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Abstract

We propose simple polynomial-time algorithms for two linear conic feasibility prob-
lems. For a matrix A € R™*™ the kernel problem requires a positive vector in the kernel
of A, and the image problem requires a positive vector in the image of AT. Both algo-
rithms iterate between simple first order steps and rescaling steps. These rescalings steps
improve natural geometric potentials in the domain and image spaces, respectively. If
Goffin’s condition measure p4 is negative, then the kernel problem is feasible and the
worst-case complexity of the kernel algorithm is O ((m3n + mn?) log ][)A|_1); if pa > 0,
then the image problem is feasible and the image algorithm runs in time O (m2n2 log pjl).

We also address the degenerate case pg = 0: we extend our algorithms for finding
maximum support nonnegative vectors in the kernel of A and in the image of AT. We
obtain the same running time bounds, with p 4 replaced by appropriate condition numbers.
In case the input matrix A has integer entries and total encoding length L, all algorithms
are polynomial. Both full support and maximum support kernel algorithms run in time
(@) ((m3n + an)L), whereas both image algorithms run in time O (mznzL). The standard
linear programming feasibility problem can be easily reduced to either maximum support
problems, yielding polynomial-time algorithms for Linear Programming.

1 Introduction

We consider two fundamental linear conic feasibility problems. Consider an m x n matrix
A. In the kernel problem for A the goal is to find a positive vector in ker(A), whereas in
the image problem the goal is to find a positive vector in im(AT). These can be formulated
by the following feasibility problems.
Ax =0 % T
£>0 (K4) ATy >0 (I)
We present simple polynomial-time algorithms for the kernel problem and the
image problem . Both algorithms combine a first order method with a geometric
rescaling, which improve natural volumetric potentials.
The algorithms we propose fit into a line of research developed over the past 15 years
2, B, [4, 8, @, 10, 14, 21), 29, B0, BI, B37]. These are polynomial algorithms for Linear
Programming that combine simple iterative updates, such as variants of perceptron [32]
or of the relaxation method [I], 23], with some form of geometric rescaling. The current
paper is the first in a paper series that gives new, more efficient algorithms based on this
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technique and extends it to further applications. Our aim is to build a systematic theory
of geometric rescaling algorithms.

Problems (K| and (/4] have the following natural geometric interpretations. Let
ai,...,a, denote the columns of the matrix A. A feasible solution to the means
that 0 is in the relative interior of the convex hull of the columns a;, whereas a feasible
solution to gives a hyperplane that strictly separates 0 from the convex hull. For
Goffin’s condition measure p4, the value | 4] is the distance of 0 from the relative bound-
ary of the convex hull of the normalized vectors a;/||a;||. If p4 < 0, then is feasible,
and if p4 > 0, then is feasible.

Both the kernel and image algorithms can be extended to the case p4 = 0, that is, when
0 falls on the relative boundary of the convex hull of the a;’s. We address the following
more general problems: to find a mazimum support nonnegative vector in ker(A), and to
find a maximum support nonnegative vector in im(AT). Geometrically, these amount to
identifying the face of the convex hull that contains 0 in its relative interior. By strong
duality, the two maximum supports are complementary to each other.

To highlight the importance of the maximum support problems, let us note that an
algorithm for either maximum support problem can be used directly for an LP feasibility
problem of the form Az < b (i.e. general LP feasibility) via simple homogenization. While
LP feasibility (and thus LP optimization) can also be reduced either to or to
([++) via standard perturbation methods (see for example [33]), this is not desirable
for numerical stability. The maximum support problems provides fine-grained structural
information on LP, and are crucial for exact LP algorithms (see e.g. [30]).

Previous work. We give a brief overview of geometric rescaling algorithms that com-
bine first order iterations and rescalings. The first such algorithms were given by Betke
[4] and by Dunagan and Vempala [14]. Both papers address the problem (I ]). The de-
terministic algorithm of Betke [4] combines a variant of Wolfe’s algorithm with a rank-one
update to the matrix A. Progress is measured by showing that the spherical volume of
the cone ATy > 0 increases. This approach was further improved by Soheili and Pefia
[30], using different first order methods, in particular, a smoothed perceptron algorithm
[25, 34]. Dunagan and Vempala [14] give a randomized algorithm, combining two different
first order methods. They also use a rank-one update, but a different one from [4], and
can show progress directly in terms of Goffin’s condition measure p4. Extension of
to a conic setting were also given [3] 29]

For , as well as for the maximum support version, a rescaling algorithm was
given by Chubanov [I0], see also [2I} BI]. A main iteration of the algorithm concludes
that in the system Ax = 0,0 < x < €, one can identify at least one index 7 such that
z; < % must hold for every solution. Hence the rescaling multiplies A from the right hand
side by a diagonal matrix. (This is in contrast to the above mentioned algorithms, where
rescaling multiplies the matrix A from the left hand side.) The first order iterations are
von Neumann steps on the system defined by the projection matrix.

The algorithm [10] builds on previous work by Chubanov on binary integer programs
and linear feasibility [8] [7], see also [2]. A more efficient variant of this algorithm was
given in [37]. These algorithms use a similar rescaling, but for a non-homogeneous linear
system, and the first order iterations are variants of the relaxation method.

Our contributions. We introduce new algorithms for (K, 1)) and (I, 1)) as well as for
their maximum support versions. If p4 < 0, that is, is feasible, then the kernel
algorithm runs in O ((m®n + mn?)log |pa|~!) arithmetic operations. If j4 > 0, and thus
is feasible, and the image algorithm runs in O (m2n2 log /321) arithmetic operations.
This can be improved to O (m3ny/logn - log [);‘1) using smoothing techniques [25] [34]. The
rescalings improve volumetric potentials in the domain or in the image spaces, that act
as proxies to the condition measure |p4].




For the maximum support variants, we express the running time in terms of appro-
priate condition measures. These are close relatives of measures previously studied in
the interior point literature. The kernel case uses measures 64, a variant of the symme-
try measure introduced by Epelman and Freund [16], and p%, which is closely related to
Steward’s x4 [35]. The maximum support kernel algorithm runs in time O((m3n + mn?)
log(64p%)~"). In the image case, we introduce the measure @4, which is related to the
dual condition measure of Vavasis and Ye [36]. The full support image algorithm runs in
time O (m2n2 log(noﬁzzl)). We also study a natural orthonormal preconditioning where
many of the above condition measures become equivalent (see Section 4] and potentially
improve.

Our algorithms use the real model of computation [5]. However, if the input ma-
trix A € Z™*" is integer of encoding length L, all condition numbers can be bounded
by 279() | and therefore we obtain polynomial running bounds: O ((m3n + mn2)L) for
both the full support and maximum support kernel algorithms, and O (mznzL) for both
full support and maximum support image algorithms; or O (m?’n\/m . L) using the
smoothed variants.

Our algorithms improve on the best previous algorithms in the family of rescaling
algorithms. For the maximum support kernel problem, the best previous algorithm was
given by Chubanov [10], in time O(n*L). In applications, the number of rows m can be
much smaller than the number of variables n. If m < /n, then our algorithm improves by
a factor 2(n?/m). Further, we note that the condition numbers may provide much better
running time estimates than the encoding size L used in [I0]. For the image problem, our
algorithm improves on Pena and Soheili’s running-time [30] by a factor Q(y/mlog(n)),
and our smoothed variant improves by a factor Q(n//m). A summary of running times
is given in Table [I} For better comparability, we expressed all running times in terms of
the encoding length L instead of using the various condition numbers.

Kernel problem
Full support Maximum support
O<n18+3s j L12+25) [7’ 2]
O([n®/logn] - L) [37]
O(n*- L) [10] O(n*- L) [10]
O ((m®n + mn?) - L) this paper | O((m3n + mn?) - L) this paper

Image problem
Full support Maximum support
O(m3n®- L) [4]
O(m*nlogm - L)[14]
O (m2'5n2\/m . L) [30]
O (m*ny/logn - L) this paper | O (m*ny/logn - L) this paper

Table 1: Running time of geometric rescaling algorithms, in terms of encoding size L.

Our kernel algorithm can be seen as the most natural geometric rescaling algorithm
for the kernel problem. We use a first order iteration used by Dunagan and Vempala
[14], as well as the same rescaling. There are however substantial differences. Most
importantly, Dunagan and Vempala assume p4 > 0, and give a randomized algorithm to
find a feasible solution to the image problem . In contrast, we assume pa4 < 0, and
give a deterministic algorithm for finding a feasible solution the kernel problem ,
as well as for the more general maximum support problem. The key ingredient of our
analysis is a new volumetric potential.

Our image algorithm is an improved version of Betke’s [4] and Pena and Soheili’s [30]
algorithms. We introduce a new, more efficient rescaling, that enables to decrease the



number of first order iterations needed. In contrast to rank-1 updates used in all previous
work, we use higher rank updates. For the maximum support image problem, we provide
the first rescaling algorithm.

The full support kernel algorithm was first presented in the conference version [I1].
The image algorithm and the maximum support variants for both the kernel and dual
problems are new in this paper. The full support image algorithm was also independently
obtained by Hoberg and Rothvo8 [20].

While the current geometric rescaling methods are slower than current interior point or
cutting plane methods, we believe there is much scope for improvement for future research.
Also, they yield important insights into the structure of linear programs, for example, by
identifying interesting subclasses of LPs that can be solved in strongly polynomial time
(see for example [9]).

This paper is the first part in a series exploring geometric rescaling techniques for
Linear Programming. In subsequent papers, we will provide a systematic study of the
various rescaling algorithms and the relationships between them (highlighting the deep
connections with the ellipsoid method), extensions of our algorithms to the oracle model,
as well as applications to submodular function minimization and linear optimization.

The rest of the paper is structured as follows. Section [I.1] introduces notation and
important concepts. Section [1.2| introduces the condition measures relevant to our algo-
rithms, and Section [1.3| briefly surveys relevant first order methods. Section [2| presents the
kernel algorithm in two variants. In Section [2.1] we give an algorithm for the full support
problem assuming it is feasible. This is extended in Section to the maximum
support case. Section [3|details the image algorithm and is subdivided in a similar manner.
Section [4] discusses the relationship of our condition measures to others previously studied
in the literature, and studies a natural preconditioning that leads to improved bounds.

1.1 Notation and preliminaries

For a natural number n, let [n] = {1,2,...,n}. For a subset X C [n], we let Ax € R™*Xl
denote the submatrix formed by the columns of A indexed by X. For any non-zero vector
v € R™ we denote by v the normal vector in the direction of v, that is,

_def U

loll

By convention, we also define 0 = 0. We let ALS [d1,...,ay]. Note that, given v, w € R™,
0T is the cosine of the angle between them.

Let R} = {x € R" : 2 > 0} and R’} | = {x € R" : & > 0} denote the set of nonnegative

and positive vectors in R", respectively. For any set H C R"™, we let H &t o7 NR? and

H, “Hrn R? .. These notations will be used in particular for the kernel and image

spaces
ker(A) @ {z e R" : Az =0}, im(AT) & {ATy : y e R™}.

Clearly, im(AT) = ker(A)+. Using this notation, (K] is the problem of finding a point

in ker(A),y, and (T,.) amounts to finding a point in im(AT),.. By strong duality,

(K {]) is feasible if and only if im(AT), = {0}, that is,
ATy >0, (1)

has no solution other than y € ker(AT"). Similarly, (T, ) is feasible if and only if ker(A), =
{0}, that is,

Ax =0 (K)

4



has no solution other than z = 0. Let us define

4% {yeR™: ATy >0}

as the set of solutions to .

Given a vector x € R", the support of x is the subset of [n]| defined by supp(x) def {i e
[n] : x; # 0}. Given any linear subspace H, we denote by supp(H ) the mazimum support
of Hy, that is, the unique inclusion-wise maximal element of the family {supp(z) : = €
H.}. Note that, since H; is closed under summation, it follows that supp(H) = {i €
[n] : z;>03z € Hi}.

Throughout the paper, we denote

S5 % supp(ker(A)4), T4 = supp(im(AT),). (1)

When clear from the context, we will use the simpler notation S* and 7. Since ker(A)
and im(AT) are orthogonal to each other, it is immediate that S* N7T* = (). Furthermore,
the strong duality theorem implies that S* UT* = [n].

Let I; denote the d dimensional identity matrix; we simply use I if the dimension is
clear from the context. Let €; denote the jth unit vector, and € denote the all-ones vector
of appropriate dimension (depending on the context). For a point p € R? and r > 0, let
B?(p,r) denote the ball of radius 7 centered around p, where we write simply B(p, ) when
the dimension is clear from the context. Let B = B%(0,1) denote the d dimensional unit
ball, and let v4 = vol(B?) denote its volume.

Given any set C' contained in R?, we denote by span(C') the linear subspace of R4
spanned by the elements of C. If C' C R? has dimension r, we denote by vol,.(C) the
r-dimensional volume of C.

Projection matrices For any matrix A € R™*" we denote by 1T} the orthogonal
projection matriz to im(AT"), and Hfg as the orthogonal projection matrix to ker(A). We
recall that Hf + 114, = I,,, and they can be obtained as

Il = AT(AATYT A, TOE =1, - AT(4AT)T 4,

where (-)* denotes the Moore-Penrose pseudo-inverse. Note that, in order to compute
HII4 and Hf , one does not need to compute the pseudo-inverse of AAT; instead, if we
let B be a matrix comprised by rk(A) many linearly independent rows of A, then I}, =
BT(BBT")~!B, which can be computed in O(n?m) arithmetic operations.

Scalar products We will often need to use scalar products and norms other than the
Euclidean ones. We use the following notation. We denote by Si and S‘i . the sets of
symmetric d x d positive Slemideﬁnite and positive definite matrices, respectively. Given
Q € SflF T Wle dfnote by Q2 tlhe square root of 9, that is, the unique matrix in SflF 4 such
that Q = Q2Q2, and by Q™2 the inverse of Q2.

For Q) € SEIH and two vectors v, w € R%, we let

def T def
<an>Q = v Qw7 ||U||Q = <U7U>Q'

These define a scalar product and a norm over R?. We will use || - ||; for the L1-norm and
|| - |l2 for the Euclidean norm. When there is no risk of confusion we will simply write || - ||
for || - ||2. Further, for any @ € Si 1, we define the ellipsoid

def

EQ) = {z€R?: |z]q <1}



For a linear subspace H C R?, we let Ey(Q) = E(Q) N H. Further, we define the
projected determinant of QQ on H as

det(Q) = det(W' QW),

where W is a matrix whose columns form an orthonormal basis of H. Note that the
definition is independent of the choice of the basis W. Indeed, if H has dimension r, then

(2)

Vr

vol,(En(Q)) = m-

We conclude this section by summarizing well-known properties of matrix traces for
later reference. We only prove parts (iii) and (iv).

Lemma 1.1.

(i) For any two matrices X,Y € RF*4 tr(XTY) = tr(XY").

(i) The trace is a linear function on square matrices.
(i4i) For a positive semidefine matriz X € R4 det(Iy+ X) > 1+ tr(X).
(iv) For any X € S1,, det(X)V/™ < tr(X)/m.

Proof. (iii): Let A\; > A2 > ... > Ag > 0 denote the eigenvalues of X, and let A denote
the diagonal matrix with entries A;. Then

d d
det(Io+ X) =1+ X)) =14 N =1+ @(X),
=1 =1

where the equality is by the nonnegativity of the A;’s.
(iv): Noting that det(X) = Hle Ai, this follows by the inequality of arithmetic and
geometric means for the \;’s. O O

1.2 Condition measures

We will use several condition measures from the literature, and we also introduce natural
new ones for our algorithms. We refer the reader to the survey [6] on condition measures
and their role in the theory of interior point methods.

The most important measure in this context, and used in particular for the convergence
analysis of the full support kernel algorithm, was first introduced by Goffin [18]. Given
A € R™" we define

def . TA
= max min a; y. 3
A7 yem(anioy el 7Y ®)

The Goffin [18] measure of A is the number

~ def

PA = P4
Note that p4 depends only on the direction of the columns of A, not on their norm.
Furthermore, we have [pa|(minjep, [la;l) < [pal < [pal(max;epy, [|aj]]). We remark that,
in the literature, A is typically assumed to have full row-rank (i.e. rk(A) = m), in
which case y in the above definition ranges over all of R™. However, in several parts of
the paper it will be convenient not to make such an assumption. The following Lemma
summarizes well-known properties of p4 and p4; the proof will be given in the Appendix
for completeness.

Lemma 1.2. |p4| equals the distance of 0 from the relative boundary of conv(A). Further,

(i) pa < 0 if and only if 0 is in the relative interior of conv(A), or equivalently, S* = [n].
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(i) pa > 0 if and only if 0 is outside conv(A), or equivalently, T* = [n]. In this case,
the Goffin measure pa equals the width of the image cone ¥ 4, that is, the radius of
the largest ball in R™ centered on the surface of the unit sphere and inscribed in X 4.

Under the assumption that ||a;|| < 1 for all i € [n], the full support kernel algorithm
runs in time O ((m3n + mn?)log(py")). If we initially renormalize to |ja;|| = 1 for all
i € [n], then py can be replaced by p4. The running time of the full support image
algorithm can be bounded in terms of the Goffin measure, as O (m2n2 log(p;l)).

In the degenerate case, when 0 is on the boundary, that is S* # () and T* # 0, p4 will
be 0. Therefore we need alternative condition measures for the maximum support kernel
and image algorithms. We let

04 def m}gn max{d : —da; € conv(A)}, (4)
1eS5*
«  def .
le . d g
P zin P(as,—ag)l,  an )
oA def miTn max {&;y cyeR™ ATy >0, lyll < 1} ) (6)
eT™

where (Ag,—Ag) is the matrix obtained by juxtaposing the matrix Ag and its nega-
tive. The maximum support kernel algorithm runs in time O ((m3n + mn?) log(6 Apj‘)_l),
whereas the maximum support image algorithm runs in time O (m2n2 log(nwzl)); in the
full support case, log(nd)zl) can be replaced by log @Zl. The measure W, is related to the
dual condition measure of Vavasis and Ye [36], see Claim In the full support case,
that is, if 7% = [n], the measures w4 and p4 are essentially equivalent, as shown in the
next statement.

Claim 1.3. If pg > 0, then pg < wa < npa.

Proof. The inequality ps4 < w4 follows from the definition. For the other inequality, let
y = argmax{d;-ry c ATy >0, |yl < 1} )

so that w4 = minep, ay, and define g = S°7_ y¥. Then p4 > [|g]|~* min;ep, aly >
wa/n, where the last inequality follows from the fact that [|7]| < n and ATy® > 0 for all
i € [n]. O

Consequently, the running time of the full support image algorithm for g4 > 0 can
also be bounded as O (m2n2 log(,ﬁzl)), the running time stated in the Introduction.

In the kernel full support case (that is, S* = [n]), the measure 64 is the same as the
symmetry measure of conv(A), introduced by Epelman and Freund [16]. If S* = [n], then
04 = 1 if and only if conv(A) is symmetric around the origin, and 4 < 1 otherwise.
Regarding p%, we will show in Lemma that it is essentially equivalent to Stewart’s
measure x4 [35].

We note that the maximum support algorithms require a priori knowledge of lower
bounds on 4 and w4 (but not on p%); the running times are in terms of these lower
bounds rather than the actual values. In contrast, the full support versions require no
prior knowledge of p4 or pa4. It remains an open problem to devise geometric rescaling
algorithms for the maximum support problems that does not require a priori bounds on
the condition numbers. Vavasis and Ye [36] gave such an interior point algorithm that
solves both maximum support problems simultaneously.

All our algorithms are polynomial in the standard bit complexity model, assuming
that we have an integer input matrix A € Z"*". This follows by the following bounds;
the standard proof is deferred to the Appendix.

Lemma 1.4. Assume A € Z™*" of total encoding length L. Then 04, p%,wa > 2-0(L)
If pa #0, then [pal,|pa| > 2790,



Other measures have also been used implicitly in the literature on rescaling algorithms.
For example, Chubanov’s algorithm [I0] for finding a maximum support solution to ,
is essentially about rescaling in order to increase the variant of aﬁf defined with co-norm
instead of 1-norm.

1.3 First order algorithms

Various first order methods are known for finding non-zero solutions to or to ().
Most algorithms assume either the feasibility of (that is, S* = [n] and T* = 0), or
the feasibility of (that is, S* = () and T = [n]). We outline the common update
steps of these algorithms.

At every iteration, maintain a non-negative, non-zero vector x € R”, and we let
y = Ax. If y = 0, then z is a non-zero point in ker(A);. If ATy > 0, then ATy € im(A), ..
Otherwise, choose an index k € [n] such that azy < 0, and update x and y as follows:

y = ay+ Bag; *=ax+ HBHé’k, (7)
ak

where «, 8 > 0 depend on the specific algorithm. Below we discuss various possible update
choices.

von Neumann’s algorithm We maintain at every iteration the condition that y is
a convex combination of a1, ..., a,. The parameters «, 5 > 0 are chosen so that a+8 =1
and ||y'|| is smallest possible. That is, ¢’ is the point of minimum norm on the line segment
joining y and . If we denote by y* the vector at iteration ¢, and initialize y' = ay, for
an arbitrary k € [n], a simple argument shows that ||y'|| < 1/v/* (see Dantzig [13]). If 0
is contained in the interior of the convex hull, that is py < 0, Epelman and Freund [15]

showed that [y'|| decreases by a factor of y/1 — p? in every iteration. Though the norm
of y converges exponentially to 0, we note that this method may not actually terminate
in finite time. If 0 is outside the convex hull however, that is, p4 > 0, then the algorithm
terminates after at most 1/ p124 iterations. A recent result by Pena, Soheili, and Rodriguez
[28] gives a variant of the algorithm with a provable convergence guarantee in the case
pa = 0, that is, if 0 is on the boundary of the convex hull.

Betke [4] gave a polynomial time algorithm, based on a combinatorial variant of von
Neumann’s update, for the case T* = [n]. Chubanov uses von Neumann’s update on the
columns of the projection matrix Hi{ , and is able to solve the maximum support problem
in time O(n*L).

Note that von Neumann’s algorithm is the same as the Frank-Wolfe conditional gradi-
ent descent method [I7] with optimal step size for the quadratic program min || Az|? s.t.
&'r=1,z>0.

Perceptron algorithm The perceptron algorithm chooses o = 8 =1 at every itera-
tion. If p4 > 0, then, similarly to the von Neumann algorithm, the perceptron algorithm
terminates with a solution to the system (I 1)) after at most 1/p% iterations (see Novikoff
[26]). The perceptron and von Neumann algorithms can be interpreted as duals of each
other, see Li and Terlaky [22].

Pena and Soheili gave a smoothed variant of the perceptron update which guarantees
termination in time O(y/logn/p4) iterations [34], and showed how this gives rise to a
polynomial-time algorithm [30] using the rescaling introduced by Betke in [4]. The same
iteration bound O(y/logn/pa) was achieved by Yu et al. [39] by adapting the Mirror-Prox
algorithm of Nemirovski [24].

With a normalization to e’z = 1, perceptron implements the Frank-Wolfe algorithm
for the same system min || Az||? s.t. €T = 1,2 > 0, with step length 1/(k+ 1) at iteration



k. An alternative view is to interpret perceptron as a coordinate descent method for the
system min ||Az||? s.t. x > & with fixed step length 1 at every iteration.

Dunagan-Vempala algorithm The first order method used in [14] chooses o = 1
and 8 = —(a}y). The choice of 3 is the one that makes ||/|| the smallest possible when
a = 1. It can be readily computed that

1/ = llylly/1 = (a}9) (8)

In particular, the norm of 3/ decreases at every iteration, and the larger is the angle
between ay, and y, the larger the decrease. If p4 < 0, then |a] §| > |pal, therefore this

guarantees a decrease in the norm of at least /1 — p?.

This is a coordinate descent for the system min ||Az||? s.t. 2 > €, but with the optimal
step length. One can also interpret it as the Frank-Wolfe algorithm with the optimal step
length for the same systemE]

Our kernel algorithm uses Dunagan-Vempala updates, and the image algorithm uses
von Neumann updates. We combine the Dunagan-Vempala updates with a simple pro-
jection step, that guarantees finite convergence for finding a solution to if pa <0,
even without rescaling. This is a relevant contribution in the context of first order algo-
rithms, since von Neumann’s algorithm does not have finite convergence; this aspect is
discussed by Li and Terlaky [22]. Dantzig [12] proposed a finitely converging variant of
von Neumann’s algorithm, but this involves running the algorithm m + 1 times, and also
an explicit lower bound on the parameter |p4|. Our algorithm does not incur a running
time increase compared to the original variant, and does not require such a bound.

It is interesting to note that Dunagan and Vempala [14] use these updates for a different
purpose. They address the opposite setting pa > 0, and use two first order methods as
subroutines: Perceptron for finding a solution once p4 is large, and these updates steps
for the purpose of finding a good rescaling direction.

2 The Kernel Algorithm

Section presents the full support kernel algorithm, that is, solving . This is
followed by the maximum support kernel algorithm in Section Besides addressing
different problem settings and using different condition numbers, the technical frameworks
are also different. In the full support kernel algorithm, rescalings are applied directly to
the matrix A. In the maximum support variant, we keep the original matrix throughout,
but modify the scalar product at every rescaling. These two frameworks are equivalent,
and the algorithms can be easily translated from one to the other. Rescaling the matrix
directly provides a very clear geometric intuition for the simpler full support setting. On
the other hand, modifying the scalar product is more natural for analyzing the maximum
support problem. We note that both the full support and maximum support versions of
the image algorithm in Section [3| use the scalar product modification framework.

Both versions of the kernel algorithm maintain a vector x > € and the conic combi-
nation y = Axz. At every iteration, the algorithm chooses one of two steps: a Dunagan-
Vempala (DV) update, if this results in a “substantial” decrease in the norm of the current
vector y = Ax, or a geometric rescaling aimed at improving the condition measure. We
use the volume of the polytope P4 defined by

Py conv(A) N (—conv(A)). 9)

!The Frank-Wolfe method is originally described for a compact set, but the set here is unbounded. Never-
theless, one can easily modify the method by moving along an unbounded recession direction.



The volume of P4 will be used as a proxy to |pa| in the full support version. Recall
from Lemma that |pal is the radius of the largest ball around the origin inscribed in

A~

conv(A). This ball must be contained in P4. Below we state a lemma that shows the
relationship between P4 and S*. The easy proof is postponed to the Appendix.

Lemma 2.1. Let A € R™*" and S* = S%. Then span(Py) = im(Ag+), and Py = Py, .

Throughout the kernel and image algorithms, we use the parameter
(10)

2.1 Full support case

Algorithm 1 Full Support Kernel Algorithm
Input: A matrix A € R™*" such that ps < 0 and ||a;|| <1 for all j € [n].
Output: A solution to the system .

1: Compute IT := 11§ = I,, — AT(AAT)TA.

2: Set z; :=1 for all j € [n], and y := Auz.

3: while Iz # 0 do

4: Let k := arg min d]Tg);
j€ln]

5: if a/§ < — then

-

ay AT s

6: update z := x — Wek; yi=1y— (g y)ax;

k
7 else
8: rescale A := (Im + gjg)T) A,y =2y,

return = = Iz as a feasible solution to (i .|).

The Full Support Kernel Algorithm (Algorithm solves the full support problem
(Ki4), that is, it finds a point in ker(A),, assuming that ps < 0, or equivalently,
ker(A) 4 # 0.

A remark on the condition numbers is in order. We assume w.l.o.g. that the input
matrix A has the property that |a;|| < 1 for all j € [n], and thus |pa| < |pa]. The
volumetric analysis relies on the Goffin measure ||, whereas the termination condition
(Lemma uses |pal- The running time in Theorem is stated in terms of |pa].
However, if we run the algorithm with the renormalized matrix A, then |p4| = |p4l; thus
we obtain a running time bound in terms of |p4], as claimed in the Introduction.

We use Dunagan-Vempala (DV) updates as the first order method. We maintain a
vector x € R”, initialized as x = €; the coordinates x; never decrease during the algorithm.
We maintain y = Az, and a main quantity of interest is the norm ||y||?. In each iteration
of the algorithm, we check whether & = Ilx, the projection of x onto ker(A), is strictly
positive. If this happens, then Z is returned as a feasible solution to (K .|).

Every iteration either applies a DV update to z, thus decreasing the norm of y = Ax,
or performs a rescaling of the matrix A. It follows from that, if in a given iteration
there exists k € [n] such that a]§ < —e, then we obtain a substantial decrease in the

norm, namely
1yl < [lyllv1 = €. (11)

The algorithm proceeds with DV updates as long as there exists such a k € [n]. On the
other hand, if &]Tg) > —¢ for all j € [n], then it follows that |p4| < e, that is, the condition
measure of the current matrix A is small. In terms of the polytope P4 defined in @D,

10



the condition &jTg) > —¢ for all j € [n] implies then Py4 is contained in a “narrow strip”
of width 2¢, namely P4 C {z € R™ : —¢ < "z < ¢}. If we replace A with the matrix
A= (I +99")A, then Lemma implies that vol(Pas) > 3/2vol(P4). Geometrically,
A’ is obtained by applying to the columns of A the linear transformation that “stretches”
them by a factor of two in the direction of g (see Figure |1f).

Figure 1: Effect of rescaling. The dashed circle represent the set of points of norm 1. The
shaded areas are P4 and Py .

Thus, at every iteration we either have a substantial decrease in the length of the
current y, or we have a constant factor increase in the volume of Pj.

The volume of P4 is bounded by the volume of the unit ball in R™, and initially
contains a ball of radius |p4| around the origin. Consequently, the number of rescalings
cannot exceed m logg lpal=t < mlogs, lpal~t.

The norm ||y|| changes as follows. In every iteration where the DV update is applied,
the norm of ||y|| decreases by a factor v/1 — €2 according to (L1)). At every rescaling, the
norm of ||y|| increases by a factor 2. Lemma [2.6|shows that once ||y|| < |pa| for the initial
value of |p4|, then the algorithm terminates with z = Ilx > 0.

Theorem 2.2. For any input matrizx A € R™*"™ such py < 0 and ||a;|| <1 for all j € [n],
Algom'thmﬁnds a feasible solution of (K, .) in O(m?logn+m?3log|pa|™!) DV updates.
The number of arithmetic operations is O(m?nlogn +(m3n +mn?)log|pa| ™).

We prove the statement of Theorem in the next subsection (Section [2.1.1)). Using
Lemma we obtain a running time bound in terms of bit complexity.

Corollary 2.3. Let A be an mxn matriz with integer entries and encoding size L. If pa <
0, then Algorithm applied to A finds a feasible solution of (K] in O ((m3n + mn?)L)

arithmetic operations.

Coordinate Descent with Finite Convergence Before proceeding to the anal-
ysis, let us consider a modification of Algorithm [I| without any rescaling. This yields a
new “pure” coordinate descent method for in case p4 < 0 with finite convergence,
which was not previously noted in the literature. Again, we assume ||a;|| < 1 for all

j € [n]. It follows by that the norm ||y|| decreases by at least a factor /1 — p% in

every DV update. Initially, [|y|| < n, and, as shown in Lemma [2.6] once [|y|| < |pa|, the
algorithm terminates with a solution HIAf x > 0. Hence the total number of DV steps is
bounded by O(log(n/|pal)/p%)-

11



2.1.1 Analysis

The crucial part of the analysis is to bound the volume increase of P4 at every rescaling
iteration.

Lemma 2.4. Let A € R™*"™ and let r = rk(A). For some 0 < e < 1/(11r), let v € R™,
|lv]| = 1, such that dJTU >-—cVjcn]. Let T = (I +wvv"), and let A’ = TA. Then

Z) TPA g (1 —|—3€)PA/7

ii) If v € im(A), then vol,(Pa) > 3vol,(Py).

The following easy technical claim will be needed. The proof is deferred to the Ap-
pendix.

Lemma 2.5. Let X € R be a random variable supported on the interval [—e,n|, where
0 < e <, satisfying E[X]| = p. Then for ¢ > 0, we have that

E[V1+cX?] < v/1+cen(e+|ul)
Proof of Lemma[2.7)

i) The statement is trivial if P4 = (), thus we assume P4 # (). Consider an arbitrary
point z € P4. By symmetry, it suffices to show Tz € (1 + 3¢)conv(A’). By definition,
there exists A € RY} such that >3, A\; =1 and z =37 ; A\;a;. Note that

TZ—Z/\ Ta; = Z)\ |Ta;|)a] Z/\ \/ 14 3(vTa;)?al.
j=1

Since Py # 0), it follows that 0 € conv(A’), thus it suffices to show that D1 AV +3(vTa)? <
1+ 3e.

The above is of the form E[v1 + 3X?] where X is a random variable supported on
[—e,1] and [E[X]| = [>°7_, AjuTa;| = |vTz|. Note that [vTz| < e because both z and —z
are in P4. Hence, by Lemma

D A /143(Ta,)? < \/1+3(22) < 1+ 3e.
j=1

ii) Note that vol,(TP4) = 2vol.(P4) as det(T) = 2. Thus we obtain vol,(P}) >
2vol, (Pa)/(1 + 3e)" > 3vol,(Py4), since (1+3¢)” < (1+3/(11m))" < e3/1t < 4. O

Lemma 2.6. Let A € R™". Given v € R" such that v > €, if [|[Az| < |pa,—a)| then
K2 > 0. If pa <0 then lpa—ayl = [pal-

Proof. Let I := IT¥ and define 5% minjep [|(AAT)Ta;]| 7. Observe that, if ||Az|| < 4,

then TI{z > 0. Indeed, for i € [n], (Hz); = z; — a] (AAT) Ty > 1 — [|[(AAT) " q,||||Az| >
— 0719 =0, as required. Thus it suffices to show that § > |pca,—a)l- Since conv(A, —A)

is symmetric around 0, we get that

ax |a] .

pa—a)| = —pa—a) = yeim(A )\{0} i€l

Let k 1= argmax;c[y) [(AAT)a;||, and plug in y = (AAT)*ay in the above formula. For
this choice, observe that ||y|| = 1/6 by the choice of k, and therefore
lp(a,—ay| < (5max\a y| = dmax |IT;;| <6,
Jj€ln j€n]

where the last inequality follows since the entries of a projection matrix always have
absolute value at most 1.

The second claim is an immediate consequence of Lemma using that conv(A, —A) D
conv(A) and conv(A) contains 0 in its interior if pg < 0. O
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Lemma 2.7. Letv € R™, ||v|| = 1. For any y,5 € R™ such that y = (I +vv")y, we have
gl < llyll.

Proof. We have |ly[|> = |7+ (v 9)v||? = |7]* + 2(vTH)* + (0T9)*|lv]|* > |y]*- O

Proof of Theorem[2.3. Denote by A the input matrix, and let p := |p4| and II := Hg.
Denote by A the current matrix during the algorithm, so that, after k rescalings, A =
(I +viv]) -+ (I +vgv))A for some vectors vy, ..., v € im(A) with |jv;|| = 1 for i € [n].
Note that ker(A) = ker(A) throughout the algorithm, so IT§ = IT throughout. Let 2 and
y = Ax be the vectors computed in every iteration, and let 7 := Az and z = IIz. Lemma
implies that z > 0 whenever ||y]| < [p(a_a)- Lemmaimplies that ||g|| < |ly|l, and
P4, A)| > p by Lemma It follows that the algorithm terminates with the positive
solution & > 0 as soon as [[y|| < p.

As previously discussed, Lemma [2.4] implies that the number of rescalings cannot
exceed mlogs s | p|~t. At every rescaling, the norm of |y|| increases by a factor 2. In
every iteration where the DV update is applied, the norm of ||y|| decreases by a factor
V1 — &2 according to (L1)). Initially, y = A€, therefore |y|| < n since all columns of A
have norm at most one. Therefore, the number of DV iterations is bounded by x, where
k is the smallest integer such that

R3(1 — 2yramioBya Al < g2,

Taking the logarithm on both sides, and using the fact that log(1 — £2) < —¢?, it follows
that x € O(m?logn + m?3log|p|~1).

We can implement every DV update in O(n) time, at the cost of an O(n?) time
preprocessing at every rescaling, as explained next. Let us compute the matrix F := AT A
and the norms of the columns of A after every rescaling. The matrix F is updated as
Fi=ATI+99")?A = AAT +3(AT99" A) = F + 3227 /||y||?, which requires time O(n?).
Further, at every DV update, let us update the vectors z = ATy and z = Iz.

Using the vector z, we can compute argmin;ei, &jTg) = argminjep,) 2;/[la;l| in time
O(n) at any DV update. We also need to recompute y, z, and Z. Using F' = [f1,..., fnl,
these can be obtained as y := y — (afy)ag, z = z — fe(aly)/|lax|, and z = T —
Ik (a}y)/|lak|. These updates altogether take O(n) time.

Therefore the number of arithmetic operations is O(n) times the number of DV updates
plus O(n?) times the number of rescalings. The overall running time estimate in the
theorem statement follows. O

2.2 Maximum support case

The Maximum Support Kernel Algorithm (Algorithm is a modification of Algorithm
In this context, it will be convenient to describe the full support algorithm within a
different framework: instead of applying the rescaling transformation to the matrix A,
we keep changing the scalar product. If A is the input matrix, then after ¢ rescalings
in Algorithm [} the current matrix A is of the form A = MA. Here M € R™X™ is
the composition of all ¢ linear transformations applied to A thus far. This sequence of
updates naturally corresponds to the scalar product defined by the matrix M "M € STy,
although in the description of the algorithm we use Q = M "M /(1 + 3¢)? for the sake of
convenience in the analysis.

Consider the vector y = Az in any iteration of Algorithm and let § = Az.
Note that y = My and y/|lylla = My/((1 + 3¢)'||7llo). When computing d;rg), we

lla;
(I, + 93 ") A, therefore the corresponding update of the scalar product consists of replac-
ing M by (Im + ng(ng)T/HgH%) M and recomputing Q). In terms of @, the update can

have &;rg) = < aJ”Q, %X). Furthermore, when rescaling, Algorithm (1| replaces A by
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be written as

1 My(My)T My(Myg)T 1 3Qyy'Q
— ML, |+ | M= Sl L
(1 + 3e)20+D < Tl )( Tl ) (1+32)2 (C” Il

We remark that the normalization of Q by (1+3¢)?' can be omitted in the implementation.

Let us now highlight the key ideas of the maximum support setting. Assume the input
matrix A has ||a;|| < 1 for all i € [n]. We modify A by removing columns that we were
able to infer to be outside S*. We remark that, by Lemma [2.1] P4 does not change when
we remove columns from A that are not in S*. From Lemma [2.4{i), we can easily derive
Lemma [2.10} stating that the invariant

Py C Eina)(Q) ={z €im(4) : |z]q <1}

is maintained at every rescaling (the normalization by (1 + 3¢)?' in the definition of Q
is needed for this claim). We then show that ||aj|lgo < 1/64 must hold throughout the
algorithm for every ¢ € S*, where 0,4 is the symmetry measure defined in . Hence
if |lajllo > 1/64 at any point of the algorithm, we can infer i ¢ S*, and remove the
column a; from A. A volume argument, involving the condition number p* defined in ,
shows that within O(mlog(6,'p% ")) rescalings, either the algorithm must terminate,
or the dimension of the set {a; : [la;]lo < 03,7 € [n]} must decrease by one. An
amortized argument will show that O(mlog(6,'p% ™)) will in fact bound the total number
of rescalings throughout the algorithm.

In Algorithm 2| we maintain a set S C [n] with the property that S* C S, where
S := [n] at the beginning. At every iteration, the current matrix A is the matrix obtained
from the input matrix by removing all columns outside of S. We also maintain a set T' C S
of indices that we have determined not to belong to S* (that is, 77N.S* = () throughout the
algorithm). Whenever we conclude that i ¢ S* for an index i based on Lemma [2.10{ii),
we add 7 to T. Columns indexed by T are removed from the current matrix A whenever
doing so decreases the rank of the matrix. The algorithm either terminates with a solution
Z to the system AZ = 0, £ > 0 with supp(Z) = S, in which case we may conclude S = S*,
or S = () is reached, in which case we may conclude that £ = 0 is a maximum support
solution.

Theorem 2.8. Let A € R™" such that ||aj|| < 1 for all j € [n], and let 6 be a lower-
bound on 04. Algorithm [3 finds a solution of Ax = 0, x > 0 of mazimum support in
O ((m®n + mn?) log(e_lpjg_l)) arithmetic operations.

By Lemma we can choose § € 1/29(F) and we have ph € 1/20(F) " This implies
the following corollary, when applying the algorithm for A.

Corollary 2.9. Let A be an m X n matriz with integer entries and encoding size L.
Algom'thm@ﬁnds a solution of Ax =0, x > 0 of mazximum support in O ((mgn + mnz)L)
arithmetic operations.

2.2.1 Analysis

Lemma 2.10. Throughout the algorithm, the following invariants are maintained.
(i) Pa C By (Q) = {2 € im(4) : 2]l < 1},

(it) |laillqQ < 1/04 for every i€ S*,

(ii) S* C S.
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Algorithm 2 Maximum Support Kernel Algorithm
Input: A matrix A € R™*" such that ||a;|| <1 for all j € [n], and a
lower-bound € on 6 4.
Output: A maximum support solution to the system .
1: Compute II := TI%.
2: Set x; ;=1 for all j € [n], and y := Ax.
3:Set S:=[n], T:=0,Q :=1I,.
4: while (S # 0) and (IIz # 0) do

5: if (ai,y)p > 0 for all i € S then
6: T:=Tu{i:(a,y), >0}, REMOVE(T) ;
7 else
8: Let k := arg min (ai,y>Q /llaillo;
9: if (ax, y)q < —¢llaxllqllylle then
a 7 a )
10: update z := x — %e}; Yy =y — U—yiQak;
a2, lax[5,
11: else
1 3Quy'Q
12: rescale ) = ———— | Q+ ——5— |;
i+ 37 ( 1ol
13: if 3k € S\ T such that [|ax[¢o > 6~ then
14: T:=TU{keS\T:|allq > 06"},
15: if tk(Ag\r) < rk(A) then REMOVE(T);

16: if IIx > 0 then
17: Define z; € R™ by z; := (Ilz); if i € S, z; :=0if i ¢ S. return 7.
18: if S = () then return z = 0.

Algorithm 3 Column deletion
1: procedure REMOVE(T)
2: Delete all a; with ¢ € T from A. S :=S\T; T := 0.
3: Reset z; :=1forall j € S; y:= Ax.
4: Recompute IT := I1%;

Proof. The three conditions are all trivially satisfied at initialization, since Q = I,,,, so
Py C E(Q) =B", |laillg = ||laill2 =1 < 1/04 for all i € S*, and S = [n]. Also, as long
as invariant (i) is maintained, invariants (ii) and (iii) also hold. Indeed, by definition
of 04, it follows that 64a; € conv(A) Nconv(—A) C P4 C E(Q) for all j € S*, where
the first containment follows from the fact that |la;|| < 1 for all j € [n]. Consequently,
llajllo < 1/64 holds for every i € S*. Finally, since a column a; is removed only if
llajllo > 1/64, we also have S* C S.

Thus, we only need to show that, if at a given iteration we have S* C S, then the
algorithm will maintain the condition P4 C Ej;,4)(Q) at the subsequent iteration. By
Lemma Py = Py, so Py does not change throughout the algorithm since we main-
tain S* C S. It suffices to show that P4 C E(Q), since P4 C im(Ag+) C im(A).

After t rescalings, let M and @ be the corresponding matrices, so that @ = (1 +
e)"2MTM. Let A’ = MA. By Lemma [2.4] applied ¢ times, M P4 C (1 + 3¢)!Py. Tt
follows that P4 C (1 + 3¢)!M~1B™ = E(Q). O
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Lemma 2.11. The relative volume of the ellipsoid Eim(A)(Q) decreases at least by a factor
3/2 at every rescaling.

Proof. At rescaling, we updated the matrix Q as Q' = (1 + 3¢) 2(Q + SnyTQ/HyH%)),
where y € im(A) for the current matrix A. Let H = im(A). We need to prove that
dety(Q') > (9/4) dety(Q). Since (1 + 3e)™ < 4/3, it suffices to show that dety(Q +
3QuyTQ/ Hy||é) = 4. Let W be an m x rk(A) matrix whose columns for an orthonormal

basis of im(A). Since y € im(A), we have y = Wz for some z € R*X(4), Then

det(Q +3Quy" Q/IIylly) = det(W'QW +3WTQW2z"WTQW/|lyll3)
= det(WTQW)(1+3:TWTQW=2/|ly|3)
= det(WTQW)(1+3y"Qy/|lylg) = 4

where the second equality follows from the Sherman-Morrison formula (that is, for every
non-singular B € R™*™ and u,v € R™, det(B +uv') = det(B)(1 4+ vT B~ 1u)). O

We now formulate the two main technical lemmas, and derive the proof of Theorem
using them. The proof of these two lemmas is deferred to Section In the following,
¢ denotes the known lower bound on the initial 64, and p* refers to the initial p%.

Lemma 2.12. At every call of the procedure REMOVE, the rank of A decreases. The
algorithm can be implemented so that the total number of operations required for all calls
to the procedure throughout the execution of Algorithm@ is bounded by O(mn?).

Lemma 2.13. Let A’ be the matriz obtained from the current matriz A after a call of the
procedure REMOVE. Let 7' :=1k(A") <7, E := Ei(4)(Q), and E' := Ejpan(Q). Then

VO]T/ (E/) < Uyt 2 =
vol,(E) — v \Op* '

Proof of Theorem [2.8. From Lemma [2.10] whenever Algorithm [2] returns a solution, it is
a maximum support solution. We need to argue that the algorithm terminates in the
prescribed number of iterations. Let A denote the input matrix, and A be the current
matrix at any given iteration. Recall that A = Ag for some S D S*, and that we have
Py = Pz by Lemma We let r denote the rank of the current matrix A. Also recall
that the input requires ||a;|| <1 for all j € [n].

We define a round of the algorithm the iterations that take place between two iterations
in which we remove some columns from the matrix A. During each round, the algorithm
maintains theset T = {j € S : ||aj|lg > 0!} of columns eligible for removal. Columns are
removed if rk(Ag ) < 1k(A). In particular, the number of rounds is at most rk(A) < m.
We want to bound the total number of rescalings performed by the algorithm.

Claim 2.14. Thus the total number of rescalings throughout the algorithm is O(m log(éflp*_l)).

Proof. We will show next that at every rescaling within the same round, except for the
last rescaling of the round, the invariant

vol, (E) > v,(6p")" (12)
c

is maintained. Indeed, by Lemma (i), Py C B := Ey,4)(Q) throughout. Since
lajllq < 671 for all j € S\ T, it follows that E O fconv(Ag\r, —Ag\7). Since at
every rescaling except for the last one of the round we have rk(AS\T) = r, it fol-
lows by Lemma that conv(Ag\7, —Ag\7) contains an r-dimensional ball of radius
P(Ag\r—Ag\1) > p*. This implies .

At the first iteration, Q = I, and E = B, Nim(A), therefore initially volz(E) < vy,
where 7 = 1k(A). By Lemma at every rescaling in which we do not remove any
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column vol,(E) decreases by at least 2/3; Lemma bounds the increase in vol,.(E) at
column removals. Combined with the lower bound , we obtain that the total number
of rescalings is at most m plus the smallest number K satisfying

e (%) <o

The claimed bound on K follows. O

By Lemma the algorithm is guaranteed to terminate when ||yl < [p(a,—a)| < p*.
By Lemma after ¢ rescalings ||y|l2 < [|y/lo(1+3¢)’. Hence the algorithm is guaranteed
to terminate if ||y|lo < p*/(1 + 3¢)E.

At the beginning of each round, we re-initialize x so that x; = 1 for all j € S. In
particular, y = Az satisfies ||y|lq < [S|max;e(g)|lajllo < nf~', where the last inequality
follows from ||aj|lg < 671 for all j € S. At every rescaling within the same round, |yl
increases by 2/(1+ 3¢), and in every DV update, it decreases by at least a factor v'1 — £2.
Let T be the number of rounds, and K1, ..., K7 be the number of rescaling within rounds
1,....T.

It follows that, at the ith round, the number of DV updates is at most the smallest
number x; such that

nf1(1 — 2)ri/22K < p* /(1 + 32)K.

Taking the logarithm on both sides and recalling that log(1 —&2) < —&? and log(1+3¢) >
3¢, it follows from our choice of € that x; € O(m?)K; + O(m)K. Since K = Kj +--- +
K7 and T < m, this implies that the total number of DV updates is O(m?)K. Using
Claim the total number of DV updates is O(m?3log(fp*)~!). As explained in the
proof of Theorem we can perform each DV update in O(n) arithmetic operations,
provided that at each rescaling we recompute F' = ATQA at a cost of O(n?) arithmetic
operations. This implies the stated running time. O

2.2.2 Proofs of technical lemmas

Proof of Lemma[2.13 Algorithm [2 removes columns from the matrix A in two cases (in
step 5 and step 13) of the algorithm. In step 13 we remove the columns in T only if
this decreases the rank of the matrix A. We show that after the column-removal in step
5, the rank of A decreases. This will imply the first part of the statement. Indeed, in
step 5 we determined x with ||z||; = 1 such that 0 # y = Az and ATQy > 0. Since
0< ||y||22 = 2T ATQy, it follows that ATQy # 0. This shows that there exists k € S such
that (ag,y)gp > 0, so in particular S’ := {j € S : (a;,y)y = 0} C S, which implies that
rk(Agr) < rk(A).

At line 13 we need to check if rk(Ag\7) < rk(A). We next observe how this check
can be implemented so that the total number of arithmetic operations carried out for
this purpose throughout the entire execution of the algorithm is O(mn?). Throughout
the algorithm, while rk(Ag\7) = rk(A4) we maintain a set B C S\ T' of indices of rk(A)
linearly independent columns of A, and a rk(A) x |S| matrix F' that is obtained from A
by Gaussian elimination so that the columns of F' indexed by B form an identity matrix.
At the beginning of the algorithm (in which case S := [n] and T' = )) this will require
O(m?®n) arithmetic operations. Suppose now that, in a given iteration, for k € S\ T
we want to check if removing from A the columns in 77 := T U {k} decreases the rank
of the current matrix A. If k ¢ B, then the rank does not decrease, and we maintain
the property that BNT' = (). If k € B, then let h be the index corresponding to the
entry of value 1 in the unit column indexed by k in F' and check if there exists an index
j € S\ (BUT) such that the (h, j) entry of F' has nonzero value. If such index j does not
exist, then rk(Ag\7v) < rk(A), so we set B := B\ {k} and remove from F' the columns
indexed by 7" and the zero row thus created. Otherwise, update B := B\ {k} U {j} and
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recompute F' by performing a pivot on entry (h, 7). Performing the pivot requires O(mn)
time. Since we remove at most n columns throughout the algorithm, the total running
time required is O(mn?). O

The next three lemmas will also be needed in the proof of Lemma [2.13] as well as in
Sections |3} Given a convex set X C R? and a vector a € R, we define the width of X
along a as

widthx (a) o max{a'z : z € X}. (13)

Lemma 2.15. Let £ := E(D7 ') = {z ¢ R? : 2" D~ lx < 1}, where D is a symmetric
positive definite matriz. Given a vector a € R?, widthg(a) = ||a||p.

Proof. For every z € E, a'z = a"DY?D~'/22z < |a||p||z||p-1 < |la||p where the first
inequality follows from the Cauchy-Schwarz inequality and the second from z € E. On
the other hand, if we define z = Da/||a||p, it follows that z € E and a'z = ||a||p. O

Lemma 2.16. Let E C R? be an ellipsoid. Given a € R?, a #0, let H={x : a'x = 0}.

Then 1(E)
VOlg Vg—1
li1(ENH) = . .
Vol ) widthg(a) vg

The lemma follows easily from the next bound on determinants, which we will also
need in Section [3

Lemma 2.17. Consider a matriz R € SELF. For a vector a € R, a # 0, let H = {x :
a'z =0}. Then

det(R) = det(R)||a|| %
Proof. Without loss of generality we can assume that ||a||2 = 1, that is, @ = a. Let
W € R¥(4=1) be a matrix whose columns form an orthonormal basis of H. Since (W|a)
is an orthonormal basis of R?, we have

wT WTRW W'Ra
det(( o >R(W'“)> ‘det< TR JalB, )
= det(WTRW)(||al|% — a" RW (W TRW)'W ' Ra),

det(R)

where the last equality follows from the determinant identity for the Shur’s complement.
We now observe that ||a||% —a” RW (W TRW)™'W T Ra = ||q||?, where ¢ is the orthogonal

projection of the vector RZa onto the orthogonal complement of the hyperplane RY2H.

The orthogonal complement of this hyperplane is the line generated by p = R~/2a. Thus,
lqll? = aTR%R_%a(aTR_la)_laTR_%R%a = [la]|%-1.

Therefore det(W T RW) = det(R)l|al|%-., as required. O

Proof of Lemma[2.16, The volume of E can be written as voly(E) = vg/+/det(R), and

using (2), we get voly_1(E N H) = vg_1/y/dety(R). The statement follows from Lem-
mas 215 and O

Proof of Lemma[2.13 It suffices to prove the claim for the case ' = r — 1, therefore we
assume that im(A’) is a hyperplane of im(A). Let a € im(A) be a vector orthogonal to
im(A’) such that ||al|2 = 1. By Lemma

vol,.(E)  vp_1
widthg(a) v

VOITI(E,) =

Let $":={j € S : [lajllo < 207'}. Since at every rescaling the Q-norm of the columns
of A increases by at most a factor 2, the columns in 7'\ S’ had @Q-norm greater than !
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already at the previous rescaling. Since we did not remove the columns in 7'\ S’ at the
previous rescaling, it follows that rk(Ag) = rk(A), so im(Ag) = im(A). In particular
a € im(Ag), therefore we have

widthg(a) = max{a'z : ||z|lg <1, 2 € im(A)}
Tl _ 6
> XM >~ min max|j al
kes’ |lakllg ~ 2 yeim(Ag) k€S’
0 0p%y
= Q‘p(AS/,fAS/ﬂ > 9
where the last inequality is by definition of p%. O

3 The Image Algorithm

We now present our algorithms for the image space. Again, we start by describing the full
support version first (Section [3.2)), followed by the maximum support version (Section 3.3)).
In contrast to the kernel algorithms, these two versions will use the same framework of
changing the scalar product, and even the same condition measure @w4. The maximum
support version is obtained by a direct extension of the full support version.

The full support algorithm can be seen as an improved version of previous algorithms
by Betke [4]. While we use a similar volumetric potential, a more sophisticated rescaling
allows for a factor n improvement in the overall number of iterations. In the algorithm we
keep modifying the scalar product (.,.) o Via rescalings. For every rescaling, we run the
von Neumann algorithm, using the current scalar product (., '>Q7 for O(m?) iterations.
This provides a vector y € conv(ai/||laillQ,--.,an/||an|@) with ||y|lg < e. The coefficients
of the convex combination will be used to construct an appropriate rescaling.

Instead of von Neumann’s algorithm, one could use other first order methods, such
as Perceptron, the DV-updates, or Wolfe’s nearest-point algorithm [38]. All these first
order methods are interchangeable in this framework, as the only property needed is that
they can find a vector y € conv(ai/|lai||Q, ..., an/|lan|g) with |ly|| < 1/poly(m) in time
polynomial in m and n. We can use Nesterov’s smoothing technique [25] (as illustrated
by the Smoothed Perceptron algorithm by Pena and Soheili [34], and the Mirror Prox for
Feasibility Problems (MPFP) by Yu et al. [39]).

As mentioned above, our rescaling is an improvement over the one used by Betke [4],
who combined his rescaling with a variant of Wolfe’s nearest-point algorithm. Pefia and
Soheili [30] use Betke’s rescaling combined with either the Perceptron or the Smoothed
Perceptron algorithm. Betke’s rescaling requires more first-order iterations, namely,
O(m?®n) calls for Perceptron or Wolfe’s nearest-point algorithms; the reason is that his
rescaling is based on a single column a; that has the highest coefficient in the convex com-
bination. To explain the difference, consider an input matrix with unit length columns.
For the column aj with the largest coefficient in the convex combination returned by the
first order algorithm, Betke would perform the rescaling A" := (I,,, — %aka;)A. In con-
trast, our update corresponds to changing the matrix to A’ := (I, + > 1 7a;a] ) 71/2 A,
where y = Az. (Note that in the description of our algorithm we prefer to modify the
scalar product instead of changing the matrix.)

We note that our algorithm also has deeper connections to Chubanov’s algorithm [10]
for the kernel problem; rescaling multiplies A by a diagonal matrix from the right. These
connections will be explored in a subsequent paper in the series.

3.1 The von Neumann algorithm

We now state the von Neumann subroutine (Algorithm [4f) in the form needed for our
algorithm. This is the same as the algorithm described by Dantzig [13], with the scalar
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product replaced by (., '>Q for a matrix @Q € S7',, and using the normalized columns
a;/l|aillq-

Algorithm 4 The von Neumann algorithm
Input: A matrix A € R™*™, a positive definite matrix ¢) € R™*™ and an € > 0.
Output: Vectors x € R", y € R™ such that y = > | za;/|aillg, €z = 1,
x > 0, and either ATQy > 0 or ||yl < e.
1. Set z:= &1, y = a1/||a1]|g-
2: while ||y|lg > € do
Let k := arg min (ai, y)q /llaillo;

4: if (ax,y), > 0 then return the solution (z,y) such that ATQy > 0.

Terminate.
5: else
L = a/lade.v,
' Hy—ak/Hak”Q”Q
v update v := (1 = Nz +Aé&;  y:=(1- Ny + Mlaakll ’
kEllQ

return the vectors (z,y).

The value of A for the update is choosen so as to minimize the norm |[(1 — \)y
Ak — ”a H lg- The following lemma summarizes the properties of the von Neumann algorlthm
as shown in [13]. Running the algorithm with (.,.) is the same as running it for the
standard scalar product for the unit vectors Q'/2a; /|| Qa4
Lemma 3.1. For input € > 0, the von Neumann algorithm terminates in at most [1/?]
updates.

3.2 Full support case

Algorithm 5 Full Support Image Algorithm
Input: A matrix A € R™*" such that rk(A) = m and ([..]) is feasible.
Output: A feasible solution to ([ ]).

1: Set Q :=I,,,, R:=1I,,.

2: while ATQy # 0 do

3: Call vON NEUMANN(A, @, €) to obtain (x,y).

4: rescale

R 1+g< ZH " ) Q=

return The feasible solution § = Qy to ([,.]).

We use the same value ¢ = ﬁ as in the kernel algorithm. Here as well as in the
Maximum Support Image Algorithm, we assume that the matrix A has full row rank,
that is, im(A) = R™. This is without loss of generality; the general case can be easily
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reduced to this case. Let us state the running time bound, which will be proved in

Section 32,11

Theorem 3.2. For any input matrizc A € R™*" such that tk(A) = m and ([+4)) is
feasible, Algom'thm@ﬁnds a feasible solution to ([+.]) by performing O (m3 log @ ) von

Neumann iterations. The number of arithmetic operations is O (m2n2 log @21)

Using Lemma we obtain the running time in terms of the encoding length L.

Corollary 3.3. Let A € Z™*"™ be an integer matriz of encoding size L. If rk(A) = m
and (I;4)) is feasible, then Algorithm@ﬁnds a feasible solution of ([;+]) in O (anQL)

arithmetic operations.

If instead of the von Neumann algorithm we use Nesterov’s smoothing technique [25],
34, 139], we obtain the following alternative running-time bound.

Theorem 3.4. For any input matric A € R™*"™ such that tk(A) = m and is
feasible, Algom'thm@ with Nesterov’s smoothing technique finds a feasible solution to
by performing O (mz\/m -log oﬁgl) iterations. The number of arithmetic operations is
0 (m?’n\/logn -log @Zl). If A € Z™*™ is integer with encoding length L, then the running
time is O (m®ny/logn - L).

Oracle model for strict conic feasibility. Let us also remark that the algorithm
immediately extends to an oracle model, where the goal is to find a point in the interior
of a full-dimensional cone 3 C R™, given via a separation oracle. That is, for any vector
v, the oracle decides whether v € int(X), and if not, it returns a vector z such that
27w <0but 2"y > 0 for any z € int(X). Hence we can run von Neumann algorithm using
this oracle, and use the vectors return by the oracle for rescaling. The algorithm in this
case performs O(m3log(p~!)), where p denotes the radius of the largest ball contained
in 3 and centered on the surface of the unit sphere. This model was studied by Pena
and Soheili [30], who gave an algorithm that performs O(m®log(p~!)) perceptron (or von
Neumann) updates. We will elaborate further on the oracle model in a subsequent paper,
in particular, show its application to submodular function minimization.

3.2.1 Analysis

It is easy to see that the matrix R remains positive semidefinite throughout the algorithm,
and admits the following decomposition.

Lemma 3.5. At any stage of the algorithm, we can write the matriz R in the form

n
R=oaln+Y v
i=1
where o = 1/(1 + )t for the total number of rescalings t performed thus far, and ~; > 0.
The trace is tr(R) = am + > | 7.

Recall that we denote by ¥4 = {y € R™: ATy > 0} the image cone. Let us define the
set
Fy=X2NB™

The running time will be bounded in terms of the condition number &4 defined in (@
Using the notation F4, the definition is w4 = min;ep+ widthp, (@;). In the full support
case, we assume 1™ = [n].

The ellipsoid E(R) = {z € R™ : ||z||% < 1} plays a key role in the analysis, due to the
following property:

Lemma 3.6. Throughout the algorithm, F4 C E(R) holds.
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The correctness and running time estimation follows by the next three lemmas; Lemma
is essential in the proof of the first one.

Lemma 3.7. Throughout the algorithm, ||ai||q > wa for every i € [n].
Lemma 3.8. The determinant of R increases at least by a factor 16/9 at every rescaling.

Lemma 3.9. At any stage of the algorithm, there exists a column ap with

1
akllQ <
lowllg < e

We now present the proofs of Theorems [3.2] and [3.4] based on these lemmas.

Proof of Theorem[3.3. After ¢ rescalings, Lemmas and imply the existence of a
column ay, with [|agllg < 1/(v/(16/9)4/™ —1). Lemmayields 1/@wa >/ (16/9)t/m —
Consequently, the total number of rescalings during the entire course of the algorithm is
providing the bound O(m log oﬁgl).

By Lemma the von Neumann algorithm performs O(m?) iterations between two
consecutive rescalings. As in the proof of Theorem a von Neumann iteration can be
implemented in time O(n), assuming that we compute the matrix ATQA at the beginning
and after every rescaling. Provided @, this can be done in time O(n?m). This is more
costly than in the kernel case, where we only had to implement rank one updates at every
rescaling, since now we need to recompute ATQA from scratch. For every rescaling, this
computation dominates the term O(m?n) for the von Neumann iterations, as well as the
complexity of updating the matrix R and computing the inverse (). Hence we obtain the
overall complexity O(n?m?log d)ATl). O

Proof of Theorem[3.4 The smoothed algorithms [25] 134, [39] can either find a y € R™
with ATQy > 0, or a y € conv({a;/||aillg : i € [n]}) with ||y[l¢ < e in O(y/logn/e)
iterations. However, the complexity of each iteration is O(mn) compared to O(n) for
the von Neumann algorithm. We obtain the same bound ¢ = O(mlog d)Afl) on the total
number of iterations as in the proof above. These together give the claimed bound.
Note that we do not have to compute ATQA at every rescaling as it does not yield any
computational benefit. O

Lemma will be a consequence of the following simple claim.

Claim 3.10. Let Q € Sy, let R = Q7' and let x € R and y € R™ such that
y=y1" x ’IlaiHQ’ Te =1, lyllo < €. Then, for every z € ¥4,

2
T §522.
Z z<|a1” ) 21%

Proof. For every i € [m], we obtain 0 < a] z = a] Q/2Q7"?2 < ||a|lgl|2||r using the
Cauchy-Schwartz inequality. Then

n

T 2 n

a; 2 T
S () <3om i ” l2llr = v =l2lx < Inlloli=ll% < ell=l3.
i=1 @i

laillq

The first inequality uses the previous estimate, x > 0, and z € ¥ 4; the second inequality
uses again the Cauchy-Schwarz inequality. Ul

Proof of Lemma(3.6. The proof is by induction on the number of rescalings. At initializa-
tion, F4 C E(I,,) = B™ is trivial. Assume F4 C E(R), and we rescale R to R'. We show
Fa C E(R'). Consider an arbitrary point z € Fa; by the induction hypothesis, ||z[|% <1
because z € E(R).

22



For the vector x returned by the von Neumann algorithm, the algorithm sets R’ =
(R +>0 xiaiaiT/HaiHé> /(14 ¢). Thus Claim |3.10| implies that

n
T i T
2l =2 <R+ D T % ) /(1+e) < llk
i=1 "R

Consequently, z € E(R’), completing the proof. O
Proof of Lemma[3.7. Since Fy C E(R), from Lemmas and |3.6| we obtain
H&ZHQ = WidthE(R)(di) > WidthFA(&i) > Wa.

The final equality follows since w4 = min;er+ widthg, (a;) by definition, and T* = [n] in
case (/1) is feasible. O

Proof of Lemma[3.8. Let R and R’ denote the matrix before and after the rescaling. Let
X=>" xiaiaiT/HaiHé; hence R = (R+ X)/(1+¢). The ratio of the two determinants
is

det(R')  det(R+X)  det (I, + R Y2XR'/?)

det(R)  (1+e)mdet(R) (1+e)m

Now R~Y2 = Q12 and Q/2XQ'/? is a positive semidefinite matrix. The determinant
can be lower bounded using using Lemma iii) and then Lemma [L.1J(ii):

det(R') 1+tr(Q1/2XQ1/2
dt(R) = (L+o)m ”Z

a || tr(Q"?a; TQ1/2)> J/(1+e)™
aillg

Finally, Lemma (1) gives tr(Q'2a;a] Q'/?) = tr(a] Qa;) = HaZHQQ Therefore we con-

clude

det(R') S L+ o 2
det(R) = (1+¢e)m  (14+¢)m
Using that € = ﬁ, the claim follows. O

Proof of Lemma[3.9 Let k = argmin;er ||G;||g. Let us use the decomposition of R as in
Lemma 3.5l Then

HakHQZ% < Z%uaqu Z% (aTQui/llasl) = tr (QZ%% Z/uaZHQ) -
r(Q(R —aly)) =tr(ly —a@Q) =m—atr(Q) <m. (14)

The second equality used Lemma [L.1{i) and (ii), the third used the decomposition of R,
the fourth used QR = I, and the final inequality is since @ is positive definite.

The fact that tr(R) = am+ > ;v < m+ Y ;" ;v and Lemma [1.1{iv) imply that
Sy > tr(R) —m > m(det(R)/™ — 1). Note that the latter term is positive because
det(R) > 1, therefore the statement follows from ([14). O

3.3 Maximum support case

The Full Support Image Algorithm naturally extends to the maximum support case. We
assume a lower-bound @ is given on w,4. Lemma [3.7| easily generalizes to show |laxl|qo >
@y for every k € T*. Hence if the algorithm does not terminate within O(mlog@™!)
rescalings, then we can identify a column |laxz||o < @ and conclude k ¢ T*. We thus
eliminate a; and recurse. A naive approach would be to restart the algorithm every time
a column is removed, but this would multiply the running time by a factor m. In what
follows, we show that the same running time bound applies for the maximum support
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Algorithm 6 Maximum Support Image Algorithm

Input: A matrix A € R™*" with rk(A) = m, and a lower-bound @ on the
condition number wy.

Output: A solution y € R™ to satisfying the maximum number of strict
inequalities.

1: Set Q:=1I,,, R:=1,, U :=1,,T:=n], r:=m.
2: while T # () do
3: Call vVON NEUMANN(A, @, ¢) to obtain (x,y).
4: if ATQy > 0 then return y = UQy. Terminate.
5: else rescale
_ 1 Li T). _ p-1

R = T+ e (R%—ZEZT Hai%alai) . Q=R
6: while 3k € T such that (||ax||q < @) or (y =0 and z; > 0) do
7 Select W € R™ (=1 whose columns form an orthonormal basis of ai.
8: Set A := WTA, delete all 0 columns, and remove the corresponding

indices from T

9: Set R:=WTRW, U :=UW, and r :=r — 1. Recompute Q = R~ .

return y = 0.

case as for the full support case. When a column is removed, we continue with the
appropriate projection of the system, and keep track of the potential det(R) throughout
the algorithm. The key new argument (Lemma gives a bound on the potential
decrease at any column removal.

Similarly to the Maximum Support Kernel Algorithm (Algorithm [2)), we maintain a
set T of indices with the property 7% C T. The set T is initialized as T' = [n], and we
remove an index ai once we conclude that k& ¢ T*. The algorithm terminates with a
solution ¢ such that a;—g >0 for all i € T and a;crgj =0 for all i ¢ T, verifying T' = T™* at
termination. We maintain r as the number of rows of A throughout the algorithm. As in
the full support case, we assume that initially the matrix has full row rank; this will be
preserved throughout the reduction steps.

Removing a column ay from T is slightly more complicated than in the primal setting.
We need to make sure a-,gg = 0 for the desired solution g, that is, we recurse on the
subspace aé-. To do this we apply an isometric transformation of ai to R"~!. This is
achieved by selecting an r x (r — 1) matrix W whose columns form an orthonormal basis
of ai, and replacing A by the matrix obtained by removing all zero columns from WTA
(in particular, the kth column is removed since W Tay = 0); thereby the number of rows
decreases by one.

Theorem 3.11. Let the matriz A € R™*" have rk(A) = m, and we are given a lower-
bound w onw4. Algorithm@ﬁnds a mazimum support solution to ATy > 0 in O (m2n2 log(nwfl))
arithmetic operations. The smoothed variant uses O (m®ny/logn -log(nw™")) arithmetic
operations. If A € Z"™ ™ is integer of encoding size L, the running times of the two
variants can be bounded as O (m*n®L) and O (m*n/logn - L), respectively.

3.3.1 Analysis

Note that the function y — W Ty is an isometric bijection from R™ N aé- to R™~! whose
inverse is the function 3’ — Wy'. The corresponding update to the matrix R will be
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WTRW. Note that E,L (R) = WE(WTRW) and that £4 = WX14.

The matrix U keeps track of the product of all rescalings so far. We let A denote the
original input matrix and A the current matrix at any iteration of the algorithm. The
current matrix A is obtained from U'A by removing all zero columns (which are the
columns outside T'). Letting H := {y € R™ : @]y =0 Vi€ [n]\ T}, the transformation
y +— Uy is an isometric bijection from H to R” whose inverse is the function 3’ — Uy/.
It is easy to see that ¥ ;1 = UX 4 and F)5z = UF}4.

We now formulate the main lemmas used in the proof of Theorem [3.11] The proof of
the lemmas are deferred after the proof of the theorem. The first main lemma guarantees
the correctness of the column removal.

Lemma 3.12. If Fx C E(R), then |la;]|q > @a for everyi € T*. Ify =) .pxia; = 0,
x >0, then x ¢ T* for all k with xj > 0.

The next lemma is a strengthened version of Lemma [3.5] with explicit bounds on the
coefficients. Note that the dimension m is replaced by the actual dimension r and the set
of columns [n] by 7. Recall that w denotes a known lower bound on wy4 for the initial
input matrix A.

Lemma 3.13. At any stage of the algorithm, we can write the matriz R in the form

R=oal +> v,
€T

where v; < 2/@%, Vi € T, a = 1/(1 + ) for the total number of rescalings t performed
thus far, and v; > 0. The trace is tr(R) = ar + Y .cpvi. Furthermore, the matriz Q

satisfies that for any unit-normed vector v € R", ||v]|g > @/+/2(n + 1).

The next lemma is the key new element in the argument for the maximum support
problem.

Lemma 3.14. Assume that at a given iteration F4 C E(R), and consider an index
ke T\T* Let W € R0 be a matriz whose columns form an orthonormal basis
of aé. Let A’ be the matriz obtained by removing all zero columns from WTA, and let
R'=WTRW. Then R’ is positive definite and Fy C E(R'). Furthermore,

—2

det(R') > Nt

det(R).
We now prove Theorem based on these lemmas and the results proved in Sec-
tion 3211

Proof of Theorem[3.11] Lemmas [3.6] and [3.§ remain valid. Lemma [3.9] also holds under
the assumption det(R) > 1; the proof uses Lemma in place of Lemma

We first show that the solution ¢ returned by the algorithm is a solution to satisfy-
ing the maximum number of strict inequalities. Lemmas and imply that T'C T*
throughout the algorithm. If T'= () at termination, then 3 = 0 is indeed a maximum
support solution. Assume the algorithm terminated at line 5 with § = UQy, where the
matrix U € R™*" represents the sequence of transformations. For the original matrix A,
the current matrix A is obtained from U'T A by removing all columns outside T'; further,
if k ¢ T then U'ay, = 0. It follows that agg = 0 for all such columns, and a{g > 0 for all
k € T, as required.

The potential det(R) is initially 1, and increases at least by a factor 16/9 at every
rescaling by Lemma By Lemmas and we can find an index k € T'\ T*
whenever det(R) > (1+w~2)™. Furthermore, by Lemma[3.14] det(R) drops by at most a

w

factor InFT) after the elimination of a column. Since the number of rows decreases by 1

every time we eliminate a column, the algorithm performs at most m column eliminations.

25



Consequently, within O(m log(nw~1)) rescalings, all columns outside 7% will be removed
and the algorithm terminates with a solution of maximum support.

As in the proof of Theorem the iterations between two rescalings can be imple-
mented in time O(n?m), giving the running time bound. Following the proof of Theo-
rem 3.4 we obtain the running time bound for the Smoothed Perceptron or MPFP updates.
The bound on integer matrices follows by Lemma O

The rest of this section is dedicated to the proof of the lemmas.

Proof of Lemma[3.12 The second statement is straightforward; we only prove the first
part. We denote the original matrix and its columns as A = (ai,...,a,). The same
argument as in the proof of Lemma [3.7] shows that

laillo/laill = wa  Vie T (15)

We recall that, for every i € T, a; = U'a; for the current matrix U in the algorithm, and
that UT is an isometry. Thus ||a;||g = ||@i]|g. In what follows, we show that [ja;|| < ||a;].
Thus the claim follows from ([15]), using that ||a;|o = |laillo/|laill > [l@:llo/||a@:]|-

To show |[la;|| < ||a;||, we let H := {y e R™ :a]y=0 Vi€ [n]\T}. Then H D X
holds. We note that the matrix II := UU?” is the orthogonal projection matrix onto H.
In particular, for all ¢ € T',

lasll = vailla; < /|aq ||| Ta | < [|al],

where the first inequality follows from Cauchy-Schwartz and the second from ||Ila;| <
18]l 0

Proof of Lemma([3.13 The proof is by induction. The formula and bound is valid at
initialization when R = I,,, and v; = 0 Vi € [n]. Let R = ol, + Y ;.1 7:G;a, denote the
current decomposition, where v; < 2/@?. We will show that the required form and bounds
hold for the next update.

Assume that we rescale in the current iteration. Given this, we must have that
min;er ||a;||g > @. Next, for i € [n], using Lemma we see that

A . A 1
ail|3y = widthg g (6:) = max S (a; 2)? : aflz* + > y(aj2)’ <L,z € R < -
JjeT v

Now let x be the convex combination returned by Von Neumann in line 3. By the rescaling
formula in line 5, the matrix R is updated to R’ satisfying

e (ST = v (o4 2 (0 g 2o7)

Therefore, each ~; is updated to 7, satisfying

, 1 L 2 _2

V=T |\ vt | S =

Polde U all? ||al||Q w2
as needed.

Consider now a step when some columns are eliminated. Then the matrices A and R
are updated to A’ and R’, where A’ is obtained by removing the zero columns from W T A
and R’ = WTRW. We denote by T C T the index set of columns of A’. Thus

R/

T
aa

R =aW W+ %WTaa] W =al_1+ ) _ W' ’”2HWT NIER

€T’ €T’
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where the last equality follows from WTW = I,_; and the fact that W'a; = 0 for all
i € T\T'. Setting o/ = o and v} = ;||WT;||? for i € T" gives the desired decomposition
of R'. Next, since ||WTa;|| < |ai|| <1, we get that 7} < ~; < 2/@?, for all i € T".

We now prove the last part lower bounding |[v||g for any unit vector v € R". Firstly,
for any z € R", the Cauchy-Schwarz inequality gives

2R = az|? + Y yi(a] 2)? < (a + Z%) [T

i€T =
and hence F(R) contains a Euclidean ball of radius at least 1/y/a + ) .. vi. Therefore,
for any unit vector v € R", using Lemma we get

|v]l@ = max {vT:): tx € E(R)}

> ! > >_2
Vatdiervi  VJ1I+2T|/@? ~ /2(n+1)

as needed. O

Proof of Lemma[3.1]. The positive definiteness of R’ follows easily from Lemma To
show that Fu» C E(R’), consider ¢y € Fy/, and let y = Wy'. Observe that, by construc-
tion, ATy = A"/, |lylla = [|¥/|l2, and yT Ry = (/)T R'y/. This implies that ATy > 0 and
lyll2 < 1 because 3’ € Far. It follows that y € Fa, thus y" Ry < 1 because F4 C E(R).
This implies that (y/)T Ry’ < 1, meaning ' € E(R'), as required.

Finally, note that det(R') = detakl(R). Lemma [2.17| gives det(R') = det(R)HdkH2Q. To
obtain the desired bound, we use the estimate ||ax||7, > @?/(2(n +1)) from Lemma
which holds since @, is a unit vector.

4 Condition measures and orthonormal precon-
ditioning

In this section we show how the condition measures we introduced in Section [L.2] relate
to other conditions measure considered in the literature. We also address the question
of finding a good preconditioning for our algorithms. For both the kernel and image
problems, we get an equivalent problem, if we replace A by B = T'A for some non-
singular 7" € R™*™. Hence the questions is whether we can replace A by another B with
im(BT) = im(AT), so that the relevant condition numbers improve. We show that, if
B is chosen as a matrix whose rows form an orthonormal basis of im(AT), many of our
condition measures become approximately the best possible, and all running times can be
lower bounded by Stewart’s condition measure x 4.

4.1 Relations to other condition measures

As already indicated in Section our measures 04, p%, and wy are closely related to
well known condition measures in the literature. The following pair of condition measures
introduced by Vavasis and Ye [36]:

gﬁfdéf mgr}max {z; : x € ker(A)4, ||z|L =1},
def - (16)
h™ minmax {zi : v € im(aT),, ol =1}
el

Observe that the above measures depend only on the subspace im(AT), rather than on
the specific choice of the matrix A whose rows span the space. The relationship between
04 and aﬁf , and between w4 and ai, is formulated in the next claim,
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Claim 4.1. For every matriz A € R™" 04 = ok /(1 — o&). Furthermore, if ||a;|| = 1
for all i € [n], then o!y > &a/n.

Proof. The first part of the claim is essentially the same as Proposition 22 in [16]. For the
second part, under the assumption that ||a;|| = 1 for all i € [n], we have ||ATy||1 < nlly||
for every y € R™. The statement now from the definition of w4 and by observing that
ol = minjer-max{a/y : y € R™ ATy > 0,||ATy|ly < 1}, and that G, = a; for all
i € [n]. O

The next lemma, shows the relationship between 64 and p4.
Claim 4.2. Let A € R™*" with | = max;cp, |lail| > 0. Then, 04 > —pa/l.

Proof. Clearly, the statement is trivial if p4 > 0, thus we may assume py < 0. In this
case, by Lemma conv(A) contains a Euclidean ball of radius |p4|. Thus for each
i € [n], we have that —(|pal|/l)a; € |pa|B™ C conv(A). Hence 04 > —pa/l as needed. [

Let us now introduce the condition numbers y4 and x4 defined by Stewart [35] and
by O’Leary [27]. Denoting by D the set of n x n diagonal matrices with positive entries,
we define

w o LW ininies [D(ATy — o) for some e € &7, € D
C

_ def {HATy!
Xa = sup
el

: 9 minimizes |D(A"y — ¢)|| for some ¢ € R", D € D} ,

Note that the condition number ¥4 depends only on the subspace im(A"), whereas x4
also depends on the matrix. In what follows, we focus on x 4, and show that it is essentially
equivalent to p%. The Y measure plays an important role in evaluating the running time
of interior point methods (see Cheung et al. [6]), as well as in Section where we show
that it provides a lower bound on all of our condition measures, after an orthonormal
preconditioning.

Let us characterize y 4 in terms of singular values. For a matrix B, let sy (B) denote
the smallest nonzero singular value of B.

Th 4.3 (BBLET]). 1/x4 = min smin(Asg).
eorem 4.3 (| ). 1/xa o foin s (As)

Claim 4.4. For every matriz A € R™*", 1/(y/nxa) < p% <1/xa.

Proof. Recall that B? denotes the d-dimensional Euclidean ball. Let B¢ = {z € R? :
|z||1 < 1} denote the d-dimensional ¢;-ball. Consider a subset S C [n] with |S| = d. Note
that conv(Ag, —Ag) = AgIB%‘li, that is, the image of IB%‘li under the linear transformation
Ag. Lemma [1.2] gives

|p(As, —Ag)| = max {7‘ s rB™ Nim(Ag) C ASIB%‘ll} .
On the other hand, we can write syin(Ag) as
Smin(Ag) = max {r : rB™ Nim(Ag) C ASIB%d} )
where AgB? is the image of B under Ag. Using that IB%Cf Cc B c \/EIB%‘f, we thus have

|p(As, —Ag)| < smin(As) < v/n|p(As, —Ag)|. The statement follows using the previous
theorem. O
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4.2 Orthonormal preconditioning

Given A € R™*" | throughout this section we consider a matrix U = [uy,...,u,] whose
rows form an orthonormal basis of im(AT), that is, im(AT) = im(UT) and UUT = I.
Observe that T}, = UTU, therefore |lu;|] < 1 for all i € [n], since ||u;|| is the length of
the projection of the ith unit vector onto im(AT). A simple concrete way of obtaining an
orthonormal basis is setting U := (AAT)~1/2A.

We will be interested in evaluating how the condition measures we introduced change if
we adopt the matrix U instead of A to represent our kernel and image feasibility problems.
First, note that, in light of Claim the measure 64 depends only on the subspace
im(AT), rather than the specific choice of matrix A, hence 64 does not change. On the
other hand, we can expect improvement for the measures p% and wa.

We show that the choice of U is “essentially optimal” with respect to the measures
p and p*, in the following sense. Let us assume that ||a;|| < 1 for all i € [n], and let A
the set of all matrices B = [b1,...,b,] such that im(BT) = im(AT) and ||b;]] < 1 for all
i € [n]. Then

1 1
PG> — o S PB; lpul > — sup \pBl. (17)
\/>

The first bound is proved in Lemma The second bound is trivial if py = 0; the
nontrivial cases S* = [n] or T = [n] follow by Lemma [4.8, Whereas we cannot prove the
analogous statement for w4, we show that Wy can be lower bounded by aﬁl (Claim 4.6)).

We first observe that yy is independent from the choice of U, since ||U Ty|| = ||y|| for
an orthonormal basis; moreover, xy = Xa-

Lemma 4.5. If ||a;]| <1 for all i € [n], then xa < \/nxa and pj; > p¥/n.

Proof. Consider z € im(AT), ¢ € R, and D € D such that ATy minimizes | D(ATy —¢)||
and x4 = [|ATyl//llcl|. Then

ATy AT Y
AT AT

el el

where ||AT| denotes the operator norm of AT, and the last inequality follows from the
definition of y4 and the fact that ||A|| < y/n because ||a;|| < 1 for all i € [n]. Finally,

from Claim we have pj; > 1/(v/nxa) > 1/(nxa) > piy/n. O

In particular, the above statement proves the first of the two inequalities in . The
next claim shows that @&y is independent of the choice of the orthonormal basis U, and
compares Wy to 0114.

Claim 4.6. We have

creim(AN) 2| = 1} .

Wy = min max
i€T*

| z“

Consequently, !y < &y. Furthermore, if ||a;|| = 1 for all i € [n], then also &y /n < ok.

Proof. Since |[UTy|| = ||y|| for all y € R™, it follows that @y = min;er~ max{z;/||u;| :
x € im(AT) 4, ||z|| < 1}. The bound oy < & follows from the definition of o, using
[Juil] <1, and that [z < [l

For the last part, we first show that if ||a;|| = 1 Vi € [n], then ||u;|| > T For i € [n],
note that

max ;= max  uiy=|u .
zeim(AT), [lz]=1 YER™, [|y[|=1

where the first equality follows since rows of U form an orthornormal basis of im(AT).
Using that each a; has norm 1, we also have that

a; ' a; 1

ﬁ7

max xZ;
seim(AT) lzll=1" " [[ATa]

v
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as needed. The last part now follows combining the fact that ||u;|| > ﬁ, Vi € [n], and

that ||zl < v/nlz| Yz € R™ O

Hence, while it is not possible to lower-bound on w4 only in terms of Jﬁl and n,
choosing an orthonormal basis U guarantees that @ is no worse than aﬁl.

Based on the previous bounds, we can bound the running time of all our algorithms
in terms of n, m, and the single condition number ¥ 4, if an orthonormal preconditioning
is applied.

Theorem 4.7. Let A be a matriz and U be a matriz whose rows form an orthonormal basis
forim(AT). If we apply Algom'thm to U, the algorithm returns a mazimum-support point
in ker(A)y in O ((m3n + mn?) log(n)_(A)) arithmetic operations. If we apply Algorithm
to U, the algorithm returns a mazimum-support point in im(AT); in O (m?n?log(xa)
arithmetic operations.

Proof. Vavasis and Ye [36, Theorem 5] showed that o, 0%, > 1/(xa +1). Hence we have

0y > 1/(xa+1) (by Claim [L.1), pj; > 1/(v/nxa) (by Claim [£.4), and Gy > 1/(xa + 1)
(by Claim [4.6). The bounds now follow by Theorems and O

The measure p4 and the full support kernel algorithm. We now focus on
pa. We assume that either S* = [n] or T* = [n], as otherwise py = 0. For the full sup-
port kernel case S* = [n], we show that orthonormal preconditioning leads to important
conceptual improvements of the algorithm. In particular, we can bound the running time
in terms of the larger condition number |py7|. The next lemma shows that, again, py is
independent of the choice of the orthonormal U, and that choosing an orthonormal matrix
is optimal up to a factor \/n with respect to this condition measure, verifying the second

part of .
Lemma 4.8. We have .
K

max min .
weim(AT)\{0} i€fn] ||z

Furthermore, if ||a;|| < 1 for all i € [n], then |pu| > |pal/v/n-

Proof. The first statement follows immediately from the definition of pyy and the fact that
im(A") = im(UT) and that |y|| = |UTy| for ever y € R™.

For the second statement, assume first that 7% = [n], and hence that both p4, py > 0.
Now consider § € im(A) such that ||y[| = 1 and pa = min;y, aly, and let # = ATy. Note
that pa = min;ep,) Z; > 0 and that [|Z|| < /n since |la;|| <1 for all i € [n]. Thus,

pU > Ig[i%ji/”ip” > pa/vn>0.

Now assume that S* = [n] and hence pyr,pa < 0. Now choose Z € im(AT"), ||z| = 1,
such that py = min;c[,) Z;. By definition, there exists y € im(A) s.t. 7 = ATy, Again as
above, 1 = ||z|]| < v/n||g||. Thus, we have that

0> pa>minz;/|y]| > vnminz; = Vnpy .
i€[n] i€[n]
Taking absolute values, we get |pa| < /n|py| as needed. O

Next we focus on the relationship between py and o, o, in the cases S* = [n] or
T* = [n].

Lemma 4.9.
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o IfT* =[n], then
1
%PU < 0114 < npuy

o [f S* =n|, then
Pyl
lpul +1

Proof. (i). The proof follows the same lines as the proof of Claim The direction
pu < \/ﬁal{‘ is straightforward by Lemma and the definition of aﬁl, and using that
llz||1 < v/n||z||. For the other direction, let () := arg max{z; : = € im(AT), ||z|1 = 1}
for all i € [n]; hence o) = min;ep, :):EZ). We let 7 = > 2 /n; clearly, ||z||; = 1, and

<ok <nlpy] .

therefore ||z| < ||Z|y = 1. Thus py > ol /n.

(ii). We first prove o§ < n|py|. The statement will follow from the following stronger
bound.

Claim 4.10. Assume S* = [n]. For every z € ker(A); with ||z||1 = 1, and every x €
im(AT) with ||z||o = 1, there exists k € [n] such that x}, > min, e 2;-

Proof. Let 7 = min;¢p,) z; and suppose by contradiction that z; < 7 for all i € [n]. Since
T* = (), it follows that = has at least one negative component. Then Tz <
(1 — 7)7. On the other hand, since > ;" ; xjz =0,

Z Xz = Z \xi|zi27\/z SC?:T\/]_— Z z?>71y/1—(n—1)72

x>0 i:x; <0 i:x; <0 i:x; >0

iz >0

It follows that 1—(n—1)72 < (1—7)2, which immediately implies 7 > 2/n, a contradiction
since 7 < 1/n. O

To show |py| > of/n, let 2 ;= argmax{z; : z € ker(A)y, ||z|l1 = 1} for every
i € [n], so that off = min;ep, zl(l) Let 2 = 23" | 20, so that 2 € ker(A)4, |z]li = 1,
and z; > o /n for all i € [n]. Now for any = € im(AT), ||z|| = 1, applying Lemma
to —z we must have that min;cp,) i < —minggp,) 2z < —aff/n < 0. It then follows that
lou| = olf /n.

We now show that Uﬁf > Loy ] Firstly, by Claim = 0 Next, we recall

lpr|+1° Oa+1"
that 4 = 6y since ker(A) = ker(U). Lastly, by Claim |4.2| noting that py < 0 and
maX;e[y [|uil| < 1, we have that 6y > |py| and hence 9gfjr1 > |p|5(|1+|1. The claim thus
follows. m

Finally, we show that, for the case S* = [n], if we apply Algorithmwith U as an input
matrix, then the algorithm will terminate with a positive solution as soon as the vector y
computed during the execution has norm less than 1. This is a substantial improvement
over the original analysis, where we can only conclude this once |[y| < [p(4,—4)l-

Claim 4.11. Given x € R" such that x > &, let y = U'z. If ||y| < 1, then 75z > 0.

Proof. Since UUT = I, it follows that [T}, = UTU, thus ||IT4z| = |jy|| < 1. Since = > €,
it follows that Hf:{: =x— HII4:L‘ > 0. O

Recall from the analysis of Algorithmthat the algorithm performs at most mlogs |pr|~*
when applied to matrix U. Since, by the previous claim, the algorithm terminates as soon
as the vector y computed during the execution has norm less than 1, it follows that the
total number of DV updates depends on g7, rather than py. We summarize this in the
following corollary.

31



Corollary 4.12. Let A be a matriz such that (K| is feasible, and U be a matrixz whose
rows form an orthonormal basis for im(A"). Algorithm |1| applied to matriz U finds a
feasible solution of (Ki.) in O(m*nlogn + m3nlog|py|™') arithmetic operations.

Recalling that pyy > py because all columns of U have norm at most 1, and recalling
that py > pa/n, it follows that the above running time is not worse than that given by
any choice of input matrix A. Although this does not give an improvement in terms of
the worst-case running time, it might be beneficial in practice.
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A Appendix

Lemma 1.2. |pa]| equals the distance of 0 from the relative boundary of conv(A). Further,
(i) pa <0 if and only if 0 is in the relative interior of conv(A), or equivalently, S* = [n].

(ii) pa > 0 if and only if 0 is outside conv(A), or equivalently, T* = [n]. In this case,
the Goffin measure pa equals the width of the image cone X 4, that is, the radius of
the largest ball in R™ centered on the surface of the unit sphere and inscribed in X 4.

Proof. By Lemma below, |pal| is the distance of 0 from the relative boundary of
conv(A). (i) By Lemma [A1fii), pa < 0 if and only if 0 is in the relative interior of
conv(A), which is the case if and only if there exists > 0 such that Az = 0.

(ii) For any g € X4, ||g|| = 1, the distance between g and the hyperplane {y : aJTy =0}
(7 € [n]) is d}gj, therefore min e, &}g is the distance of ¢ from the boundary of X4, that
is, the radius of the largest ball centered at § and contained in ¥ 4. The statement now
follows from the definition of p4. O

Lemma A.1. Let A € R™*™. Let p be a point of minimum norm in the relative boundary
of conv(A).

(i) If 0 ¢ conv(A), then ||p|| = pa = minjcp,) afp.

(ii) If O is in the relative interior of conv(A), then p is in the relative interior of some
facet of conv(A) and [|p|| = —pa = maxje[, aJTﬁ.

Proof. (i) Assume 0 ¢ conv(A). Then p is a point of minimum norm in conv(A). It
follows that p'z > ||p||? for every z € conv(A), implying that [|p|| < min;ep, a]Tﬁ < pa.
We now show that p4q < ||p||. If not, then there exists y € im(A) such that |ly|| = 1 and
minje ) a]Ty > |[p]|. In particular, this implies that every point in conv(A) has distance
greater than ||p|| from the origin, contradicting our choice of p € conv(A).

(ii) Assume 0 is in the relative boundary of conv(A). By our choice of p, for any
y € im(A), ||ly|| = 1, we have ||p|ly € conv(A), thus there exist > 0 such that eTx = 1
and [[plly = Az. It follows that []p|| = >_7_; xja}—y, therefore there exists j € [n] such
that ajTy > ||p||. This shows —pa > ||p|.

Consider now the minimal face F of conv(A) containing p, and let J = {j € [n] :
aj € F}. Then p = 37, ;a;A; where A; > 0, and 3., A; = 1. Thus every y € F
satisfies p'y = ||p]|2. We argue that F is a facet of conv(A). Suppose not. Then there
exists a facet F” strictly containing F. Furthermore, there exists some j € [n] such that
pTa; < ||p||? because 0 € conv(A), therefore we may choose F’ such that there exists
k € [n] with ax € F' and alp < ||p||?>. Consider the point p’ = Aay, + (1 — \)p where A =
p'(p—ax)/|lp—ax]|®. Note that A > 0 because p'ay, < ||p||?, furthermore, since |laz|| > ||p||
(otherwise a would be a point on the relative boundary of conv(A) with smaller norm) we
also have pTay, < |lax||?, which implies A < 1. It follows that p’ is a convex combination of
two points in F', therefore p’ € F’. Moreover, ||p'||? = ||p||? = \?|lp—ax || < ||p||?, therefore
p’ is a point on the relative boundary of conv(A) with smaller norm, a contradiction.

This implies that p is in the relative interior of a facet F' of conv(A), therefore pTy <
|pl|? is a valid inequality for conv(A) and F = conv(A) N {y : p'y = ||p?||}. This implies
that a}-ﬁ < |lp|| for all j € [n]. On the other hand, F' contains at least one element ay,
k € [n], therefore a] p = ||p||. It follows that ||p| = maxc(p] a;rﬁ. O

34



For the purpose of proving Lemma([I.4] when estimating the bit complexity of a matrix
A with integer entries and encoding size L, we will refer to the quantity

Ay = ;
2 =mae [ lasl
JjEB
where B C [n]| ranges over all sets such that |B| = rk(A) and the columns of Ap are

linearly independent. It can be easily shown that A4 < 2¥ (see for example [19, Lemma
1.3.3]). By Hadamard’s bound, for every square submatrix A" of A, |det(A")] < A4.

Lemma 1.4. Assume A € Z™*" of total encoding length L. Then 04, p%,wa > 2-0(L)
If pa #0, then |pal,|pal > 2790,

Proof. Let S*, T* be defined as in .

1
Claim A.2. IfT* th inalg > .
aim fT* # 0, then yegl,?\)f{o} jrlel%{lk a;j > A

Let (y*,s*) € R?™ be an optimal solution of the following linear program:

min &'
ALy > @
Ag*y =0
s—y > 0
s+y > 0

This LP is feasible by the definition of 7%; the optimal value equals ||y*||;. The vector y*
is a basic solution of the system Al.y > €, Ag*y = 0, therefore [y7| < Ay for all j € [n],
so [[y*[lh < vmAa.

Since by construction y* € H \ {0}, the statement follows from the fact that

. T y* 1 > 1 > 1
min a; - ftl = .
i€t Pyl llytlle = VmllyFl T mAa

This concludes the proof of the claim.

Observe that, if we let a := max;ep~ ||a;]|, we have

. . T 1. . - . N 1
w4 = min  max a}y >a ! min max aJTy >a ! max min aJTy > — 5
JET* yex 4\{0} JET* yex 4 \{0} yeX A \{0} jET* mA%

where the last inequality follows from o < A 4 and Claim It follows that &4 > 2-9@),

1
mmA A '

If 0 ¢ conv(A), then Claim is applicable with S* = () and H = R™, hence we get
the stronger p4 > 1/(mA4). Assume now that 0 is in the relative interior of conv(A).
Let r := rk(A). By pa # 0, 0 must be in the relative interior of conv(A) and therefore
Lemma (ii) is applicable. Consider a point p of minimum norm in the relative boundary
of conv(A4). Then |pa| = ||p||, and p is in the relative interior of a facet F' of conv(A),
where F is defined by the valid inequality p'y < ||p||>. Thus, given an m x r submatrix
B of A whose columns are linearly independent elements of F', it follows that p is the
point of minimum norm in the hyperplane H of im(A) affinely generated by B, that is,
H={y:y= Bz 3z €R", &z =1}. This shows that p = ||p?|B(BTB)~'¢, therefore
Ipll2 = (@ (BTB) &)L,

Let M := BTB. Given P,Q C [r], we denote by Mp( the submatrix of M defined by
the rows indexed by P and by the columns indexed by ). By the Cauchy-Binet formula,
for every 1 <t < r and every choice of P,@Q C [r] such that |P| =|Q| =1

Claim A.3. If py # 0, then |pa| >

det(Mp’Q)2 = Z det(Bp,U) det(BQ,U) < (T) Ai < mtAQA
UC[m]
U=t
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et (M iy )\ (51)

By Cramer’s rule, for every i,j € [r], Mi;1 = (1) det(M) . It follows

that |MZ;1| < | det(Mpp gy, i\ 1) | < m"/2A 4, therefore
1 1 1
> > .
eTM-1e r2 /mr/zAA mm™/ Ay

pa =

This concludes the proof of the claim.

If follows from Claim”tha‘c lpa| > 279Wif py # 0. Also, since |pa] > lpal/(max;cp [las])
and max;ep, [|aj]| < Aa, we have [pa| > 27 O(L) if py # 0. Furthermore, note that, for
every S C [n], Aag,—ag) < Aa, therefore Clalm also implies that p* > 1/(m™Ay),
and thus p% > 2-0(),

To bound 64, observe that conv(A) N im(Ag«) O conv(Ag+), and by Lemma
conv(Ag+) contains the ball (|pag.[)B™ Nim(Ag+). It then follows from the definition
of 64 that 64 > (mines+ ||as]|)|pag. |, thus 64 > 1/(mmA?45*) > 1/(m™A?%) if S* # 0. In
particular, 04 > 270w if §* £ (. O

Lemma 2.1. Let A € R™*" and S* = S%. Then span(P,) = im(Ag+), and Py = Py, .

Proof. We first show Py = Pag,.. The inclusion P4, C P4 is obvious. For the reverse
inclusion, consider y € P4 and let z, z € R'} such that € Elz=¢eTz=1andy = Az = —Az.
Then A(z 4 z) = 0, # + z > 0, which implies z; = z; = 0 for all i € [n] \ S*, which shows
that y € Pag..

We show span(P4) = im(Ag~). It suffices to show that span(Py. ) = im(Ag-) because
Py = Py, . The inclusion span(Pysg.) € im(Ag) is obvious. For the reverse inclusion, it
suffices to show that, for every i € S, there exists o # 0 such that aa; € Pag. . Consider
A E ]R'f;' such that AS*)\ = 0, and assume without loss of generality that > Jes=\{i} Aj=1.
Then —\;a; = Zjes*\{i} Ajaj, which implies —\;a; € Pag. . O

Lemma 2.5. Let X € R be a random variable supported on the interval [—e,n|, where
0 < e <, satisfying E[X]| = p. Then for ¢ > 0, we have that

E[V1+cX?] <14 en(e+ |p])

Proof. Let I(x) = 7] T2V 4 ce? + iii /1 + cn? denote the unique affine interpolation of

V1 + cz? through the points {—e,n}. By convexity of V1 + cz?, we have that I(x) >
V1 + ca? for all x € [—e,n]. Hence, we see that

E[vV1+ cX?] <E[(X)] (since X is supported on [—&,7)])
(E[X]) =1(u) (since [ is affine).

From here, we get that

=1- “\/1+ce2+ \/1+

< \/1 +c <77 "R H + 8772> (by concavity of v/z)

n+e n+e
=V1+ce+(m—e)p) <V1+enle+ul) (sincee<mn),

as needed. O
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