We note that De Loera, Kafer, and
Sanita [LKS19] showed that computing the Dantzig- and deepest-descent directions is also NP-hard
for the fractional matching polytope.

Nevertheless, the deepest-descent direction can be suitably approximated. Wallacher [Wal89]
proposed selecting a minimum ratio cycle in the residual graph. This is a cycle in E, that minimizes
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c(C)/d(C), where d, = 1/u, for every residual arc e € E,; such a cycle can be found in strongly
polynomial time. It is easy to show that this cycle approximates the deepest descent direction
within a factor |Ey|. Wallacher’s algorithm can be naturally extended to linear programming
[MSO00], and has found several combinatorial applications, e.g. [Way02; WZ99], and has also been
used in the context of integer programming [SW99]. We discuss an improved new variant in
Section 8.6. A different relaxation of the deepest-descent algorithm was given by Barahona and
Tardos [BT89], based on Weintraub’s algorithm [Wei74].

Convergence bounds

We now state the convergence bounds from [DHL15]. The original statement refers to subdetermi-
nant bounds; we paraphrase them in terms of finding approximately optimal solutions.

Theorem 8.1.1 (De Loera, Hemmecke, Lee [DHL15]). Consider a linear program in the form Capacitated-
LP. Assume we are given an initial feasible solution x9), and let OPT denote the optimum value. By an &-
optimal solution we mean an iterate x) such that (c, x(t)> <OPT +e.

. , . L xO)—OPT
(a) For given & > 0, one can find an e-optimal solution in 2n logz(%) deepest-descent
augmentations.
) . ) Y (e, x0y-0P1 )
(b) For given ¢ > 0, one can find an e-optimal solution in — log, | ~——~—— | Dantzig-descent

augmentations, where y is an upper bound on the maximum entry in any feasible solution.

(c) One can find an exact optimal solution in min{n|C 4|, la} steepest-descent augmentations, where {s
denotes the number of distinct values of {c, g)/11gll1 over g € E(A).

In general, circuit augmentation algorithms may not even finitely terminate; see [MS00] for an
example on Wallacher’s rule for minimum cost flows. In parts (a) and (b), assume that all basic
solutions are 1/k-integral for some k € Z and cost function is ¢ € 7. If x*) is a e-optimal solution
for ¢ < 1/k, then we can identify an optimal vertex of the face containing x*) using a Carathéodory
decomposition argument, this can be implemented by a sequence of < n circuit augmentations
(see [DHL15, Lemma 5]).

According to part (c), steepest descent terminates with an optimal solution in a finite number
of iterations; moreover, the bound only depends on the linear space ker(A) and c, and not on the
parameters b and u. However, the bound can be exponentially large.

Bland’s original observation was that {4 is strongly polynomially bounded for the maximum
flow problem. Recall that all elementary vectors g correspond to cycles in the auxiliary graph.
Normalizing such that g; € {0, £1}, —(c, g) = 1 for every augmenting cycle (as these must use the
(t,s)arc), and || g1 is between 1 and |E|. In fact, the crucial argument by Edmonds and Karp [EK72]
and Dinic [Din70] is showing that the length of the shortest augmenting path is non-decreasing,
and must strictly increase within |E| consecutive iterations.

For an integer cost function ¢ € 7", Lee [Lee89, Proposition 3.2] gave the following upper bound
on fa:

Proposition 8.1.2. If||c|l1 < (n —m + 1)||c||co, then

1
Ia < Sllelleoln = m +1)ia((n = m +1)ia +1).
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In order to bound the circuit distance between vertices x and y let us use the following cost
function. For the basis B defining v, let

0 ifieB,
ci=41 ifie[n]\B,y; =0, 8.1)
-1 ifien]\B,yi=u;.

With this cost function, Theorem 8.1.1(c) and Proposition 8.1.2 yield a bound O((n — m)? Ri) on the
circuit diameter using the steepest descent algorithm.

Extending the analysis of the Goldberg-Tarjan algorithm [GT89], we present a new bound that
only depends on the fractional circuit imbalance « 5, and is independent of c¢. The same bound was
independently obtained by Gauthier and Derosiers [GD21]. The proof is given in Section 8.7.

Theorem 8.1.3. For the problem Capacitated-LP with constraint matrix A € R™*", the steepest-descent
algorithm terminates within O(n>mi s log(i o + n)) augmentations starting from any feasible solution x©),

This improves on the above bound O((n - m)2K2A) for most values of the parameters (recall
that ca < i4). Moreover, this bounds the running time for steepest descent for an arbitrary cost
function c, not necessarily of the form (8.1).

Both these bounds are independent of b, however, x5 and s may be exponentially large in
the encoding length L of the matrix A. In contrast, Theorem 8.1.1(a) yields a polynomial bound
O(nLa,p) on the number of deepest-descent iterations, where Ly j, is the encoding length of (4, b).
In what follows, we review a new circuit augmentation algorithm from [DKNV22] that achieves a
log o dependence; the running time is bounded as O(1n®La), independently from b.

Imbalance and diameter The combinatorial diameter bound O(d® log(d/om)/om) from [DH16]
mentioned above translates to a bound O((n — m)3mica log(ica + n)) for the system in the form (P),
see [ENV22]. For circuit diameters, the Goldberg-Tarjan minimum-mean cycle cancelling algorithm
for minimum-cost flows [GT89] naturally extends to a circuit augmentation algorithm for general LI’
using the steepest-descent rule. This yields a circuit diameter bound O(n%mi s log(ica+n)) [ENV22],
see also [GD21]. However, note that these bounds may be exponential in the bit-complexity of the
input.

8.1.1 Our contributions

Our first main contribution improves the « 5 dependence to alog ks dependence for circuit diameter
bounds.

Theorem 8.1.4. The circuit diameter of a system in the form (P) with constraint matrix A € R™" is
O(m?log(m + ra)).

The proof in Section 8.3 is via a simple ‘shoot towards the optimum’ scheme. Recall the concept
of conformal circuit decompositions.

Consider a feasible basis B C [n] and N = [n] \ B such that x* = (Aglb,ON) > 0, is a basic
feasible solution. This is the unique optimal solution to (LP) for the cost function ¢ = (0, 1n7). For
the current iterate x*), let us consider a conformal circuit decomposition x* — x®) = Z;‘:l 1. Note
that the existence of such a decomposition does not yield a circuit diameter bound n due to the
maximality requirement in the definition of circuit walks. For each j € [k], x*) + h{/) € P, but there
might be a larger augmentation x*) + ah) € P for a > 1.
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Still, one can use this decomposition to construct a circuit walk. Let us pick the most improving
circuit from the decomposition, i.e., the one maximizing —(c, h'/) = ||h%) [l1, and obtain x(+1) =
x® + a®h\) for the maximum stepsize a¥) > 1. The proof of Theorem 8.1.4 is based on analyzing
this procedure. The first key observation is that (c, x(t)> = ||x§\t[) |l1 decreases geometrically. Then,
we look at the set of indices L; = {i €n]:x;> nchIIX%)Ill } and R; = {i €[n]: xgt) <nx; }, and
show that indices may never leave these sets once they enter. Moreover, a new index is added to
either set every O(m log(m + ic4)) iterations. In Section 8.4, we extend this bound to the setting

with upper bounds on the variables.

Theorem 8.1.5. The circuit diameter of a system in the form Ax = b, 0 < x < u with constraint matrix
A € R™" is O(m?log(m + xa) + nlog n).

There is a straightforward reduction from the capacitated form to (P) by adding n slack
variables; however, this would give an O(n2log(n + i a)) bound. For the stronger bound, we use a
preprocessing that involves cancelling circuits in the support of the current solution; this eliminates
all but O(m) of the capacity bounds in O(n log n) iterations, independently from «a.

For rational input, log(ia) = O(La) where La denotes the total encoding length of A [DHNV20].
Hence, our result yields an O(m?La + nlogn) diameter bound on Ax = b, 0 < x < u. This can
be compared with the bound O(nLy ;) using deepest descent augmentation steps in [DHL15],
where Ly p is the encoding length of (A, b). (Such a bound holds for every augmentation rule that
decreases the optimality gap geometrically, including the minimume-ratio circuit rule discussed
below.) Besides our bound being independent of b, it is also applicable to systems given by
irrational inputs.

In light of these results, the next important step towards the polynomial Hirsch conjecture might
be to show a poly(#n, log 1 a) bound on the combinatorial diameter of (I’). Note that—in contrast
with the circuit diameter—not even a poly(n, La ) bound is known. In this context, the best known
general bound is O((n — m)>mica log(ica + n)) implied by [DH16].

Circuit augmentation algorithms The diameter bounds in Theorems 8.1.4 and 8.1.5 rely on
knowing the optimal solution x*; thus, they do not provide efficient LI’ algorithms. We next present
circuit augmentation algorithms with poly(n, m, log «a) bounds on the number of iterations. Such
algorithms require subroutines for finding augmenting circuits. In many cases, such subroutines
are LPs themselves. However, they may be of a simpler form, and might be easier to solve in
practice. Borgwardt and Viss [BV20] exhibits an implementation of a steepest-descent circuit
augmentation algorithm with encouraging computational results.

Our main subroutine assumption Ratio-Circuit(A, ¢, w) is the well-known minimum-ratio circuit
rule. It takes as input a matrix A € R"™", ¢ € R", w € (R4 U {e0})", and returns a basic optimal
solution to the following system; this can be equivalently written as an LP using auxiliary variables.

min {c,z) st Az=0,(w,z7)<1. (8.2)

If bounded, a basic optimal solution will be a circuit z that minimizes (c, z) /(w, z7).

Given a feasible x € P for (P), we use weights w; = 1/x; (and uses w; = o if x; = 0). For
minimum-cost flow problems, this rule was proposed by Wallacher [Wal89]; such a cycle can
be found in strongly polynomial time for flows. The main advantage of this rule is that the
optimality gap decreases by a factor 1 — 1/n in every iteration. This rule, along with the same
convergence property, can be naturally extended to linear programming [MS00], and has found
several combinatorial applications, e.g. [Way02; WZ99], and has also been used in the context of
integer programming [SW99].
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On the negative side, Wallacher’s algorithm is not strongly polynomial: it does not even terminate
finitely for minimum-cost flows, as shown in [MS00]. In contrast, our algorithms achieve a strongly
polynomial running time whenever « < 2P°Y()_ An important modification is the occasional use
of a second type of circuit augmentation step Support-Circuit that removes circuits in the support
of the current (non-basic) iterate x*) (see Subroutine 8.1); this can be implemented using simple
linear algebra. Our first result addresses the feasibility setting:

Theorem 8.1.6. Consider an LP of the form (P’) with cost function ¢ = (Op,\n,1n) for some N C [n].
There exists a circuit augmentation algorithm that either finds a solution x such that xy = 0 or a dual
certificate that no such solution exists, using O(n®log(n + i a)) Ratio-Circuit and n® Support-Circuit
augmentation steps.

Such problems typically arise in Phase I of the Simplex method when we add auxiliary variables

in order to find a feasible solution. The algorithm is presented in Section 8.5. The analysis
(t)

extend that of Theorem 8.1.4, tracking large coordinates x; .

Our second result considers general
optimization:

Theorem 8.1.7. Consider an LP of the form (LP). There exists a circuit augmentation algorithm that
finds an optimal solution or concludes unboundedness using O(n®log(n + ra)) Ratio-Circuit and n3
Support-Circuit augmentation steps.

The proof is given in Section 8.6. The main subroutine identifies a new index i € [n] such
that xﬁt) = 0 in the current iteration and x; = 0 in an optimal solution; we henceforth fix this
variable to 0. To derive this conclusion, at the end of each phase the current iterate x*) will be
optimal to (LP) with a slightly modified cost function ¢; the conclusion follows using a proximity
argument (Theorem 8.2.5). The overall algorithm repeats this subroutine n times. The subroutine
is reminiscent of the feasibility algorithm (Theorem 8.1.6) with the following main difference:
whenever we identify a new ‘large’ coordinate, we slightly perturb the cost function.

Comparison to black-box LI approaches An important milestone towards strongly polynomial
linear programming was Tardos’s 1986 paper [Tar86] on solving (LP) in time poly(n, m,log Aa),
where A4 is the maximum subdeterminant of A. Her algorithm makes O(nm) calls to a weakly
polynomial LI’ solver for instances with small integer capacities and costs, and uses proximity
arguments to gradually learn the support of an optimal solution. This approach was extended to
the real model of computation for an poly(n, m,log i o) bound [DNV20]. This result uses proximity
arguments with circuit imbalances « s, and eliminates all dependence on bit-complexity.

The proximity tool Theorem 8.2.5 derives from [DNV20], and our circuit augmentation algorithms
are inspired by the feasibility and optimization algorithms in this paper. However, using circuit
augmentation oracles instead of an approximate LI’ oracles changes the setup. Our arguments
become simpler since we proceed through a sequence of feasible solutions, whereas much effort in
[DNV20] is needed to deal with infeasibility of the solutions returned by the approximate solver.
On the other hand, we need to be more careful as all steps must be implemented using circuit
augmentations in the original system, in contrast to the higher degree of freedom in [DNV20]
where we can make approximate solver calls to arbitrary projections and modifications of the input
LP.
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8.2 Preliminaries

For P as in (P), x € P and an elementary vector ¢ € &(A), we let augp(x, §) := x + ag where
a=argmax{a:x+age€P}.

Recall that for a linear space W C IR" and z € W, there exists a conformal circuit decomposition
of z into at most # circuits. That is, we can write z = Zle h® such that k < n,and h® € &(W) and
h® C z for all t € [k] (Lemma 2.0.3).

8.2.1 Circuit oracles

In Sections 8.4 to 8.6, we use a simple circuit finding subroutine Support-Circuit(A, ¢, x, S) that will
be used to identify circuits in the support of the solution. This can be implemented easily using

Gaussian elimination.
Subroutine 8.1. Support-Circuit(A, c, x, S)

For a matrix A € R™*", vectors ¢, x € R" and S C [n], the output is an elementary vector
z € 6(A) with supp(z) € supp(x), supp(z) NS # 0 with (c,z) < 0, or concludes that no
such circuit exists.

The circuit augmentation algorithms in Sections 8.5 and 8.6 will use the subroutine Ratio-
Circuit(A, ¢, w).

Subroutine 8.2. Ratio-Circuit(A, c, w)

The input is a matrix A € R™", ¢ € R", w € (R4 U {o0})", and returns a basic optimal
solution to the following system:

min {c,z) st Az=0,(w,z7)<1. (8.3)
And a basic optimal solution (y, s) to the following dual program:

max -4 st s=c+ATy 0<s<Aw (8.4)

We remark that w;z; = 0 whenever w; = oo and z; = 0 in (8.3). Note that (8.3) can be
reformulated as an LI’ using additional variables, and the dual LI’ can be equivalently written
as (8.4). If (8.3) is bounded, then a basic optimal solution is an elementary vector z € £(A) that
minimizes (c, z)/(w, z~). Further, note that every feasible solution to (8.4) is also feasible to the
dual of (LP). The following lemma is well-known, see e.g., [MS00, Lemma 2.2].

Lemma 8.2.1. Let OPT denote the optimum value of (LP). Given a feasible solution x to (LP), let g be the
elementary vector returned by Ratio-Circuit(A, ¢, 1/x), and x" = augp(x, g). Then,

{c,x"y =OPT < (1 - %)((c, x)y — OPT).

Furthermore, o > 1 for the augmentation step.

Proof. Let x* be an optimal solution to (LP), and let z = (x* — x)/n. Then, z is feasible to (8.3) for
w = 1/x. The claim easily follows by noting that (c, g) < {(c,z) = (OPT —{c, x))/n, and noting that
x + ¢ € Pisimplied by (1/x,¢7) < 1. o
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8.2.2 Proximity results

The condition number « 5 is mainly used for proving norm bounds that can be interpreted as
special forms of Hoffman-proximity results. We formulate such statements that will be needed for
our analyses. These can be derived from more general results in [DINV20]; see also [ENV22]. The
references also explain the background and similar results in previous literature, in particular, to
proximity bounds via A in e.g. [Tar86] and [CGST86]. For completeness, we include the proofs.

Lemma 8.2.2. For A € R™", et z € ker(A), and let N C [n] such that Ap,)\n has full column rank.
Then, ||z|| < xallzn]l1-

Proof. Consider a conformal circuit decomposition 1V, ..., hK) of z. By the full column-rank

assumption of A\, for every 1), N nsupp(h®)) # 0. Consequently, [|1!)||o < 1<A|h§t)| < xalzjl
for some j € N. The claim on ||z[|« = Zle 11| follows from this using the conformity of the
decomposition. O

Lemma 8.2.3. For A € R™*", let z — x € ker(A), and let T C [n] such that [n]\ T C supp(x), and there
is no circuit in supp(x) intersecting T. Then,

(ka +Dllzrllh 2 llxtllo and  (nia +Dllzr|ls = [|xrll1 -

Proof. Consider a conformal circuit decomposition 1), ..., h® of z — x. By the assumption,
for every h) with T N supp(h")) # 0, there exists an index j € T N supp(h!)) such that xj =
0 < z;. This shows that ||h;f)||Oo < xazj; moreover, by the conformity of the decomposition,

llzr — x7 |0 = Zle ||h¥)||oo < xallzr|l1. This implies the first claim. The second claim follows since

llxrlly < llzrlly + llzr — xzlly < llzzlls + 7llzr — X7 lo0- o
For T = [n], we obtain the following corollary.

Corollary 8.2.4. Let x be a basic (not necessarily feasible) solution to (LP). Then, for any z where Az = b,
we have (ika + D|z|l1 = 1| co-

The following proximity theorem will be key to derive x; = 0 for certain variables in our
optimization algorithm; see [DNV20] and [ENV22, Theorem 6.5]. For ¢ € R", we use LP(C) to
denote (L) with cost vector ¢, and OPT(¢) as the optimal value of LP(¢).

Theorem 8.2.5. Let c, ¢’ € R" be two cost vectors, such that both LP(c) and LP(c’) have finite optimum
values. Let s’ be a dual optimal solution to LP(c”). If there exists an index j € [n] such that

s; > (m +1)rallc = /||,

then X =0 for every optimal solution x* to LP(c).

Proof. We may assume that ¢ # ¢’, as otherwise we are done by complementary slackness. Let
x’ be an optimal solution to LP(c’). We have that x; = 0. For the purpose of contradiction,

suppose that there exists an optimal solution x* to LP(c) such that x; > 0. Let kD, ..., h® be
a conformal circuit decomposition of x* — x’. Then, h](,t) > 0 for some t € [k], and therefore

1ED); < (m + D|hD]|e < (m + 1)1<h;t) Observe that for any i € [n] where hgt) <0, wehaves! =0
because x; > x7 > 0. Hence,

<c, h<f>> - <c _¢, h<f>> + <c’, h<f>> > —[lc = lloollH® Iy + <s’, h<f>>
> —(m + 1)rallc = ¢'lleo h}” + s;h;” >0.
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Since x* — h'") is feasible to LP(c), this contradicts the optimality of x*. m]

8.2.3 Estimating circuit imbalances

The circuit augmentation algorithms in Sections 8.5 and 8.6 explicitly use the circuit imbalance
measure k. However, this is NP-hard to approximate within a factor 20(n) see [DHNV20; Tun99].
We circumvent this problem using a standard guessing procedure, see e.g. [DHNV20; VY96].
Instead of « s, we use an estimate %, initialized as & = n. Running the algorithm with this estimate
either finds the desired feasible or optimal solution (which we can verify), or fails. In case of failure,
we conclude that # < s, and replace © by %2. Since the running time of the algorithms is linear
in log(n + %), the running time of all runs will be dominated by the last run, giving the desired
bound. For simplicity, the algorithm descriptions use the explicit value « 5. Throughout, we use
the shorthand « = x5 whenever A is clear from the context.

8.3 The Circuit Diameter Bound

In this section, we show Theorem 8.1.4, namely, a bound O(m? log(m + i 4)) on the circuit diameter
of a polyhedron in standard form (P). As outlined in the Introduction, let B C [n] be a feasible basis
and N = [n] \ B such that x* = (Aglb, On) is a basic solution to (LP). We can assume n < 2m: the
union of the supports of the starting vertex x() and the target vertex x* is at most 211; we can fix all
other variables to 0. The simple ‘shoot towards the optimum’ procedure is shown in Algorithm 8.1.

Algorithm 8.1: Diameter Bound

Input :A polytope P as in () a vector x© € P and a vertex x* € P.
Output  :A circuit walk from x(@ to x*.
1 Start from ¢ = 0 and x©.
2 At each iteration t, let h(l), e, 1) be a conformal circuit decomposition of x* — x(®)
s Let g(t ) be the circuit in the decomposition that maximizes ||h§\i]) |l1 for i € [k] and update
D) = augp(x), 1)),
s Terminate once x(+1) = x*,

A priori, even finite termination is not clear. The first key lemma shows that ||x§\t]) |1 decreases
geometrically, and bounds the relative error to x*.

Lemma 8.3.1. For every iteration t > 0 in Algorithm 8.1, we have ||x§\t,+1)||1 <(1- %)leg)Ih and for all

i € [n] we have |xl(.t+1) - xgt)| <nlxi - xgt)|.

Proof. Let h,..., h®) with k < n be the conformal circuit decomposition of x* — x) used in

Algorithm 8.1. Note that h;? < Oy fori € [k] as x}; = Oy and x® > 0. Then

. _ RO ROIE () q
gyl iﬂf}(’]‘” vz 2 Z g1l = Zllxyll,  and so
ie[k] (85)

1 1
el = llaugp (e, gl < Il + g < (1= D)1 -

Let a'*) be such that x**V) = x) + )¢ Then, by conformity and (8.5)

1
B v L 5
®) T e®y, T
lgn I lgn
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and so for all i we have |x§t+l) - xft)| = a(t)lggt)l < klggt)l < klx; - xz(.t)|. m]

We analyze the sets
Lt:{ie[n]:x;>m<A||x§3||1}, T = [n]\ L, Rt:{ie[n]:xg”s;qx;}. (8.6)

Lemma 8.3.2. For every iteration t > 0, we have Ly C L1 C B and Ry € Ryyq.

Proof. We have that L; C L1 as ||x1(f,) ||l1 is monotonically decreasing by Lemma 8.3.1, and L; C B

as x3, = Oy. For j € R; note that if > x;f, then x;Hl) < x;.t) by conformity. Otherwise, by
gt xgt)l < nx;. In both cases we conclude j € Ry41. O

Lemma 8.3.1 we have x(+1) < x!") + nlx; —

2

Lemma 8.3.3. Ifllx(T? - xp loo > 2mn?ic th| , then Ry € Ryy1.

Proof. Leti € supp(x™)\supp(x**V); such a variable exists by the maximality of the augmentation.
Lemma 8.2.2 for x**1) — x* € ker(A) implies that

(t+1)

120 = xleo < el

— il =kl < e, 8.7)

(t+1)

and so i ¢ L;. Noting that x**1) — x() is a circuit and x; " =0, it follows that

Hx;\t]) - xg\t,ﬂ) L < (mx+ 1)xl(.t) <2m z\'xgt) . (8.8
On the other hand, let 1V, ..., h®) be the conformal circuit decomposition of x* — x® used in
iteration f in Algorithm 8.1. Let j € T; such that |x](,t) - x]*,| = ||x%) —xr |leo. There exists  in this
decomposition such that |Ej| > %lx;t) - x;|. As B C [n] is independent one has supp(ﬁ) NN £0
and so ®
— |h]| |x] - x;l
Nl = K z nik (8.9)

From (8.8), (8.9) and noting that ||hy]|; < ||g1(ff)||1 < ||x1(f,) - xyjﬂ)lll we get

(1) _ (t+1) ~ ) _
(.t) > ||XN —XN ”l > ”hN”l S ”th fo”oo

> > > 8.10
! 2mi 2mi 2mnic? (6.10)
In particular, if as in the assumption of the lemma ||x%) -7 oo > 2mn21<2||x*Tt ||co, then x?t) >
nllx}t llo > nx;. We conclude that i ¢ R; and i € Ry, as xl(.Hl) =0. O

We are ready to give the convergence bound.

Proof of Theorem 8.1.4. In light of Lemma 8.3.2, it suffices to show that either L; or R; is extended in

) _

every O(nlog(n + «)) iterations; recall the assumption n < 2m. By Lemma 8.3.3, if ||th

%l >

*

Tilloo

2

2mn2ic2||xx ||, then Ry € Ry4q is extended.

2

Otherwise, ||x(Tf) - X7 loo < 2mn?i Xy, R Assuming ||x§\t])||1 > 0, by Lemma 8.3.1, there is an

iteration 7 = t + O(n log(n + «)) such that n?x(2mn?x? + 1)||x§\rl)||1 < ||x§\t])||1. In particular,

. t t 1 @
@mn?i® + D)l lloo 2 16 oo 2 12Nl 2 E||x;\])||1 > nic@mn?i® + D|x0) 1. (8.11)
Therefore ||x*Tf oo > n1<||x1(\7,)||1 andso Ly € L,. O
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8.4 Diameter Bounds for the Capacitated Case
In this section we consider diameter bounds for systems of the form
P,={xeR'":Ax=b,0<x<u} (Bound-P)

The theory in Section 8.3 carries over to P, at the cost of turning m into n via the standard
reformulation

A 0
I I

P, = {(x,y) € R""

ﬂ:m,x,yzo}, pu:{x:(x,y)efv’u}. 8.12)

Corollary 8.4.1. The circuit diameter of a system in the form () with constraint matrix A € R"™" is

O(n?log(n + 1 a)).

Proof. Follows straightforward from Theorem 8.1.4 together with the reformulation (8.12). It is
easy to check that « of the constraint matrix of (8.12) coincides with «4. O

Intuitively, the polytope should not become more complex; related theory in [Bra+21] also shows
how both-sided bounds can be incorporated in a linear program without significantly changing
the complexity of solving the program.

We prove Theorem 8.1.5 via the following new procedure. A basic feasible point x* € P, is
characterized by a partition BU L U H = [n] where A is a basis (has full column rank), x; = 0
and x}, = uy. In O(n log n) iterations, we fix all but 2m variables to the same bound as in x*; for
the remaining system with 2m variables, we can use the standard reformulation.

Algorithm 8.2: Capacitated Diameter Bound

Input : A polytope P as in (Bound-P) a vector x(0) € P and a vertex x* € P.
1 Let BULU H = [n] be the partition for x*, i.e. 0p < Aglb < ug, xz =0r and x;{ = up.
2 Setthecostc e R asc; =0ifi € B, ¢;=1/u;ifi € L,and ¢; = —1/u; if i € H.
s Start from t = 0 and some x© € P,,.
1 do
s | if (c,x®))y > —|H| + 1 then
6 LLet KD, .., h0) be a conformal circuit decomposition of x* — x| Let g(t) € arg minie[k](c, A
7 | else
8 Let g(t) be the circuit returned by Support-Circuit(Asg,, cs,, x(stf), St), where
Sy = {ieLUH:xSt);&x;‘}.
o | 2D — augp(x®, g)),
0| te—t+1
. Sth{ieLUH:x(t)ix:}

i

12 while |St| >m

15 Run Diameter Bound on A := [ABIUS' (I)] and b = [Z]

Proof of Theorem 8.1.5. We show that Algorithm 8.2 has the claimed number of iterations. First, note
© ©
that (c, x*) = —|H| is the optimum value. Initially, (c,x(o)> == DlcH xu'_, + Dier Xu’—z < n. Similar

to Lemma 8.3.1, due to our choice of ¢!} from the conformal circuit decomposition, we have
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(c, x(t”)) +|H| < (1- %)((c, x(t)> +|H|). In particular, O(n log n) iterations suffice to find an iterate
t such that (¢, x¥) < —|H| + 1.
Note that the calls to Support-Circuit do not increase <c, x(t)>, so from now we will never make

use of the conformal circuit decomposition again. A call to Support-Circuit will set at least one
variable i € supp(g*)) to either 0 or u;. We claim that either xﬁtﬂ) =(0forsomei €L, or xz(,tH) = u;
(t+1)
i
hits the wrong boundary, then the gap between <c, x(t”)) and —|H| must be at least 1, a clear
contradiction to (¢, x**V) < —|H| + 1.

Thus, after at most 1 calls to Support-Circuit, we get |S¢| < m, at which point we call Algorithm 8.1

for some i € H, that is, we set a variable to the ‘right’ boundary. To see this, note that if x

with < 2m variables, so the diameter bound of Theorem 8.1.4 applies. m]

8.5 A Circuit-Augmentation Algorithm for Feasibility

In this section we prove Theorem 8.1.6: given a system (LI’) with cost ¢ = (0p,\n, 1n) for some
N C [n], find a solution x with x5 = 0, or show that no such solution exists.

As an application, assume we are looking for a feasible solution to the program (). We can
construct an auxiliary linear program, that has trivial feasible solutions and whose optimal solutions
correspond to feasible solutions of the original program (P). This is very much in the same tune as
Phase I simplex algorithms.

min (1,,z) st. Ay—-Az=0b,y,z>0. (Aux-LP)

For the constraint matrix A = [A —A] it is easy to see that 3 = A and that any solution Ax = b
can be converted into a feasible solution to (Aux-LP) via (y,z) = (x*, x7). Hence, if the subroutines
Support-Circuit and Ratio-Circuit are available for (Aux-LP), then we can find a feasible solution
to () in O(n?log(n + i 4)) augmentation steps.

Our algorithm is presented in Algorithm 8.3. We maintain a set £; C [n] \ N, initialized as
0. Whenever xgt) > 8n31<2||x§\t]) |l for the current iterate x*), we add i to £;. The key part of the
analysis is to show that £; is extended in every O(n log n) iterations.

We let T; = [n] \ L; denote the complement set. At each iteration when L; is extended, we
run a sequence of at most n Support-Circuit(A, ¢, x*), T;) steps. These are repeated as long as
||x(Ti)||(><> < 4n 1<||x§\t])||1 and there are circuits in supp(x()) intersecting T;. Afterwards, we run a
sequence of Ratio-Circuit iterations until a new index is added to L.

In the Support-Circuit iterations, we have an additional requirement that g](:) < 0 for at least
one k € T; for the returned circuit. This is guaranteed whenever (c, g(t )> < 0. If the oracle would

return a circuit with (¢, g®') = 0 and g(Tf) > 0, then we can replace g by —¢*.

Proof of Theorem 8.1.6. Algorithm 8.3 performs at most n? Support-Circuit iterations; we show that
L; is extended after a sequence of O(n log(n + 1)) Ratio-Circuit iterations; this implies the claim.
Let us first analyze what happens at Ratio-Circuit iterations.

Claim 8.5.0.1. If Ratio-Circuit is used in iteration t, then either ||x§\t]+l) lh<(1-1) ||x§\t,) |1, or the algorithm
terminates with a dual certificate.

Proof. The oracle returns ¢(*) that is optimal to (8.3) and (y*), s)) with optimum value —A. Recall
that we use weights w; = 1/ xf.t). If (b, y(t)) > 0, the algorithm terminates. Otherwise, note that

<c,x(t)> = <b,y(t)> + <s(t),x(t)> < )\<w,x(t)> =nA,
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Algorithm 8.3: Feasibility-Algorithm
Input :Linear program in standard form (LP) with cost ¢ = (O[n]\ N, 1N) for some N C [n], and

initial feasible solution x(©).
Output  :A solution x with x)y = 0, or a dual solution y with (b, y) > 0.
1te—0;,L1<0

> while xg\t]) > 0do

s| L utiemn: 28 2L T ]\ £

o | ift=00r Ly \ Li—1 # 0 then

5 while ||x(Tt[) lco < 4n 1<||xl(\"}) 1 and there is a circuit in supp(x®)) intersecting T do
6 Lg(t) — Support-Circuit(A, ¢, x), T;) such that gl((t) < 0 for some k € T;
D augp(x®, g®) ;b —t4+1;

s | (g1, y®,s®) — Ratio-Circuit(A, ¢, 1/x1))

o | if <b, y(*)> > 0 then

10 LTerminate with infeasibility certificate

1 ?x(t”) — augp(x®, gyt —t+1

12 return x

implying A > (c, x(t)>/n, and therefore (c, g(t)> =-A<—(c, x(t)>/n. This implies the claim, noting

that
1
||x§\t]+l)”1 _ <C,x(t+1)> < <c,x(t)> _ <c,g(t)> < (1 - ;)Hx;\?lh.

O

Further, assume that at a Ratio-Circuit iteration, for some index j € [1] we have x;t) > 4n 1<||x§\t,) 1.
Then,

x;tﬂ) xy) - 1<||x1(f,+1) - xg\t,)lh N x;t) —21<||x;f,)||1
I a=-Hn a-Hiln 51
N x§t) - xjt)/(Zn) 1. 1 xj(f) )
=Dl _( 2"—2)||x§5’||1'

Claim 8.5.0.2. Throughout for every j € L;, we have xﬁ.t) > 4n31<2||x§f[)||1

Proof. The proof is by induction on the number of iterations; it holds at the beginning. Assume
that the property already holds at iteration ¢, and let us analyse what happens if Support-Circuit
is called. This may happen only if ||x%)||<x, <4n 1<||x§\t[)||1. By the condition that g](f) < 0 for some
k € T;, and by the definition of «, we have ||g|e < «| g,(:) |. Together with xff) <4n 1<||x§\t]) |1 and the
induction hypothesis, this guarantees that the augmentation must set a coordinate in T; to 0, and
consequently, [|x*D — x|, < 4n 1<2||x§\t[)||1.

To verify the claim for iteration t + 1, consider any index j € £L;, and let 7 < t be the iteration when
j was added to L,; the claim holds at iteration r. We analyse the ratio x;t,) / ||x§\t,,) |1 for iterations
t' =r,...,t +1. Atevery iteration that performs Ratio-Circuit, if X;t’)/l|X§\t[,)||1 > 4n3i? then the
ratio may only increase according to (8.13).

There are at most 1 sequences of at most n Support-Circuit augmentations throughout the
algorithm. By the above argument, each augmentation may decrease xﬁt,) by at most 4712 ||x§\t,/) Il1;

hence, the total decrease in x](.t’) / ||x§\t]/) ||l throughout the algorithm is bounded by 4n%i2. Since the
starting value was > 8n%12, it follows that the ratio may never drop below 41312, m
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After iteration ¢ = 0 or in a later iteration after .L; got extended, we perform a (possibly empty)
sequence of support circuit cancellations. Let us consider an iteration ¢ right after we are done with
the support circuit cancellations. We show that £; is extended within O(n log(n + «)) consecutive
calls to Ratio-Circuit; this completes the proof.

First, assume that the sequence of support circuit cancellations finished with ”x(th ) oo > 4nic|| xg\tj) 1,

and let j € T; such that IIX(T?IIW = x](t). By (8.13), we see that at iteration r = t + O(n log(n + «)) we

must have x?r) / ||x§\r[) l1 > 8n3x2, that is, j is added into £,.
Next, assume that after the sequence of support circuit cancellations supp(x)) N T; became

linearly independent. Within O(n log(n + 1)) consecutive Ratio-Circuit augmentations we reach
an iterate r = t + O(nlog(n + 1)) such that ||x§\r,)||1 < (16n51<3)‘1||x§\t[)||1. Then, by Lemma 8.2.3,

Il lle
My~ 0 N 4,.291,.()
I = 5 = > st e,
showing that some j € T; must be included in £,. O

8.6 A Circuit-Augmentation Algorithm for Optimization

In this section, we give a circuit-augmentation algorithm for solving (LI’), assuming an initial
feasible solution x() is provided. At all times, the algorithm maintains a feasible primal solution
x®) to (LP), initialized with x(©). The goal is to augment x*) using the subroutines Support-Circuit
and Ratio-Circuit until the emergence of a set @ # N C [n] which satisfies xl(\t,) = x}; = 0 for every

optimal solution x* to (LP’). When this happens, we have reached a lower dimensional face of the

feasible region (P’) that contains the optimal face. Hence, we can fix xg\t[,) = 0 in all subsequent

iterations #’ > t. In particular, the same procedure is repeated on a smaller LI’ with constraint
(t)
[\

E(ApN) € N (E(A)), a circuit walk of the smaller LI is also a circuit walk of the original LP.

matrix Ap,)\n, RHS vector b, and costs c|,,\n, initialized with the feasible solution x N Since
This gives the overall circuit-augmentation algorithm.

In what follows, we focus on the aforementioned procedure (Algorithm 8.4), since the main
algorithm just calls it at most n times. An instance of (LP) is given by A € R™", b € R™ and
c € R™. We fix parameters

1 92T dmni
0< ———, N=—, T =14n1 +1].
132(m + 2)r 5 { Og( 5 ) }

Throughout the procedure, A and b will be fixed, but we will sometimes modify the cost function c.
Recall that for any ¢ € R", we use LP(C) to denote the problem with cost vector ¢, and the optimum
value is OPT(?).

At the start of Algorithm 8.4, we orthogonally project the original cost vector c to ker(A). This
does not change the optimal face of (LP). If ¢ = 0, then we terminate and return the current feasible
solution x(© as it is optimal. Otherwise, we scale the cost to ||c||2 = 1, and use Ratio-Circuit to
obtain a basic dual feasible solution s=!) to LP(c).

The majority of Algorithm 8.4 consists of repeated phases, ending when <x(t), s(t‘1)> =0. At the
start of a phase, the set S of coordinates with large dual slack sgt_l) > 0 are identified. Based on
this, a modified cost function & > 0 is derived from s~V by truncating the entries not in S to zero.
This modified cost ¢ will be used until the end of the phase. Next, we augment our current primal
solution x*) by calling Support-Circuit(A, & x*), S) to eliminate circuits in supp(x*)) intersecting S
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Algorithm 8.4: Variable-Fixing

Input :Linear program in standard form (LP), and initial feasible solution x©),
Output  :Either an optimal solution to (L), or a feasible solution x with a nonempty set N C [#]
such that x = x}, = 0 for every optimal solution x* to (LP).

N
110, ¢ I a)lc)

2 if ¢ = 0 then

3 Lreturn x®)

s c—c/llell2

s (-, stV)  Ratio-Circuit(A, ¢, 1)

¢ while <x(t), s(t_1)> > (0do

7 S&{ie[n]:sgt_l)zé}

s | Set modified cost ¢ € RY as &; « sl(t_l) VieS,and ¢« 0Vig$S

o | while 3a circuit in supp(xt)) intersecting S with nonpositive é-cost do
10 ¢ — Support-Circuit(A, &, x®, 5)

1 x(t+l) «— augp(x(t),g(t))/ S(t) «— S(tfl),f —t+1

12 fori=1to T do

s || (g®,s®)) — Ratio-Circuit(A, &,1/x®)

14 XD augp(x®, g®), t et +1

| | if <5, g(f—1>> = 0 then

16 Lbreak

17 N « {z €ln]:s (t RS r\'(m+1)n6}
1s return (x(), N)

with nonpositive ¢-cost. Note that there are at most 1 such calls because each call sets a primal
variable xgt) to zero.

In the remaining part of the phase, we augment x) using Ratio-Circuit(A, &, 1/x")) for T
iterations. In every iteration, Ratio-Circuit(A, ¢, 1/x")) returns a minimum cost-to-weight ratio
circuit ¢¥), where the choice of weights 1/x*) follows Wallacher [Wal89]. Recall that the oracle also
gives a basic dual feasible solution s*) to LP(¢). If ¢*) does not improve the current solution x*),
ie, (5, g(t)> = 0, then we terminate the phase early as x(*) is already optimal to LP(¢). In this case,
s® is an optimal dual solution to LP(¢) because (x(t), s(t)> = 0. This finishes the description of a
phase.

Let &%) denote the modified cost & used in phase k > 1, with the convention &® = c. Observe that
&0 € im(AT) + ¢ — r® for some r®) € R" where ||r¥)|| < k. Thus, for any dual feasible solution
s to LP(¢W), s + r®) is dual feasible to LP(c). After the last phase k, we know that (x), s#~1)is a
pair of primal-dual optimal solutions to LP(EW). As the analysis reveals, it turns out that there are
at most n phases Thus, the last step of the algorithm is to identify the coordinates with large dual
slack sl(. relative to 76. Then, applying Theorem 8.2.5 for ¢’ = ¢ — n6 allows us to conclude that
they can be fixed to zero.

To analyze the algorithm, let Sx denote the set S in phase k > 1. For every iteration t > 0, consider
the sets

Ly={ien]: ) >Txlh}, M= [n]\ (Sx UL,

where k is the phase in which iteration t occured.

Lemma 8.6.1. For k < n, let t and t’ be the iteration in which Ratio-Circuit was first called in phase k and
k + 1 respectively. Then, Ly € Ly.
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Proof. Since the algorithm entered phase k + 1, Ratio-Circuit was called T times during phase k. It
follows that s"+T=1 = s(*~1)_ First, we show that the duality gap decreases geometrically between
iteration t and #”:

<5(k+1), x(t,)> < <5(k+1), x(t+T)> (from Support-Circuit)
< <S(t+T—1)’x(t+T)> (because &(k+1) < 5(t"-1)
< <S(t+T—1)Ix(t+T—1)> (as <S(t+T—1),g(t+T—1)> _ <5(k),g(t+T—1)> <0)
< —n<5(k), g +T-1)> (due to the constraints in (8.4))
<n (<E(k), x(t+T_1)> - OPT(é(k))) (by step size @ > 1in Lemma 8.2.1)

< Z(TZ)/n (<5(k), x(t)> - OPT(E(k))) (by optimality gap decay in Lemma 8.2.1)

L FSEN0
< - 1)/n<C o >

Next, we claim that ||¢®)||o, < 44/nx. Since 0 < &%) < s¢=D it suffices to prove that [|s~]|, <
4+/nc. We know that s~ is a basic feasible solution to the dual of LP(¢*~V). Moreover, by
induction K=Y € im(AT) + ¢ — r for some 0 < r < (k — 1)51. It follows that s~V € im(AT) + ¢ — 7.

Thus, by applying Corollary 8.2.4 to the dual LP, we see that
15l < G+ Dlle = il < (e + Dllells + lIrlh) < (c + (Vi -+ nlk = 1)) < 4y

as desired. Combining this bound with the decay in duality gap yields a shrinkage between the

1-norms of x( and x(t )

1 ’
< 2 {ak+D) (t)> <" < ~(k) (t)> MO
156, I < 5 (60, x0) < ot (20, x 2<T 1Wén I.

We are ready to prove that L; € Ly. Consider any iteration t < r < t + T in phase k. For
every i € Sy, we have xl(.r) < (&®,x") /6 < (&0, x1) /5. Moreover, supp((§™))~) N Si # 0 because
<E(k), g(r)> < 0. Hence, the total change in any coordinate i € [#] during the T calls to Ratio-Circuit
in phase k is at most

T KT 4\/_1\
|x§t+ )_xgt)| <L A < ~(k) x(t)> VI ik (t)”

By a similar argument, the total change in any coordinate i € [n] during the calls to Support-Circuit
in phase k + 1 is at most

2,
() _ (04D ¢ IE < (k+1) <t+T>> < ”_’< #(0) <t>> )
|x; < X T G - 1)/”6” Ul < llxg -
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Therefore, for every i € L;, we have

/ 4T
2 ) (5 s

4\/_)\
(r 1)||ng;||1
(r 4\/‘ ;\ZT 1) 20-D/ng L)

\

Anl5 Sk+1 Il

4n15, s T-1)- )(T A

v

KT ’
(7)2” DI (> Tl

where the last two inequalities follow from our choice of I'and T.

To show strict containment L; € Ly, it suffices to prove that ||x ||1 < mni ||x This

M USy lleo-
would then imply the existence of a coordinate i € M; U S such that

(T-1)/n
ey L op s 2 ) *)
X2 —llxg i = WH sl = Tlixg 1
Let ', h®, ..., hP) be a conformal circuit decomposition of x*") — x(). Consider the set R := {i €
[p] : supp(hD) N Sy # 0}. For every i € R, there exists a coordinate j € M; U Sy such that h;l) > 0.
Otherwise, we have hgw) us, 0,50 supp(h?) € supp(x®) and (E(k), h(i)> < 0. However, this is a
contradiction as 1" would have been found by Ratio-Circuit in phase k. Hence, we have

e = )7l = DI I < mie DTG 50 I < mocliey) s, = x40 0s)

i€R i€R
which then gives us
t t t ) t
gl < ) A xS+ 1 = 2 )7l
< w8 A M+ micliey) s, = xi0 s, ) Il < micliay) ol < mnllxgly) g
Sk 1 h M;USy M;USy 1 * M;USy 1 A Mg oo
as desired. O

Before proving the main result of this section, we need the following lemma which guarantees
the existence of a coordinate with large dual slack. It explains why we chose to work with a
projected and normalized cost vector in Algorithm 8.4.

Lemma 8.6.2. Let ¢,c’ € R" be two cost vectors, and let s’ be an optimal dual solution to LP(c’). If
c € ker(A), |||l = 1and ||c = ¢’||e < 1/(\1n(m + 2)) for some i > 1, then there exists an index j € [n]

such that
m+1

\/_(m +2)

Proof. Letr =c —c’. Note thats’ +r € im(AT) + ¢. Then,
15" leo + I7lleo = lIs" + 7lleo > - Is"+rll2 > —IICII -
) o co = 2 2= 7
Vn Vn Vn

where the last inequality is due to s’ + r — ¢ and c being orthogonal. This gives us

Il (m+2)1<—1 m+1

" lleo = T \/E(m +2)c n(m+2)
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as desired because « > 1. O

Proof of Theorem 8.1.7. We first prove correctness of Algorithm 8.4. By Lemma 8.6.1, there exists a
phase 1 < k < n withits first Ratio-Circuit iteration ¢ such that (7) rk(Ar,) = m; or (i7) rk(Ar,) = m—1
and |L;| = n — 1. We claim that x*) is an optimal solution to LP(¢%)). Case (ii) is easy to see
because no circuits intersect Sy = [n] \ L;. For Case (i), suppose that there exists a coordinate
j € supp(x®) N Sy, for the sake of contradiction. Since Ay, is full rank, we can pick any basis B C L;
to form a fundamental circuit in B U {j}. However, the associated elementary vector ¢ would have

&g #0. Thisisa

been found by Support-Circuit because supp(g) € supp(x*) and <E(k), g) = ;

contradiction.

Consider the output (g, s")) of Ratio-Circuit in iteration t. Since (¢®), ¢} = 0, we have
(x(t), s(t)> = 0 from the constraints in (8.4). So, this is the last iteration of the algorithm. Furthermore,
s is an optimal dual solution to LP(¢¥)). By induction on k, we know that é*) € im(AT) + ¢ —r
for some ||7||cc < 16. Hence, s*) is also an optimal dual solution to LP(c’) where ¢’ := ¢ — r. Since
¢ € ker(A), [lellz =1 and [jc = ¢|| < 16 < 1/(¥/n(m + 2)x), by Lemma 8.6.2, there exists an index
j € [n] such that s](.t) > (m+1)knd = (m+1)«||c = ¢’||co. Thus, Theorem 8.2.5 allows us to conclude
that x(*) = x; = 0 for every optimal solution x* to LP(c).

Runtime-wise, there are at most T calls to Ratio-Circuit per phase. On the other hand, there are
at most n calls to Support-Circuit per phase because each call sets a primal variable to zero. Since
the main circuit-augmentation algorithm consists of applying Algorithm 8.4 at most n times, we
obtain the desired runtime. O

8.7 An improved bound for steepest-descent augmentation

We now prove Theorem 8.1.3. The proof follows the same lines as that of the Goldberg—Tarjan
algorithm; see also [AMO93, Section 10.5] for the analysis. A factor log n improvement over the
original bound was given in [RG94]. A key property in the original analysis is that for a flow
around a cycle (i.e., an elementary vector), every edge carries at least 1/|V| fraction of the ¢;-norm
of the flow. This can be naturally replaced by the argument that for every elementary flow g, the
minimum nonzero value of |g;| is at least ||g|[1/(1 + (m — 1)k 4).

The Goldberg—Tarjan algorithm has been generalized to separable convex minimization with
linear constraints by Karzanov and McCormick [KM97]. Instead of xw, they use the maximum
entry in a Graver basis (see Section 3.6 below). Lemma 10.1 in their paper proves a weakly
polynomial bound similar to Lemma 8.7.2 for the separable convex setting. However, no strongly
polynomial analysis is given (which is in general not possible for the nonlinear setting).

Our arguments will be based on the dual of System 1.3:
max (y,b)—(u,t)

ATy+s—t=c (8.14)

s,t>0.

Recall the primal-dual slackness conditions from Section 3.5: if x is feasible to Capacitated-LP
and y € R™, they are primal and dual optimal solutions if and only if {(a;, ¥) < ¢; if x; < u; and
(ai,y) 2 c;if x; > 0.
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Let us start by formulating the steepest-descent direction as an LI. Let

A= [A —A] € R™M  and &= [ ¢ ] € R (8.15)
—C

It is easy to see that 5 = «a. For a feasible solution x = x® to Capacitated-LP, we define residual
variable set
N(x)={ie[n]:x;i<uyu{n+j:je[n]:x;>0}C[2n],

and consider the system

min (C, z)
Az =0
(o0, 2) = 1 (8.16)

Z2n\N(x) = 0
z2>0.

We can map a solution z € IR?" to ¢ € IR by setting ¢; = z; — z,,+;. We will assume that z is chosen
as a basic optimal solution. Observe that every basic feasible solution to this program maps to an
elementary vector in ker(A). The dual program can be equivalently written as

min ¢

(8.17)
<ﬁl’,]/> <¢Ci+¢ VieN(x).

For the solution x, we let £(x) denote the optimal solution to this dual problem; thus, the optimal
solution to the primal is —&(x). If € = 0, then x and y are complementary primal and dual optimal
solutions to Capacitated-LP. We first show that this quantity is monotone (a key step also in the
analysis in [DHL15]).

Lemma 8.7.1. At every iteration of the circuit augmentation algorithm, e(x*+V) < e(x®).

Proof. Let ¢ = e(x')) and let y be an optimal solution to (8.17) for N(x*)). We show that the
same y is also feasible for N (xt*)); the claim follows immediately. There is nothing to prove if
N(x®D) € N(x®), solet i € N(x*+D)\ N(x®).

Assume first i € [n +1,2n]; let i = n + j. This means that x}t) =0< x](.Hl); therefore, the
augmenting direction ¢ has g; > 0. Thus, for the optimal solution z to (8.16), we must have z; > 0.
By primal-dual slackness, (11 js y> =cj + ¢; thus,

(ai,y) = <—Llj,y> =—Cj—€e<—C=Cj.
The case i € [n] is analogous. m|

The next lemma shows that within every 7 iterations, e(x(*)) decreases by a factor depending on

KA.
Lemma 8.7.2. For every iteration t, e(xtm)y < (1 - W)e(x(”).

Proof. Letusset N = N(x")), e = e(x(V)), and let y = y*) be an optimal dual solution to (8.17) for
x®). Let
T={ieN:{,y)>¢c}c[2n];
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thatis, if i € [n] then (a;,y) > ¢;, and if i € [n +1,2n],i = n + j, then (aj,y> < ¢j. In particular,
IT N {i,i +n}| <1foreveryi e [n]. Let z) be the basic optimal solution to (8.16) for x). By
complementary slackness, every i € supp(zY)) must have (a;, y) = ¢; + ¢, and thus, supp(z)) C T.

Claim 8.7.2.1. Let us pick k > t as the first iteration when for the basic optimal solution z\*) to (8.16), we
have supp(z)\ T # 0. Then k < t + n, and the solution (y, €) is still feasible for (8.17) for x¥).

Proof. Forr € [t, k—1],1et T") = TN N(x"). We show that T"*D ¢ T("). Since |T| < n, this implies

k <t +n. Let z") be the basic optimal solution for (8.16); recall that the augmenting direction is
computed with g; = z;r) - zfﬁj.

xi fori € TN [n] and decrease it fori = j —n for j € T N [n + 1, 2n]. Consequently, every index i

By the choice of k, supp(z") € T"). Thus, we may only increase

entering N (x*D) has (a;, y) < €;, and therefore (y, ¢) remains feasible throughout.

We now turn to the proof of T"*D ¢ T("). Since we use a maximal augmentation, at least one
index leaves T") at each iteration. We claim that T+ \ T = Q. For a contradiction, assume there
exists i € TV \ T(), If i € [n], then i + n must be in the support of z("); in particular, i + n € T?).
But this would mean that {i,7 + n} C T, in contradiction with the definition of T. Similarly, for
ie[n+1,2n]. O

Let us now consider the optimal solution z = z(0) to (8.16) at iteration k; by the above claim, (y, ¢)
is still a feasible dual solution. Select an index j € supp(z) \ T.

] 1

__ _ T _ - . . — — 5 " Ty N :

( c,z)—<Ay C’Z>Sé. E .Zl—(l zj)e < |1 1+ (m—1)ka .
iesupp(z)\{j}

In the first inequality, we use that (d;, y) — ¢; < ¢ by the feasibility of (y, €), and (ﬁ is y) —-Cj <0by
the choice of j ¢ T. In the second equality, we use the constraint }}; z; = 1. The final inequality uses
that z is a basic solution, and therefore, an elementary vector in ker(A). In particular [supp(z)| < m,
and z; < x3zj = Kazj. Consequently, z; > 1/(1 + (m — 1)xa). O

We say that the variable j € [21] is frozen at iteration ¢, if j ¢ N(x*)) for any ' > t. Thus,
for j € [n], xj = uj, and for j € [n +1,2n], j = i + n, x; = 0 for all subsequent iterations. We
show that a new frozen variable can be found in every O(nmi s log(mia)) iterations; this implies
Theorem 8.1.3.

Lemma 8.7.3. For every iteration t > 1, there is a variable j € N(x\")) that is frozen at iteration k for
k=t+ O(mmiylog(ia + n)).

Proof. Let ¢ = e(x®). By Lemma 8.7.2, we can choose k = t + O(nmia log(n + 1 a)) such that
¢’ = e(xM) < e/(2n(ia +1)). Consider the primal and dual optimal solutions (z, y, ¢) to (8.16) and
(8.17) at iteration f and (z’, ¥, €’) at iteration k.

Claim 8.7.3.1. There exists a j € supp(z) such that (a']-, y’> > Cj+2n(ka +1)e".

Proof. For a contradiction, assume that (Ez is y’> —Cj < 2n(xka +1)¢’ for every j € supp(z). Then,

¢=(0,z)=(ATy—¢,z) <2n(ra +1)¢’ sz =2n(xa +1)e,

]
contradicting the choice of ¢’. m]

We now show that all such indices are frozen at iteration k by making use of Theorem 3.5.7 on
proximity. Let x" = x¥) and x” = x*") for any k” > k; let (y”, ¢”) be optimal to (8.17) at iteration
k”; we have ¢” < ¢ by Lemma 8.7.1.
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Let us define the cost ¢’ € R" by

(ai,y") if 0 < xg < u;
c; = ymax{c;, (a;, y')} if X =

min{c;, (@;,y’)} ifx}=0.

If we replace the cost ¢ by ¢/, then x” and y’ satisfy complementary slackness, and hence are
optimal to Capacitated-LI” and (8.14). Moreover, the optimality of (y’, ¢’) to (8.17) guarantees that
¢/ =clleo < €.

We similarly construct ¢” for y”, and note that x” and y” are primal and dual optimal solutions
for the costs ¢”, ||¢” — ¢|| < €”. Further,

’

I’ =c”|l1 £ nllc" = c”|lo € 1|l = clleo + |Ic” = ¢|loo) < n(e’ + €”) < 2né’

We thus apply Theorem 3.5.7 for (x’, y’) for ¢’ and (x”, y”) for ¢”, showing that every variable j as
in Claim 8.7.3.1 must be frozen. m]
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9 Fractional Linear Programming

We present an accelerated, or look-ahead version of the Newton-Dinkelbach method, a
well-known technique for solving fractional and parametric optimization problems.
This acceleration halves the Bregman divergence between the current iterate and the
optimal solution within every two iterations. Using the Bregman divergence as a
potential in conjunction with combinatorial arguments, we obtain strongly polynomial
algorithms in three applications domains: (i) For linear fractional combinatorial
optimization, we show a convergence bound of O(m log m) iterations; the previous
best bound was O(m? log m) by Wang et al. (2006). (ii) We obtain a strongly polynomial
label-correcting algorithm for solving linear feasibility systems with Two Variables
Per Inequality (2VPI). For a 2VPI system with n variables and m constraints, our
algorithm runs in O(mn) iterations. Every iteration takes O(mn) time for general 2VPI
systems, and O(m + n log n) time for the special case of Deterministic Markov Decision
Processes (DMDP). This extends and strengthens a previous result by Madani (2002)
that showed a weakly polynomial bound for a variant of the Newton-Dinkelbach
method for solving DMDPs. (iii) We give a simplified variant of the parametric
submodular function minimization result by Goemans et al. (2017). We only present
(1) in full detail, see [DKINV21] for the full proofs of (ii) and (iii).

This chapter is based on joint work with Daniel Dadush, Zhuan Khye Koh, and Laszlé
A. Végh [DKINV21]. Section 9.3 contains novel unpublished material.
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911 OurContributions . ... ... .......... .. ... ... .. .. ...
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9.1.3 Submodular functions . . . . . . . . ... e e
9.2 An Accelerated Newton—-Dinkelbach Method . . . . . .. ... ... ... ......

9.2.1 Linear Fractional Combinatorial Optimization . ... ............

9.22  Linear Fractional Programming . . . . ... ..................

9.3 Fractional LP with circuitimbalances . . . .. ... . .. ... .. .. .. .. ....

9.1 Introduction

Linear fractional optimization problems are well-studied in combinatorial optimization. Given a

closed domain O € R" and ¢, d € R" such that (d, x) > 0 for all x € D, the problem is

(¢, x)
inf @
222
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9 FRACTIONAL LINEAR PROGRAMMING 9.1 Introduction

The domain D could be either a convex set or a discrete set D C {0,1}". Classical examples
include finding minimum cost-to-time ratio cycles and minimum ratio spanning trees. One can

equivalently formulate (9.1) as a parametric search problem. Let
f6) =inf{(c—06d)'x:xeD}, 9.2)

be a concave and decreasing function. Assuming (9.1) has a finite optimum 6, it corresponds to the
unique root f(0) = 0.

A natural question is to investigate how the computational complexity of solving the minimum
ratio problem (9.1) may depend on the complexity of the corresponding linear optimization problem
mincx s.t. x € D. Using the reformulation (9.2), one can reduce the fractional problem to the
linear problem via binary search; however, the number of iterations needed to find an exact solution
may depend on the bit complexity of the input. A particularly interesting question is: assuming
there exists a strongly polynomial algorithm for linear optimization over a domain 9, can we find
a strongly polynomial algorithm for linear fractional optimization over the same domain?

A seminal paper by Megiddo [Meg79] introduced the parametric search technique to solve
linear fractional combinatorial optimization problems. He showed that if the linear optimization
algorithm only uses p(m) comparisons and g(rm) additions, then there exists an O (p (m)(p (m) +q(m))
algorithm for the linear fractional optimization problem. This in particular yielded the first strongly
polynomial algorithm for the minimum cost-to-time ratio cycle problem. On a very high level,
parametric search works by simulating the linear optimization algorithm for the parametric problem
(9.2), with the parameter 6 € IR being indeterminate.

A natural alternative approach is to solve (9.2) using a standard root finding algorithm. Radzik
[Rad92] showed that for a discrete domain D C {0, 1}™, the discrete Newton method—in this context,
also known as Dinkelbach’s method [Din67]—terminates in a strongly polynomial number of
iterations. In contrast to parametric search, there are no restrictions on the possible operations in
the linear optimization algorithm. In certain settings, such as the maximum ratio cut problem, the
discrete Newton method outperforms parametric search; we refer to the comprehensive survey by
Radzik [Rad98] for details and comparison of the two methods.

9.1.1 Our Contributions

We introduce a new, accelerated variant of Newton’s method for univariate functions. Let
f: R — R U {—o0} be a concave function. Under some mild assumptions on f, our goal is to either
find the largest root, or show that no root exists. Let 6* denote the largest root, or in case f < 0, let
0" denote the largest maximizer of f. For simplicity, we now describe the method for differentiable
functions. This will not hold in general: functions of the form (9.2) will be piecewise linear if D is
finite or polyhedral. The algorithm description in Section 9.2 uses a form with supergradients (that
can be choosen arbitrarily between the left and right derivatives).

The standard Newton method, also used by Radzik, proceeds through iterates 6V > 6@ > ... >
6" such that £(6) < 0, and updates 5D = 50 — £(51)/ f/(5M).

Our new variant uses a more aggressive look-ahead technique. At each iteration, we compute
6 =6 — £(51)/f(61), and jump ahead to &' = 26 — 6. In case f(6’) < 0 and (&) < 0, we
update 6+ = §': otherwise, we continue with the standard iterate 6.

This modification leads to an improved and at the same time simplified analysis based on the
Bregman divergence D¢ (6%, 6®) = f(61) + £(61)(5* — 6@) — £(57). We show that this decreases by
a factor of two between any two iterations.
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9 FRACTIONAL LINEAR PROGRAMMING 9.1 Introduction

A salient feature of the algorithm is that it handles both feasible and infeasible outcomes in a
unified framework. In the context of linear fractional optimization, this means that the assumption
d™x > 0 forall x € D in (9.1) can be waived. Instead, d"x > 0 is now added as a feasibility
constraint to (9.1). This generalization is important when we use the algorithm to solve two
variables per inequality systems.

This general result leads to improvements and simplifications of a number of algorithms using
the discrete Newton method.

e For linear fractional combinatorial optimization, namely the setting (9.1) with D ¢ {0,1}",
we obtain an O(m log m) bound on the number of iterations, a factor m improvement over
the previous best bound O(m?log m) by Wang et al. [WYZ06] from 2006. We remark that
Radzik’s first analysis [Rad92] yielded a bound of O(m*log? m) iterations, improved to
O(m?1og? m) in [Rad98].

e Goemans et al. [GGJ17] used the discrete Newton method to obtain a strongly polynomial
algorithm for parametric submodular function minimization. We give a simple new variant

of this result with the same asymptotic running time, using the accelerated algorithm.

e For 2VPI systems, we obtain a strongly polynomial label-correcting algorithm. This will be
discussed in more detail next.

9.1.2 Two Variables per Inequality Systems

A major open question in the theory of linear programming (LP) is whether there exists a strongly
polynomial algorithm for LP. This problem is one of Smale’s eighteen mathematical challenges
for the twenty-first century [Sma98]. An LP algorithm is strongly polynomial if it only uses
elementary arithmetic operations (+, —, X, /) and comparisons, and the number of such operations
is polynomially bounded in the number of variables and constraints. Furthermore, the algorithm
needs to be in PSPACE, i.e., the numbers occurring in the computations must remain polynomially
bounded in the input size.

The notion of a strongly polynomial algorithm was formally introduced by Megiddo [Meg83]
in 1983 (using the term ‘genuinely polynomial’), where he gave the first such algorithm for 2VPI
systems. These are feasibility LPs where every inequality contains at most two variables. More
formally, let Mo(n, m) be the set of n X m matrices with at most two nonzero entries per column. A
2VPI system is of the form ATy < ¢ for A € M>(n, m)and c € R™.

If we further require that every inequality has at most one positive and at most one negative
coefficient, it is called a (Monotone Two Variables Per Inequality (M2VPI)) system. A simple and
efficient reduction is known from 2VPI systems with n variables and m inequalities to M2V Pl
systems with 27 variables and < 2m inequalities [ERW89; HMNT93].

Connection between 2VPI and parametric optimization An M2VPI system has a natural
graphical interpretation: after normalization, we can assume every constraint is of the form
Yu — VeYo < Ce. Such a constraint naturally maps to an arc e = (1, v) with gain factor y, > 0 and cost
ce. Based on Shostak’s work [Sho81] that characterized feasibility in terms of this graph, Aspvall
and Shiloach [AS80] gave the first weakly polynomial algorithm for M2V PI systems.

We say that a directed cycle C is flow absorbing if [1,cc . < 1 and flow generating if [],cc ve > 1.
Every flow absorbing cycle C implies an upper bound for every variable v, incident to C; similarly,
flow generating cycles imply lower bounds. The crux of Aspvall and Shiloach’s algorithm is to find
the tightest upper and lower bounds for each variable y,,.
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Finding these bounds corresponds to solving fractional optimization problems of the form (9.1),
where D C R™ describes ‘generalized flows” around cycles. The paper [AS80] introduced the
Grapevine algorithm—a natural modification of the Bellman-Ford algorithm—to decide whether
the optimum ratio is smaller or larger than a fixed value 6. The optimum value can be found using
binary search on the parameter.

Megiddo’s strongly polynomial algorithm [Meg83] replaced the binary search framework in
Aspvall and Shiloach’s algorithm by extending the parametric search technique in [Meg79].
Subsequently, Cohen and Megiddo [CM94] devised faster strongly polynomial algorithms for the
problem. The current fastest strongly polynomial algorithm is given by Hochbaum and Naor
[HHN94], an efficient Fourier-Motzkin elimination with running time of O(mn? log m).

2VPIviaNewton’s method Since Newton’'s method proved to be an efficient and viable alternative
to parametric search, a natural question is to see whether it can solve the parametric problems
occurring in 2VPI systems. Radzik’s fractional combinatorial optimization results [Rad92; Rad98]
are not directly applicable, since the domain D in this setting is a polyhedron and not a discrete
set."! Madani [Mad02] used a variant of the Newton-Dinkelbach method as a tool to analyze the
convergence of policy iteration on DMDP, a special class of M2VPI systems (discussed later in
more detail). He obtained a weakly polynomial convergence bound; it remained open whether
such an algorithm could be strongly polynomial.

Our 2VPI algorithm We introduce a new type of strongly polynomial 2VPI algorithm by
combining the accelerated Newton-Dinkelbach method with a variable fixing analysis. Variable
fixing was first introduced in the seminal work of Tardos [Tar85] on minimum-cost flows, and has
been a central idea of strongly polynomial algorithms, see in particular [GT89; RG94] for cycle
cancelling minimum-cost flow algorithms, and [OV20; Vég17] for maximum generalized flows, a
dual to the 2VPI problem.

We show that for every iterate 61, there is a constraint that has been “actively used’ at 6 but
will not be used ever again after a strongly polynomial number of iterations. The analysis combines
the decay in Bregman divergence shown in the general accelerated Newton-Dinkelbach analysis
with a combinatorial subpath monotonicity property.

Our overall algorithm can be seen as an extension of Madani’s DMDP algorithm. In particular,
we adapt his ‘unfreezing’ idea: the variables y, are admitted to the system one-by-one, and the
accelerated Newton-Dinkelbach method is used to find the best ‘cycle bound’ attainable at the
newly admitted y,, in the graph induced by the current variable set. This returns a feasible solution
or reports infeasibility within O(m) iterations. As every iteration takes O(mn) time, our overall
algorithm terminates in O(m?n?) time. For the special setting of DMDP, the runtime per iteration
improves to O(m + n log n), giving a total runtime of O(mn(m + nlogn)).

Even though our running time bound is worse than the state-of-the-art 2V algorithm [HN94],
it is of a very different nature from all previous 2VPI algorithms. In fact, our algorithm is a
label-correcting, naturally fitting to the family of algorithms used in other combinatorial optimization
problems with constraint matrices from M, (#n, m) such as maximum flow, shortest paths, minimum-
cost flow, and generalized flow problems. We next elaborate on this connection.

Label-correcting algorithms An important special case of M2VPI systems corresponds to the
shortest paths problem: given a directed graph G = (V, E) with target node t € V and arc costs
¢ € RE, we associate constraints Yu — Yo < ce for every arce = (u,v) € E and y; = 0. If the system

IThe problem could be alternatively formulated with D C {0,1}" but with nonlinear functions instead of ¢Tx and d7 x.
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is feasible and bounded, the pointwise maximal solution corresponds to the shortest path labels
to t; an infeasible system contains a negative cost cycle. A generic label-correcting algorithm
maintains distance labels y that are upper bounds on the shortest path distances to ¢. The labels
are decreased according to violated constraints. Namely, if y, — , > c,, then decreasing y, to
Ce + Yo gives a smaller valid distance label at u. We terminate with the shortest path labels once all
constraints are satisfied. The Bellman-Ford algorithm for the shortest paths problem is a particular
implementation of the generic label-correcting algorithm; we refer the reader to [AMO93, Chapter
5] for more details.

It is a natural question if label-correcting algorithms can be extended to general M2VPI systems,
where constraints are of the form y, — y.y, < c. for a ‘gain/loss factor’ y, > 0 associated with each
arc. A fundamental property of M2V DI systems is that, whenever bounded, a unique pointwise
maximal solution exists, i.e. a feasible solution y* such that y < y* for every feasible solution
y. A label-correcting algorithm for such a setting can be naturally defined as follows. Let us
assume that the problem is bounded. The algorithm should proceed via a decreasing sequence
y©@ >y > > y® of labels that are all valid upper bounds on any feasible solution y to the
system. The algorithm either terminates with the unique pointwise maximal solution y*) = y*, or
finds an infeasibility certificate.

The basic label-correcting operation is the ‘arc update’, decreasing y,, to min{y,, c. + Y.y} for
some arc ¢ = (u,v) € E. Such updates suffice in the shortest path setting. However, in the general
setting arc operations only may not lead to finite termination. Consider a system with only two
variables, i, and v, and two constraints, y, — y» < 0, and y, — 3yx < —1. The alternating sequence
of arc updates converges to (y;,, y3) = (-2, —2), but does not finitely terminate. In this example, we
can ‘detect’ the cycle formed by the two arcs, that implies the bound v, — 3y, < -1.

Shostak’s [Sho81] result demonstrates that arc updates, together with such ‘cycle updates’ should
be sufficient for finite termination. Our M2V PI algorithm amounts to the first strongly polynomial
label-correcting algorithm for general M2V Pl systems, using arc updates and cycle updates.

Deterministic Markov decision processes A well-studied special case of M2VPI systems in
which y < 1 is known as DMDP. A policy corresponds to selecting an outgoing arc from every
node, and the objective is to find a policy that minimizes the total discounted cost over an infinite
time horizon. The pointwise maximal solution of this system corresponds to the optimal values of
a policy.

The standard policy iteration, value iteration, and simplex algorithms can be all interpreted as
variants of the label-correcting framework.” Value iteration can be seen as a generalization of the
Bellman-Ford algorithm to the DMDP setting. As our previous example shows, value iteration
may not be finite. One could still consider as the termination criterion the point where value
iteration ‘reveals’ the optimal policy, i.e. updates are only performed using constraints that are
tight in the optimal solution. If each discount factor y, is at most y’ for some y” > 0, then it is
well-known that value iteration converges at the rate 1/(1 — ’). This is in fact true more generally,
for nondeterministic MDPs [LDK95]. However, if the discount factors can be arbitrarily close to 1,
then Feinberg and Huang [FH14] showed that value iteration cannot reveal the optimal policy in
strongly polynomial time even for DMDPs. Post and Ye [’Y15] proved that simplex with the most
negative reduced cost pivoting rule is strongly polynomial for DMDPs; this was later improved by
Hansen et al. [[HKZ14]. These papers heavily rely on the assumption y < 1, and does not seem to
extend to general M2VPI systems.

2The value sequence may violate monotonicity in certain cases of value iteration.

226



9 FRACTIONAL LINEAR PROGRAMMING 9.1 Introduction

Madani'’s previously mentioned work [Mad02] used a variant of the Newton-Dinkelbach method
as a tool to analyze the convergence of policy iteration on deterministic MDPs, and derived a
weakly polynomial runtime bound.

One of our main results in [DKNV21] is the following.

Theorem 9.1.1 ([DKNV21]). There exists a label-correcting algorithm based on the accelerated Newton—
Dinkelbach methods that solves the feasibility of M2V PI linear systems in O(m?n?) time.

9.1.3 Submodular functions

The accelerated Newton Method for Line Search in Submodular Base Polytopes LetV be a
set with n-elements and define 2" := {S: S C V } to be the set of all subsets of V. A function
h: 2V — R is submodular if

h(S)+h(T) > h(SNT)+h(SUT) VS, TCV.

Given a non-negative submodular function /: 2V — R, and avectora € RY satisfying max;ey a; >
0, we examine the problem of computing

o = max{ O rsncl‘r} h(S) — 6a(S) > 0}, 9.3)

where a(S) = ;s ai. As the input model, we assume access to an evaluation oracle for 1, which
allows us to query h(S) for any set S € V. The above problem models the line-search problem
inside a submodular polyhedron and has been studied in [GG]17; Nag07; Top78].

To connect to the root finding problem studied in previous sections, for 6 € IR, we define

f(0) = rsng1‘r/1 hs(S) = rsng1‘r/1 h(S) — 6a(S).

Since f is the minimum of 2" affine functions, f is a piecewise linear concave function. Noting
that f is continuous, problem (9.3) can be equivalently restated as that of computing the largest
root of f, i.e., the largest 0* € R such that f(6*) = 0. The assumption that & is non-negative
ensures that f(0) > 0, and the assumption that max;ey a; > 0 ensures that 5* exists and 6" > 0
(see the initialization section below). Given the root finding representation, we may apply the
Newton-Dinkelbach method on f to compute 6*. This approach was taken by Goemans, Gupta
and Jaillet [GGJ17], who were motivated to give a more efficient alternative to the parametric search
based algorithm of Nagano [Nag07]. Their main result is as follows:

Theorem 9.1.2 ((GGJ17]). The Newton-Dinkelbach method requires at most n*> + O(n log2 n) iterations to
solve (9.3).

We provide in [DKNV21] a simplified potential function based proof of the above theorem using
the accelerated Newton-Dinkelbach method (Algorithm 9.1), where we will give a slightly weaker
2n? + 2n + 4 bound on the iteration count. Our analysis uses the same combinatorial ring family
analysis as in [GGJ17], but the Bregman divergence enables considerable simplifications.

Chapter organization In Section 9.2, we present an accelerated Newton’s method for univariate
concave functions, and apply it to linear fractional combinatorial optimization and linear fractional
programming. Section 9.3 contains our general of our results to general LI’ with dependency on
the circuit imbalances «.
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9.2 An Accelerated Newton-Dinkelbach Method

Let f: R — IR be a proper concave function such that f(6) < 0 and df(5) N R« # @ for some
6 € dom(f). Given a suitable starting point, as well as value and supergradient oracles of f, the
Newton-Dinkelbach method either computes the largest root of f or declares that it does not have
a root. In this chapter, we make the mild assumption that f has a root or attains its maximum.
Consequently, the point

0" =max({0: f(6) =0} Uargmax f(0))

is well-defined. It is the largest root of f if f has a root. Otherwise, it is the largest maximizer of f.
Therefore, the Newton-Dinkelbach method returns 0" if f has a root, and certifies that f(6*) < 0
otherwise.

The algorithm takes as input an initial point 6" € dom(f) and a supergradient gV € df(6(M)
such that f (6M) < 0 and g(l) < 0. At the start of every iteration i > 1, it maintains a point
6 e dom(f) and a supergradient g € df(61)) where £(6) < 0. If £(5%)) = 0, then it returns
6 as the largest root of f. Otherwise, a new point 6 := 6@ — f(5())/ ¢V is generated. Now, there
are two scenarios in which the algorithm terminates and reports that f does not have a root: (1)
f(0) = —o0; (2) f(6) < 0and g = 0 where g € df(9) is the supergradient given by the oracle. If
both scenarios do not apply, the next point and supergradient is set to 6/*! := § and g(*!) = ¢
respectively. Then, a new iteration begins.

According to this update rule, observe that ¢! < 0 except possibly in the final iteration when
£(6%) = 0. This proves the correctness of the algorithm. Indeed, 6) = &* if f(5()) = 0. On the
other hand, if either of the aforementioned scenarios apply, then combining it with f(5)) < 0 and
g < 0 certifies that f(5*) < 0.

The following lemma shows that 6() is monotonically decreasing while f(6") is monotonically
increasing. Furthermore, ¢¥) is monotonically increasing except in the final iteration where it may
remain unchanged. The lemma also illustrates the useful property that |f(5'”)| or |¢!'| decreases
geometrically. These are well-known facts and similar statements can be found in e.g. Radzik
[Rad98, Lemmas 3.1 & 3.2].

Lemma 9.2.1. For every iteration i > 2, we have &* < 61 < 60V, £(6*) > £(6) > £(6U~V) and gV >
gy, where the last inequality holds at equality if and only if g = infoepr(sm) & 87V = SUPyehr0-n) &
and f(é(’)) = 0. Moreover,
(i) (i)
ACEON S
f(ei=) — gt=b

Proof. Since f(6)) < 0and ¢! < 0, by concavity of f we have that f(6) < f(6) + ¢V(6 — 6%) <
F(6D) <0, for all 6 > 6. Given this, we must have &* < 6 since either f(6*) = 0 > f(5%) or
0> £(6") = maxeer: f(z) = F(61). As 6@ = 561 — % < 86, since £(60D), gD < 0, we
have f(60~V) < £(6'). Furthermore, g > ¢!~ is immediate from the concavity of f.

To understand when g = ¢{1), we see by concavity that

) (i-1)y — O] )
D> inf g¢> fOT = f@ )2 sup g >glb.

geafen)” 80N =60 T i)
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To have equality throughout, we must therefore have that ¢! and ¢!~ are equal to the respective
infimum and supremum. We must also have f(6”) = 0 since

f@@*»—f@@)=fw“4»—fw@>=gﬁ4%1_ f@@))
561 — () FGUD) F(50D)

gD

To have equality throughout, we must therefore have that ¢!/ and ¢~ are equal to the respective
infimum and supremum and that f(6) = 0.
Lastly, since f is concave

(i-1)
(i-1) ) 4 o s(-1) _ sy = fs@ 4 o] O
FOD) 2 107+ 501 - 00) = 60 + g0 LT,

The moreover now follows by dividing both sides by f(5/~V) < 0. o

Our analysis of the Newton-Dinkelbach method utilizes the Bregman divergence associated
with f as a potential. Even though the original definition requires f to be differentiable and strictly
concave, it can be naturally extended to our setting in the following way.

Definition 9.2.2. Given a proper concave function f : R — IR, the Bregman divergence associated with
f is defined as

f(0)+ sup g(0'—=0)—-f(8) ifo+#¢,
D¢(0',0) = §€df(0) 9.4)

0 otherwise.
forall 5,0 € dom(f) such that df(6) # 0.

Since f is concave, the Bregman divergence is nonnegative. The next lemma shows that
Dg(0%, 6") is monotonically decreasing except in the final iteration where it may remain unchanged.
The proof is given in Appendix A.

Lemma 9.2.3. For every iteration i > 2, we have D ¢(6%, ")) < D ¢(5*, 6U=) which holds at equality if
and only if g~V = infycp(s6-1) § and f(ey =o.
Proof. By Lemma 9.2.1, we know that 6 < 6() < 60~V and 0 > f(6) > f(5/~D). Hence,

D(o%, 60y = F6" )+ sup  g(6" =80 V) ~ (6
g€If (5-D)

> f(@(i—l)) + g(i—l)(é(i) — 50Dy 4 gV = oDy - (57
=0+ = 00) - £(&7)

> £(61) + g V(6" = 69 - £(6) (by concavity of f)
> f©D)+ sup g(o" - )~ f(6")

g€Af(59)
= D (5%, 6).

For the equality condition, note that the first two inequalities hold at equality precisely when
gl = infeeys(s6-1) § and F(69) = 0. If £(5) = 0, then 6 = 6%, and hence the third inequality
holds at equality as well. ]

To accelerate this classical method, we perform an aggressive guess 6’ := 26 — 6) < § on the
next point at the end of every iteration 7. We call this procedure look-ahead, which is implemented
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on Lines 7-10 of Algorithm 9.1. Let g’ € df(0’) be the supergradient returned by the oracle. If
—c0 < f(8’) < 0and g’ < 0, then the next point and supergradient are set to 6/*V = ¢’ and
gV = ¢’ respectively as &’ > 6*. In this case, we say that look-ahead is successful in iteration
i. Otherwise, we proceed as usual by taking 6! := 6 and g(*V
Lemmas 9.2.1 and 9.2.3 also hold for Algorithm 9.1.

= g. Itis easy to verify that

Algorithm 9.1: Look-ahead Newton
Input :Value and supergradient oracles for a proper concave function f, an initial point
o) € dom(f) and supergradient g1 € 9f(6™)) where f(6V)) < 0and gV < 0.
Output  :The largest root of f if it exists; report NO ROOT otherwise.

111

» while f(6)) < 0do

5§ ol = f((s(i))/g(i)

8 € 9f(6)

if f(0) = —0 or (f(6) < 0and g > 0) then
Lreturn NO ROOT

7| & 26— 50

s | g €df(d)

o | if —oco < f(0’) < 0and g’ <0 then
w || 00, g—g

- 6(i+1) -5, g(i+1) —g

12 T—i+1

o W e w

s return 5()

If look-ahead is successful, then we have made significant progress. Otherwise, by our choice of
0’, we learn that we are not too far away from 6*. The next lemma demonstrates the advantage of
using the look-ahead Newton—-Dinkelbach method. It exploits the proximity to 6* to produce a
geometric decay in the Bregman divergence of 6(!) and 6.

Lemma 9.2.4. For every iteration i > 2 in Algorithm 9.1, we have D (6", o) < %Df(é*, 51=2)),

Proof. Fix an iteration i > 2 of Algorithm 9.1. Let gii) = MiNgc,r(s01) § denote the right derivative
of f at 6). From Lemma 9.2.1, we know that 6* < 6@ < 607D < 6072, 0 > £(5*) > f(61) >
F(8UD) > £(612) and 0 > g(f) > ¢ > (=2 Gince 6* < 6, we see that Df(é*,é(i)) =
60+ g6 = 6) ~ £(&).

Assume first that the look-ahead step in iteration i — 1 was successful. We now claim that
0< —2g£ri) < —¢U"7V. To see this, we have that

F6U) < £(5D) + gW (66D — 50 (by concavity of f)
< g1 - 5) (as f(61) < 0)

S (80D
=2 gi’) f ) (by definition of the accelerated step)

g(i—l)

The desired inequality follows by multiplying through by _1% <0.
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Using the above inequality, we compare Bregman divergences as follows:

D¢ (07, 5l > f(é(i_l)) + g(i_l)(é* — Uy - f(©©") (D is amaximum over supergradients)

> g(i—l)(é* — oWy - £(5) (f(@(i—l)) + g(i—l)((g(i) - 501y = _f(é(i—l)) > 0)
> g5 - 50) (-£(6") 2 0)
> 2¢\(6" - 60) (-8 > —2g! and 5 > &)
2 2(f(6) + g{(6" = 6) - (5) (f(&7) = F6D))
=2D¢(57, o). (by choice of gff))

The desired inequality now follows from [ ¢(6%, 52y > D¢(07, 5(=1) by Lemma 9.2.3.

Now assume that the look-ahead step at iteration i — 1 was unsuccessful. This implies that
260 — 507D < 6* & 2(6() — 5*) < 61D - §*, i.e. that the look-ahead step “went past or exactly to”
0*. We compare Bregman-divergences as follows:

D¢ (07, 512y > f(é(i_z)) + g(i_z)(é* — o2y — f(0")  (Dy is a maximum over supergradients)

2 g0 =6 ) - f(&) (f(©02) + g1D(61) = 6072) > 0)
> g(i—z)(é* _ 6(1’—1)) (=f(07) =0)
R () 0> ¢ > g2 and 501 > 5
> 205" — 50y 0> ¢ and 60D — 5" > 2(51 - %))
> 2(f(50) + g(6" - 60) - f(5")) (as f(&7) 2 f(51))
=2D(57, (S(i)). (by choice of g(f))
This concludes the proof. O

In the remaining of this section, we apply the accelerated Newton-Dinkelbach method to linear
fractional combinatorial optimization and linear fractional programming. The application to
parametric submodular function minimization can be found in full detail in [DKNV21].

9.2.1 Linear Fractional Combinatorial Optimization

The problem (9.1) with D < {0,1}" is known as linear fractional combinatorial optimization. Radzik
[Rad92] showed that the Newton-Dinkelbach method applied to the function f(6) as in (9.2)
terminates in a strongly polynomial number of iterations. Recall that f(6) = min,ep (c — 6d, x).
By the assumption (d, x) > 0 for all x € D, this function is concave, strictly decreasing, finite
and piecewise-linear. Hence, it has a unique root. Moreover, f(8) < 0 and df(6) N R« # 0 for
sufficiently large 6. To implement the value and supergradient oracles, we assume that a linear
optimization oracle over D is available, i.e. it returns an element in arg min ., (c — 6d) " x for any
0 € k.

Our result for the accelerated variant improves the state-of-the-art bound O(m?log n) by Wang
etal. [WYZ06] on the standard Newton-Dinkelbach method. We will need the following lemma,
given by Radzik and credited to Goemans in [Rad98]. It gives a strongly polynomial bound on the
length of a geometrically decreasing sequence of sums.

Lemma 9.2.5 ([Rad98]). Let c € R™ and xM,x@, ..., x® € {-1,0,1}". If0 < cTx*V) <
all i < k, then k = O(m log m).

1cTx® for
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9 FRACTIONAL LINEAR PROGRAMMING 9.2 An Accelerated Newton—Dinkelbach Method

Theorem 9.2.6. Algorithm 9.1 converges in O(mlogm) iterations for linear fractional combinatorial
optimization problems.

Proof. Observe that Algorithm 9.1 terminates in a finite number of iterations because f is piecewise
linear. Let 6 > 6@ > ... > 6 = 5* denote the sequence of iterates at the start of Algorithm
9.1. Since f is concave, we have Df(é*,é(i)) > 0 for all i € [k]. For each i € [k], pick x® e
arg minyep(c — 6?'d)Tx which maximizes dTx. This is well-defined because f is finite. Note that
—dTxD = min df(6?). As f(5*) = 0, the Bregman divergence of 6!) and 6* can be written as

Dp(6,60) = f(60) + max g(6"=06) = (c = 6V %D — dTx V(5" — 67 = (c — 5°d) Tx V).
geaf (5
According to Lemma 9.2.4, (c — 6*d)Tx') = D (6%, 6) < 1D¢(5%,6072)) = I(c - 6°d)Txl=? for all
3 <i < k. By Lemma 9.2.3, we also know that D ¢(6*,6) > 0 forall 1 < i < k — 2. Thus, applying
Lemma 9.2.5 yields k = O(m log m). o

9.2.2 Linear Fractional Programming

We next consider linear fractional programming, an extension of (9.1) with the assumption that the
domain O C IR™ is a polyhedron, but removing the condition (d, x) > 0 for x € D. For c,d € R",

the problem is
(e, x)
(d, x)

inf st. (d,x)>0,x€D. (F)
For the problem to be meaningful, we assume that D N {x : d"x > 0} # 0. The common form in
the literature assumes (d, x) > 0 for all x € D as in (9.1); we consider the more general setup for
the purpose of solving M2VPI systems in the full version [DKNV21]. It is easy to see that any linear
fractional combinatorial optimization problem on a domain X C {0,1}" can be cast as a linear
fractional program with the polytope D = conv(X) because ¢"¥/d"% > minyex c"x/d " x for all
X € D. The next theorem characterizes when (F) is unbounded.

Theorem 9.2.7. If DN {x:d"x >0} # 0, then the optimal value of (F) is —oo if and only if at least one
of the following two conditions hold:

1. There exists x € D such that cTx < 0and d"x = 0;
2. Thereexists r € R™ such that c'r <0,d"r =0and x + Ar € D forall x € D,A > 0.

Proof. By the Minkowski-Weyl Theorem, the polyhedron O := D N {x:d7x > 0} can be written
as

k !

D= Z)\,‘gi +Zvjhj A20,v=0, AL =1

i=1 =1

for some vectors g1,...,gx and hy, ..., hy. Note thatd"g; > 0 forall i € [k] and d"h; > O for all
jell]. Letx®° € DN {x:d"x > 0}. If there exists i € [k] such thatcTg; <Oand d"g; =0orj € [{]

such that c"h; < 0and d"h; = 0, then,
cT(Agi+(1-M)x°) cT(x®+ Ahj) B

lim TTAgi+1-Mx) Am T A

as in Condition 1 or Condition 2.
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9 FRACTIONAL LINEAR PROGRAMMING 9.3 Fractional L.P with circuit imbalances

Otherwise, the fractional value of any element in D N {x : d"x > 0} can be lower bounded by

k ¢
T (Xizg Aigi + Xjmg vihj) . Dielkl,dmg>0 A€ & + Ljererany>0 vic by
A3k Nigi + Zle vihj)  Dielklarg>0 Aid " 8i + Ljefer,atn>0 Vid hj

, g . CTh
> min min ——, min (-
ie[kl,dTgi>0 AT g; " jelel,dTh;>0 d T h;

where the last expression is finite by the assumption that D N {x : d"x > 0} is non-empty. m]

Example 9.2.8. Unlike in linear programming, the optimal value may not be attained even if it is finite.
Consider the instance given by inf(—x1 + x2)/(x1 + x2) subject to x1 + x2 > 0 and —x1 + x, = 1. The
numerator is equal to 1 for any feasible solution, while the denominator can be made arbitrarily large. Hence,
the optimal value of this program is 0, which is not attained in the feasible region.

We use the Newton-Dinkelbach method for f as in (9.2), that is, f(6) = infyep(c — 6d) " x. Since
D #0, f(6) < oo forall 6 € R. By the Minkowski-Weyl theorem, there exist finitely many points
P C D such that f(0) = minyep(c — 6d) " x for all 6 € dom(f). Hence, f is concave and piecewise
linear. Observe that f(6) > —co if and only if every ray r in the recession cone of D satisfies
(c—06d)"r = 0. For f to be proper, we need to assume that Condition 2 in Theorem 9.2.7 does not
hold. Moreover, we require the existence of a point ¢’ € dom(f) such that f(6’) = (c — ¢’d)Tx’ <0
for some x” € D with d"x” > 0. It follows that f has a root or attains its maximum because dom(f)
is closed. We are ready to characterize the optimal value of (F) using f.

Lemma 9.2.9. Assume that there exists 6’ € dom(f) such that f(6’) = (c — &’d)"x’ < 0 for some x’ € D
with d™x’ > 0. If f has a root, then the optimal value of (F) is equal to the largest root and is attained.
Otherwise, the optimal value is —oo.

Proof. Recall the definition of 6" = max({6 : f(6) = 0} U argmax f(5)). By our assumption on f,
there exists x* € D such that f(6*) = (¢ — 6*d)"x* and d"x* > 0. If f has a root, then f(6*) = 0.
This implies that ¢ "x/d"x > 6* = ¢Tx*/d"x* for all x € D with d"x > 0 as desired. Next, assume
that f does not have a root. Then f(6*) < 0 and 0 € df(6*). By convexity, there exists X € D
such that (¢ —0*d)"x = f(0") <0and d"x = 0. Then ¢"x < 0, so ¥ is a point as in Condition 1 of
Theorem 9.2.7.

m|

9.3 Fractional LP with circuit imbalances

In this section we consider the fractional analogue of LI
Recall from (9.2) that solving the problem Fractional LI is equivalent to finding the unique
A* € IR such that the optimal solution to

rr}cin (c,xy—A"q,x)

s.t. Ax=0b, (9.5)

x>0

has objective value 0. Solving (9.5) for a fixed value A is equivalent to solving LP(A, b, c — A*g), a
problem whose solutions we studied extensively in Chapters 4 and 7.

We now sketch how can be solved within O(n log ) calls to any exact linear system solver. For
simplicity let us assume boundedness, the argument will easily extend to unbounded instances.
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9 FRACTIONAL LINEAR PROGRAMMING 9.3 Fractional L.P with circuit imbalances

We further assume that c € W and g € W. Note that otherwise the problem is invariant under
replacing ¢ with Iy (c) and g with I1y(q). For an angle & € [—m, ] we associate the value A such
that @ = <(¢, c — Aq). In abuse of notation we let < range from —7/2 to /2, which is well-defined
as we operate in the 2-dimensional space spanned by ¢ and . Within O(log r 4) iteration binary

‘9(1)1\‘;@(1) and

search we are able to find angles @~ and a™ such that a* > a~, a® — a™ = poly(n)
the corresponding values A~ and A* sandwich A*,i.e, A7 < A* <A™,

With the objectives

c—A7g c—A*g
~=—— " and ¢t=—" 9.6
lc— gl e = A4l ©6)

and noting that <(c¢™, c*) = poly(n)‘g(l)zcg@(l) and so in particular <(c”,¢*) = poly(n)‘e(l)l\‘;@(l)

and <(c*,c*) = poly(n)‘a(l)K;@(l), where ¢* = ¢ — A*q. Note further that ¢~,c¢*,c* € W by the
assumption that ¢, g € W and hence cos(<(c™, W)) = cos(<(c*, W)) = cos(<(c, W)) = 1. We can
apply Theorem 3.5.9 to obtain a primal-dual optimal solution (¥, §) to LP(A, b, c¢™). By the statement
of the theorem we have that for the set

. ) i n(kw +1)<(c, )| _|. ) i ) -
R := {1 € [n]: E > —cos(<(5, W) } = {z € [n]: E > n(kw + 1)<(c,c))}

2 {i €[n]: ”SSTI” > n(cw + 1)poly(n)_®(l)1<;®(l) } ,
the variables x} = 0 in any optimal solution x* to LP(A, b, ¢*). R is non-empty if the constants in
the exponents are chosen appropriately and so the primal variables in R can be deleted and one
recurses on the variable set [1] \ R. This, together with the blackbox LI solvers gives following

result:

Theorem 9.3.1. LP(A, b, ¢, q) can be solved in O(n2mV(A) log2 Ka) time.
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2VPI
AS
CI
cr
DMDP
ged
P
IPM
Iem
LLS
LP
LSS
M2VPI
MCP
MDP
MTY
PCA
SCC
SLLS
SVD
TU
VY

Two Variables Per Inequality
Affine Scaling

circuit imbalance

Central Path

Deterministic Markov Decision Processes
Greatest Common Divisor
Integer Programming
Interior-Point-Methods

Least Common Multiple
Layered-Least-Squares

Linear Programming

Linear System Solve

Monotone Two Variables Per Inequality
Max Central Path

Markov Decision Processes
Mizuno-Todd-Ye

Principal Component Analysis
Strongly Connected Component
Subspace LLS

Singular Value Decomposition
Totally Unimodular

Vavasis-Ye Algorithm in [VY96]
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PSPACE, 11

quasipolynomial, 13

rank, 17
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real model of computation, 11, 102
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scaling invariant, 14, 55, 149
separable, 19, 30, 61
sign-consistent, 183, 184, 186
simplex method, 12

standard form, 10

steepest descent, 200, 204
strongly polynomial, 11, 200, 224
submodularity, 227

subpath monotonicity, 225
subspace form, 10
supergradient, 18, 228, 230, 231

total curvature, 14, 140, 141, 145, 149
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trivial subspace, 18
trust region, 58, 102
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