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Abstract

In the first part of this thesis, we study the Binary £p-Rank-k problem which given a binary matrix A and
a positive integer k, seeks to find a rank-k binary matrix B minimizing the number of non-zero entries
of A — B. A central open question is whether this problem admits a polynomial time approximation
scheme. We give an affirmative answer to this question by designing the first randomized almost-linear
time approximation scheme for constant k over the reals, Fo, and the Boolean semiring. In addition, we
give novel algorithms for important variants of ¢y-low rank approximation.

The second part of this dissertation, studies a popular and successful heuristic, known as Approximate
Spectral Clustering (ASC), for partitioning the nodes of a graph G into clusters with small conductance.
We give a comprehensive analysis, showing that ASC runs efficiently and yields a good approximation of
an optimal k-way node partition of G.

In the final part of this thesis, we present two results on slime mold computations: i) the continuous
undirected Physarum dynamics converges for undirected linear programs with a non-negative cost vector;
and ii) for the discrete directed Physarum dynamics, we give a refined analysis that yields strengthened
and close to optimal convergence rate bounds, and shows that the model can be initialized with any
strongly dominating point.
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Zusammenfassung

Im ersten Teil dieser Arbeit untersuchen wir das Binary ¢p-Rank-k Problem. Hier sind eine bindre Matrix
A und eine positive ganze Zahl k gegeben und gesucht wird eine bindre Matrix B mit Rang k, welche
die Anzahl von nicht null Eintrigen in A — B minimiert. Wir stellen das erste randomisierte, nahezu
lineare Aproximationsschema vor konstantes k iiber die reellen Zahlen, F; und den Booleschen Semiring.
Zusétzlich erzielen wir neue Algorithmen fiir wichtige Varianten der ¢y-low rank Approximation.

Der zweite Teil dieser Dissertation beschéftigt sich mit einer beliebten und erfolgreichen Heuristik, die
unter dem Namen Approximate Spectral Cluster (ASC) bekannt ist. ASC partitioniert die Knoten eines
gegeben Graphen G in Cluster kleiner Conductance. Wir geben eine umfassende Analyse von ASC, die
zeigt, dass ASC eine effiziente Laufzeit besitzt und eine gute Approximation einer optimale k-Weg-Knoten
Partition fiir G berechnet.

Im letzten Teil dieser Dissertation présentieren wir zwei Ergebnisse iiber Berechnungen mit Hilfe von
Schleimpilzen: i) die kontinuierliche ungerichtete Physarum Dynamik konvergiert fiir ungerichtete lineare
Programme mit einem nicht negativen Kostenvektor; und ii) fiir die diskrete gerichtete Physikum Dynamik
geben wir eine verfeinerte Analyse, die stéirkere und beinahe optimale Schranken fiir ihre Konvergenzraten
liefert und zeigt, dass das Model mit einem beliebigen stark dominierender Punkt initialisiert werden
kann.
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Preface

In the first part of this thesis, we study NP-Hard variants of low rank approximation that are natural
for problems with no underlying metric. We consider the Binary ¢y-Rank-k problem which given a
binary matrix A € {0,1}"™*™ with m > n and a positive integer k, seeks to find a rank-k binary matrix
B e {0,1}™*™ minimizing ||A — B||o, where ||-||o denotes the number of non-zero entries. This problem
is known under many different names in different areas of computer science: fp-low rank approximation
in computational linear algebra, constrained binary matrix factorization in data mining, Boolean factor
analysis in machine learning, and matrix rigidity in computational complexity theory. A central open
question is whether the Binary {y-Rank-k problem admits a polynomial time approximation scheme
(PTAS).

In a joint work [BBB 18, BBB"19] with Frank Ban, Vijay Bhattiprolu, Karl Bringmann, Euiwoong
Lee and David P. Woodruff, we give an affirmative answer to this question by designing the first PTAS
for the more general problem of ¢,-Rank-k for any p € [0,2). Approximately, Frank Ban and David P.
Woodruff contributed the PTAS for p € (0,2), Vijay Bhattiprolu and Euiwoong Lee contributed the
hardness results for p € (1,2) and finite fields of constant size, and Karl Bringmann and I contributed
the following PTAS for what we call the Generalized Binary £p-Rank-k problem.

In particular, we give the first randomized almost-linear time approximation scheme for the Generalized
Binary ¢p-Rank-k problem. Our algorithm finds a (1 4 ¢)-approximation in time (2/5)2O(k)/82 -mntte)]
where o(1) hides a factor (loglog n)l'1 /log n. This yields the first PTAS for the Binary ¢5-Rank-k problem
for constant k over the reals, Fo, and the Boolean semiring. Even for the special case of rank £ = 1 no
PTAS was known before. Our algorithmic techniques crucially rely on the fact that the Generalized
Binary ¢p-Rank-k problem is equivalent to a variant of clustering problem with constrained centers, and
the crux of our work is to extend existing algorithmic techniques for unconstrained clustering to the more
general setting of clustering with constrained centers.

Further, in a joint work [BKW17a, BKW17b] with Karl Bringmann and David P. Woodruff, we give
novel algorithms for the following important variants of £y-low rank approximation:

(a) a polynomial time algorithm for the Reals ¢p-Rank-k problem, if we allow for a bicriteria solution,
that outputs a matrix with larger rank O(klog(n/k)) and approximation factor O(k?log(n/k));

(b) a sublinear time (2 + ¢)-approximation algorithm for the Reals ¢yp-Rank-1 problem;

(c¢) a sublinear time (1 + O(v))-approximation algorithm for the Binary ¢y-Rank-1 problem, where
1 = ||Allo/OPT, and a matching sample complexity lower bound;

(d) an exact algorithm running in time 20(OPT//lIAllo) poly(mn) for the Binary £y)-Rank-1 problem.

The second part of this dissertation, studies a popular and successful heuristic, known as Approximate
Spectral Clustering (ASC), for partitioning the nodes of a graph G into clusters for which the ratio of
outside connections compared to the volume (sum of degrees) is small. ASC consists of the following two
subroutines: i) compute an approximate Spectral Embedding via the Power method; and ii) partition the
resulting vector set with an approximate k-means clustering algorithm. The resulting k-means partition
naturally induces a k-way node partition of G.

In a joint work [KM16, KM18] with Kurt Mehlhorn, we give a comprehensive analysis of ASC building
on the work of Peng et al. (2017), Boutsidis et al. (2015) and Ostrovsky et al. (2013). We show that ASC
runs efficiently and yields a good approximation of an optimal k-way node partition of G. Moreover, we
strengthen the quality guarantees of a structural result of Peng et al. by a factor of k, and simultaneously
weaken the eigenvalue gap assumption. Further, we demonstrate that ASC finds a k-way node partition
of G with the strengthened quality guarantees.

The final part of this thesis is a joint work [BBK ™17, BBK™ 18] with Ruben Becker, Vincenzo Bonifaci,
Andreas Karrenbauer and Kurt Mehlhorn. We present two results on slime mold computations:



(1) Bonifaci, Mehlhorn and Varma (2012) showed that the continuous undirected Physarum dynamics, a
system of differential equations, converges for the shortest path problems. We demonstrate that the
dynamics actually converges for a much wider class of problem, namely undirected linear programs
with a non-negative cost vector.

(2) Combinatorial optimization researchers took the dynamics describing slime mold behavior as an
inspiration for an optimization method, and in a research line culminating with the work of Straszak
and Vishnoi (2016) showed that its discretization initialized with a feasible point can approximately
solve linear programs with positive cost vector. We give a refined analysis that yields strengthened and
close to optimal convergence rate bounds and shows that the discrete directed Physarum dynamics
can be initialized with any strongly dominating point.

During my doctoral studies, I was also involved in a project on sparsifying Random Walk Laplacian
(RWL) matrices. [JK15] gives density-independent algorithms for special families of RWL matrices, and
this is a joint work with Gorav Jindal. [JKPS17a, JKPS17b] establishes a density-independent algorithm
for general RWL matrices, and this is a joint work with Gorav Jindal, Richard Peng and Saurabh Sawlani.
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Low Rank Matrix Approximation
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online [BKW17b, BBBT18].
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Chapter 1

Introduction

Low rank approzimation of an m x n matrix A is an extremely well-studied problem, where the goal is to
replace the matrix A with a rank-k matrix A’ which well-approximates A, in the sense that ||A — A’|| is
small under some measure || -||. Since any rank-k matrix A’ can be written as U -V, where U is m x k and
V is k x n, it suffices to store the k(m + n) entries of U and V, which is a significant reduction compared
to the mn entries of A. Furthermore, computing A’z = U(Vz) takes time O(k(m+n)), which is much less
than the time O(mn) for computing Axz. We refer the reader to several surveys [KV09, Mahl1l, Wool4]
for references to the many results on low rank approximation.

lp-low rank approximation When the measure ||[A — A’||¢ is the number of non-zero entries, we seek
a rank-k matrix A’ for which the number of entries (i,j) with Aj ; # A; ; is as small as possible. This
can be seen as the Hamming distance between a matrix A and its best rank & approximation A’. The
¢p-low rank approximation is natural for problems with no underlying metric, since the || - ||o measure
directly answers the following question: if we are allowed to ignore outliers (or anomalies), what is the
best low-rank model we can get?

A well-studied case is when A is binary, but A" and its factors U and V need not necessarily be binary.
This is called unconstrained Binary Matrix Factorization [JPHY 14]. There is also a large body of work
on the constrained version, in which not only the input matrix A is binary, but we also have the natural
restriction that the factors U,V are binary. That is, we study the following problem.

Binary /)-Rank-k Given a matrix A € {0,1}™*" and an integer k, compute matrices U € {0, 1}m**

and V € {0, 1}**" minimizing |4 — U - V|o.

Note that we did not yet specify the ground field (or, more generally, semiring) that we are working
over, which affects the type of matrix multiplication used in U - V. Specifically, for A’ = U -V we can
write the entry A;’j as the inner product of the i-th row of U with the j-column of V' — and the specific
inner product function (.,.) depends on the ground field.

Typical choices for the ground field are as follows. Let z,y € {0, 1}*.

(i) Reals: For the ground field R, we get the standard inner product (z,y) = Zle zi-y; €{0,1,...,k}.
This is rather unnatural, since no number > 2 can match any entry of A.
(ii) Modulo 2: For the ground field Fo, the inner product is (z,y) = @le x; - y; € {0,1}. This is used,
e.g., in [Yerll, GGYT12, DAJ*15, PRF16].
(iii) Boolean: Using the Boolean semiring {0, 1, A, V}, the inner product becomes (z, y) = \/f:1 TNy =
1-T"_, (1= ) € {0,1}. This is used, e.g., in [BV10, DAJ* 15, MMG*08, SBMO03, SH06, VAGO7].

Note that for £k = 1 all three inner products are the same.

Clustering with Constrained Centers We now demonstrate that the Binary ¢y-Rank-k problem is
equivalent to a clustering problem with constrained centers. Consider arbitrary matrices U € {0, 1}™*¥
and V € {0,1}**". Grouping the identical columns of V gives rise to a column partitioning, and let
Cy={j €[n] : V.j =y} be the set of column indices corresponding to a vector y, for every y € {0, 1}*.
Then, the expression ||A — U - V|| is equivalent to a clustering formulation whose centers are restricted

to the set Sy {U-y€{0,1}™ : y € {0,1}}, and it reads

IA=U-Vio=) llA; —=U-Villo= > D 145Uyl

Jj=1 y€{0,1}* j€Cy
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Observe that any column of U -V is in Sy, and thus the choice of columns in V' can be seen as selecting
constrained centers in Sy. Formally, we rephrase the Binary £y-Rank-k problem as follows

n

min |JA-=U-V]o=  min min _||A.; —U -V ;o
Ue{0,1}mxk Ve{0,1}kxn U»e{o,l}mxka1 V. ;€{0,1}F
n
=  min min ||A4. ; — slfo.

1 mxk ES
Ue{0,1} jzls U

This is a clustering problem, where the task is to choose a set of constrained centers Sy, in order to minimize
the total /y-distance of all columns of A to their closest center in Syy. The main difference to unconstrained
clustering problems is that the constrained centers in Sy cannot be chosen independently, since these
centers satisfy a certain system of linear equations. Because of this dependence, the techniques used for
designing approximation schemes for unconstrained clustering problems are not directly applicable.

Applications The Binary fp-Rank-k problem arises in many fields of computer science, with different
ground fields being important in different areas. In computational linear algebra the problem is known
under the umbrella term “low rank matrix approximation” and used for compressing matrices, as described
above [KV09, Mahl11, Wool4, BKW17a].

In complexity theory the problem is known as “matrix rigidity”, introduced by Grigoriev [Gri80]
and Valiant [Val77], who showed that constructions of rigid matrices would imply circuit lower bounds,
see also [AW17]. The decision problem of matrix rigidity has been studied from the viewpoint of
FPT [FLM*17).

In data mining and machine learning, the problem is known as “(Constrained) Binary Matrix Factor-
ization” or “Boolean Factor Analysis” [Mie, JPHY 14, DAJ*15, FGP18]. In these areas, the columns of U
could correspond to latent topics learned from the database A, and, more generally, the problem has numer-
ous applications including latent variable analysis, topic models, association rule mining, clustering, and
database tiling [SBMO03, SH06, VAG07, MV 14, GGYT12]. The usage of the problem to mine discrete pat-
terns has also been applied in bioinformatics to analyze gene expression data [MGT15, SJY09, ZLD*10].
In these situations it is natural to consider binary matrices whenever the data is categorical, which is
often the case for text data [DAJT15, MV14, RPG16]. The special and important case in which A is
binary and k = 1 was studied in [KG03, STY09, JPHY14], as their algorithm for & = 1 forms the basis
for their successful heuristic for general k, e.g. the PROXIMUS technique [KGO3].

Another special case of Binary £yo-Rank-k is the Biclique Partition problem, see, e.g., [CTK16, FGP18].
Binary fp-Rank-k over Fy has been applied to Independent Component Analysis of string data in the
area of information theory [Yerll, GGYT12, PRF16]. If we drop the requirement that U and V are
binary, and use the Frobenius norm as distance measure, we obtain the unconstrained Binary Matrix
Factorization [JPHY14], which has applications to association rule mining [KG03], biclustering structure
identification [ZLD ™10, ZLDZ07], pattern discovery for gene expression [SJY09], digits reconstruction
[MGNRO6], mining high-dimensional discrete-attribute data [KGR05, KGRO06], market based clustering
[Li05], and document clustering [ZLDZ07].

An important related problem is robust PCA [CLMW11], in which there is an underlying matrix A
that can be written as a low rank matrix L plus a sparse matrix S [CLMW11]. Candes et al. [CLMW11]
argue that both the components of L and S are of arbitrary magnitude, and we do not know the locations
of the non-zeros in S nor how many there are. Moreover, grossly corrupted observations are common
in image processing, web data analysis, and bioinformatics where some measurements are arbitrarily
corrupted due to occlusions, malicious tampering, or sensor failures. Specific scenarios include video
surveillance, face recognition, latent semantic indexing, and ranking of movies, books, etc. [CLMW11].
These problems have the common theme of being an arbitrary magnitude sparse perturbation to a low
rank matrix with no natural underlying metric, and thus the ¢y-error measure is appropriate. In order to
solve the robust PCA in practice, Candes et al. [CLMW11] relaxed the £y-error measure to the ¢;-norm.

It is of a fundamental importance for theory to understand the algorithmic guarantees and limits for
solving the ¢y-low rank approximation problem.

Algorithms for Binary /p-Rank-k Let us first discuss rank & = 1, in which case the real, F5, and
Boolean variants are all equal. A polynomial-time 2-approximation was designed by Shen et al. [STY09],
and simplified by Jiang et al. [JPHY14]. For k > 1, Dan et al. [DAJ" 15] presented an n®*)-time O(k)-
approximation over Fy, and an n®®)-time O(2%)-approximation over the Boolean semiring. The work of
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1.1. Generalized Binary ¢y-Rank-k

Chierichetti et al. [CGK ™ 17] for £,-low rank approximation, for p > 1, fails to give any approximation
factor for p = 0. Indeed, critical to their analysis is the scale-invariance property of a norm, which does
not hold for p = 0 since ¢y is not a norm. To the best of our knowledge, these are the only known
approximation algorithms for this problem.

Hardness of Binary /p-Rank-k It is well-known that Binary fp-Rank-k is NP-hard, even for rank
k =1 [GV15, DAJ"15]. Further, if k& is unbounded then even deciding whether matrix A has rank k
is NP-hard over the Boolean semiring [Mie]. This suggests that the running time of any approximation
algorithm must depend at least exponentially on k.

Despite the high interest in the problem in linear algebra, data mining, machine learning, and com-
plexity theory, the approximability of the problem is wide open. In particular, this leaves the following
question open. Does the Binary {y-Rank-k problem have a polynomial time approzimation scheme (PTAS)
for any constant k?

1.1 Generalized Binary /y;-Rank-k

The results in this Section are proven in Chapter 2. In order to study the real, Fs, and Boolean setting
in a unified way, we introduce the following more general problem.

Generalized Binary fp-Rank-k Given a matrix A € {0,1}"*™ with m > n, an integer k, and an
inner product function (.,.): {0,1}* x {0,1}* — R, compute matrices U € {0,1}"*¥ and V € {0, 1}k*»
minimizing ||A — U - V||, where the product U - V uses (.,.). An algorithm for the Generalized Binary
lo-Rank-k problem is an a-approximation, if it outputs matrices U € {0,1}™>**¥ and V € {0, 1}**"
satisfying ||A — U - Vo < a-ming/ego1ymxr, vrefo,yrxn |[A =T -V ]|o.

As shown above, by choosing an appropriate inner product function (.,.) which also runs in time O(k),
we obtain the Binary fp-Rank-k problem over the reals, Fo, and the Boolean semiring. We assume that
the function (.,.) can be evaluated in time 2°*)in order to simplify our running time bounds.

Our main result is a randomized almost-linear time approximation scheme for the Generalized Binary
£o-Rank-k problem for any constant k. In particular, this yields the first PTAS for the Binary ¢p-Rank-k
problem for constant k£ over the reals, Fo, and the Boolean semiring. Even for the special case of rank
k =1 no PTAS was known before.

Theorem 1.1. (PTAS) For any error € € (0,1/2), there is a (1 + €)-approzimation algorithm for the

Generalized Binary lo-Rank-k problem that runs in time (2/(‘5)2(}%)/62 -mn' M) and succeeds with constant

probability *, where o(1) hides a factor (loglogn)'' /logn.

Moreover, we show that our PTAS has a close to optimal running time, in the sense that the runtime
of any PTAS for the Generalized Binary £y-Rank-k problem must depend exponentially on 1/e and doubly
exponentially on k, assuming the Exponential Time Hypothesis (ETH).

Theorem 1.2. (Hardness for Generalized Binary ly-Rank-k) Assuming the Exponential Time Hypothesis,

o(1) o(1)
-2™ " Further, for
200 oot

Generalized Binary lo-Rank-k has no (1+¢)-approximation algorithm in time 21/e
any € > 0, Generalized Binary ly-Rank-k has no (1 + €)-approximation algorithm in time 2

Further, we give a faster algorithm for the Binary ¢y-Rank-1 problem with standard inner product. In
the following, we assume ? that we can access any entry A; ; in constant time, and we can also enumerate
all non-zero entries in time O(||A]|o).

Theorem 1.3. (PTAS for the Binary £o-Rank-1 problem with standard inner product) For anye € (0,1/2)

there is an algorithm that runs in time (1/6)0(1/62) (|| Allo + m 4 n) - log*(mn), and outputs vectors
u e {0,1}™, v € {0,1}" such that w.h.p. * |[A—u-0" o < (14 €) mingefo,13m vefoa3n|A —u-v"|o.

I The success probability can be further amplified to 1 — & for any § > 0 by running O(log(1/6)) independent trials of
the preceding algorithm.

2 Depending on the specific storage scheme additional running time factors may be necessary. For instance, if we store
A by adjacency arrays, then enumerating all non-zero entries in time O(]|Al|o) is straightforward, while accessing any entry
A; j can be performed in time O(logn) by a binary search over the adjacency array for row i, so in this case the stated
running time has to be multiplied by a factor O(logn).

3 An event happens with high probability (w.h.p.) if it has probability at least 1 — 1/n° for some ¢ > 0.
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Note: Our results in Theorem 1.1 and Theorem 1.2 are in submission as of April 2018. Shortly after
posting our manuscript [BBBT18] to arXiv on 16 July 2018, we became aware that in an unpublished
work Fomin et al. have independently obtained a very similar PTAS for Binary {y-Rank-k problem.
Their manuscript [FGL718] was posted to arXiv on 18 July 2018. Interestingly, [BBBT18, FGLT18]
have independently discovered i) a reduction between the Binary fp-Rank-k problem and a clustering
problem with constrained centers; ii) a structural sampling theorem extending [AS99] which yields a
simple but inefficient deterministic PTAS; and iii) an efficient sampling procedure, building on ideas
from [KSS04, ABH'05, ABS10], which gives an efficient randomized PTAS. Notably, by establishing an
additional structural result, Fomin et al. [FGL 18] design a faster sampling procedure which yields a

2000 /g2

randomized PTAS for the Binary {o-Rank-k problem that runs in linear time (1/¢) mn.

Further Related Work

Suppose A € {0,1}™*" and the inner product (.,.) maps to {0,1}. Then, matrix U - V has entries in

{0,1}, and hence matrix B 4 4 _U.V has entries in {—1,0, 1}. In this case, the ¢;-distance, the ¢1-norm
of all entries, and the Frobenius norm || B|[r = (322, 227, sz)1/2 are all equivalent:

1Bllo=>_> IBil = IBIIZ.

i=1 j=1

Here, we also allow inner product functions mapping to numbers other than {0,1} (note that no such
number can match any entry in A).
The following problem is closely related to the Binary ¢p-Rank-k problem.

Hypercube Segmentation: Given a matrix A € {0,1}™*"

and an integer k, we seek to compute
vectors uy, ..., u € {0,1}™ maximizing the value > 7_; minicrcr(m — [|[A.j — wello) (or equivalently,

minimizing the expression Z;L:1 ming <<k ||4:; — wello)-

The problem is NP-hard even for k = 2 [Feil4]. Note that m — ||A. ; — uel/o is the number of entries
that column A. ; and vector uy have in common. It can be checked that the optimum is always at least
mn/2, and thus approximating the maximization version is easier, in the sense that any a-approximation
algorithm for minimization implies an a-approximation for maximization. For the maximization version,
Kleinberg et al. [KPR04] designed a polynomial-time 0.878-approximation for any fixed k, which was
improved to an efficient PTAS for any fixed k by Alon and Sudakov [AS99]. For the minimization version,
a PTAS was designed by Ostrovsky and Rabani [OR00]. This was extended to several clustering problems
that are natural generalizations of Hypercube Segmentation [OR00, ABS10]. An efficient PTAS is known
for a Euclidean variant of this clustering problem [BHI02].

Our results extend this line of work, since (the minimization version of) Hypercube Segmentation is a
special case of the Generalized Binary {o-Rank-k problem. Indeed, let 7: {0,1}* — {1,...,k} be any onto
function, e.g., m maps the i-th vector in {0,1}* (w.r.t. any fixed ordering) to the number min{i, k}. We

define an inner product function (x, y) def Tr(y), 1-€., y specifies a coordinate of the vector z. Consider the

matrix product A’ = U -V with respect to this inner product. Writing ¢, def m(V.;), we have A; ; = U, 4;.

In other words, the j-th column of A’ is equal to one of the columns of U, and we can choose which one.
Writing the columns of U as uq, ..., u, yields the equivalence with Hypercube Segmentation.
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1.2 Binary /y)-rank-1 With Small Optimal Value

The results in this Section are proven in Chapter 3. Given a matrix A € {0, 1 , our goal is to compute
an approximate solution of the Binary ¢y-Rank-1 problem, and let us denote the optimal value by

}an

OPT © min A —u-vTo. (1.1)
ue{0,1}™,ve{0,1}"

In practice, approximating a matrix A by a rank-1 matrix uv” makes most sense if A is close to being
rank-1. Hence, the above optimization problem is most relevant in the case OPT < || A|o. For this reason,
we focus in this section on the case OPT/||A|o < ¢, for sufficiently small ¢ > 0.

We first give an algorithm that requires as an input a parameter ¢ > OPT/||Allo.

Theorem 1.4. Given A € {0,1}™*" with row and column sums, and given ¢ € (0, g5] with OPT/||Al|o <
¢, we can compute in time O(min{||Allo+m+n, ¢~ (m+n)log(mn)}) vectors u € {0,1}™ and v € {0,1}"

such that w.h.p. ||[A —u-07|o < (1 +5¢)OPT + 3742||Alo-

Then, we use a (2 + ¢)-approximation algorithm for the Reals ¢p-Rank-1 problem that captures as a
special case the Binary fp-Rank-1 problem. We prove the following result in Chapter 4, see Section 4.2.

Theorem 1.5. Given A € {0,1}™*"™ with column adjacency arrays and OPT > 1, and given e € (0,0.1],
we can compute w.h.p. in time

O((nlzfm +min{||A||0’ n+1/’_1105g2n})10§”)

a column A. ; and a vector z € {0,1}" such that w.h.p. ||[A— A. ;- 27 ||o < (2+¢)OPT. Further, we can
compute an estimate Y such that w.h.p. (1 —e)OPT <Y < (2 + 2¢)OPT.

Using Theorem 1.4 in combination with Theorem 1.5, we obtain a (1 +500¢)-approximation algorithm
for the Binary £y-Rank-1 problem that does not need the parameter ¢ as an input.

Theorem 1.6. Given A € {0,1}™*™ with column adjacency arrays and with row and column sums, for
¥ = OPT/||Allo we can compute w.h.p. in time O(min{||Allo + m +n, =" (m +n)} - log®(mn)) vectors
u € {0,1}™ and v € {0,1}" such that w.h.p. ||[A —u-07|o < (1 +500¢)OPT .

Our algorithm simultaneously improves the approximation factor and the running time. Further, it
even runs in sublinear o(]|A||p) time, unlike all algorithms in previous works [SJY09, JPHY14]. Notably,
when matrix A is very well approximated by a low rank matrix, i.e. 1 is a sub-constant, we obtain a
(1 + o(1))-approximation which is significantly better than the previous best known 2-approximations.

Moreover, we also show that the running time of our algorithm is optimal up to a poly log(mn) factor,
by proving that any (1 + O(t))-approximation algorithm succeeding with constant probability must read
Q(p~1(m + n)) entries of A in the worst case.

Theorem 1.7. Let C' > 1. Given an n X n binary matriz A with column adjacency arrays and with
row and column sums, and given /log(n)/n < ¢ < 1/100C such that OPT/||A|lo < ¢, computing a
(14 C¢)-approzimation of OPT requires to read Q(n/p) entries of A (in the worst case over A).

Furthermore, a variant of the algorithm from Theorem 1.6 can also be used to solve exactly the Binary
£o-Rank-1 problem. This yields the following theorem, which in particular shows that the problem is in
polynomial time when OPT < O(+/[|Al|o log(mn)).

Theorem 1.8. Given a matrix A € {0,1}™*™ if OPT/||Allo < 1/240 then we can solve exactly the
Binary £o-Rank-1 problem in time 20CPT/VI4llo) . poly(mn).

1.3 Algorithms for Reals /)-Rank-k Problem

The results in this Section are proven in Chapter 4. We establish approximation algorithms for several
important variants of £y-low rank approximation, which significantly improve the running time and the
approximation factor of previous works. In some cases our algorithms even run in sublinear time, i.e.,
faster than reading all non-zero entries of the matrix. This is provably impossible for other measures
such as the Frobenius norm and more generally, any £,-norm for p > 0. For £ > 1, our approximation
algorithms are, to the best of our knowledge, the first with provable guarantees for these problems.
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1.3.1 Preliminaries

For a matrix A € A™*" with m > n and entries A, ;, let A; . be its i-th row and A. ; be its j-th column.
An algorithm that on input a sufficiently dense matrix A, runs in time o(||Al|o) is called sublinear. In
particular, we say that time O(m + n) is sublinear, since in general m +n < ||A[jo. In this section, we
study variants of the following problem.

Reals /p-Rank-k Given a matrix A € R™*" and an integer k, compute matrices U € R™**¥ and
V € R**™ minimizing ||A—U-V||o. An algorithm for the Reals £o-Rank-k problem is an a-approximation,
if it outputs matrices U € R™*F and V e Rkxn satisfying

JA—=U-Vl]o <« min |A=U-Vlo.
UER’”Xk,VERkX"

Input Formats We always assume that we have random access to the entries of the given matrix A,
i.e. we can read any entry A; ; in constant time. For our sublinear time algorithms we need more efficient
access to the matrix, specifically the following two variants:

(1) We say that we are given A with column adjacency arrays if we are given arrays By, ..., B, and
lengths ¢1,. .., ¢, such that for any k € {1,...,¢;} the pair B;[k] = (¢, 4, ;) stores the row ¢ containing
the k-th nonzero entry in column j as well as that entry A; ;. This is a standard representation of matrices
used in many applications. Note that given only these adjacency arrays Bi,..., B,, in order to access
any entry A; ; we can perform a binary search over Bj, and hence random access to any matrix entry
is in time O(logn). Moreover, we assume to have random access to matrix entries in constant time, and
note that this is optimistic by at most a factor O(logn).

(2) We say that we are given matrix A with row and column sums if we can access the numbers
> Aij fori € [m] and 37, A; ; for j € [n] in constant time (and, as always, access any entry A, ; in
constant time). Notice that storing the row and column sums takes O(m + n) space, and thus while this
might not be standard information it is very cheap to store.

In Subsection 4.2.5, we show that the first access type even allows to sample from the set of nonzero
entries uniformly in constant time.

Lemma 1.9. Given a matriz A € R™*™ with column adjacency arrays, after O(n) time preprocessing
we can sample a uniformly random nonzero entry (i,7) from A in time O(1).

1.3.2 Reals /y-rank-k

Given a matrix A € R™*" our goal is to compute an approximate solution of the Reals £y-rank-k problem,
and let us denote the optimal value by

OPT & min |A—U-Vl. (1.2)
UeRm*k VeRkxn
We first give an impractical algorithm that runs in time n®®*) and achieves O(k?) factor approximation.
To the best of our knowledge this is the first approximation algorithm for the Reals ¢o-Rank-k problem
with non-trivial approximation guarantees.

Theorem 1.10. Given a matriz A € R™*" and an integer k, we can compute in time O(n*+t1m2kv+1)
a set of k indices J*) C [n] and a matriz Z € RF¥*™ such that |A — A, ju - Zllo < O(k*) - OPT.

To make our algorithm practical, we reduce the running time to poly(mn), with an exponent indepen-
dent of k, if we allow for a bicriteria solution. In particular, we allow the algorithm to output a matrix
A’ of larger rank O(klog(n/k)) and approximation factor O(k?log(n/k)).

Theorem 1.11. Given a matrix A € R™*™ and an integer k, there is an algorithm that in expected time
poly(m,n) outputs a subset of indices J C [n] with |J| = O(klog(n/k)) and a matriz Z € RIV*™ such
that |A— A. ;- Z|lo < O(k*log(n/k)) - OPT.

Although, we do not obtain exactly rank k, many of the motivations for finding a low rank approx-
imation, such as reducing the number of parameters and fast matrix-vector multiplication, still hold if
the output rank is O(klog(n/k)). We are not aware of any alternative algorithms that achieve poly(mn)
time and any provable approximation factor, even for bicriteria solutions.
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1.3.3 Reals {y-rank-1

Given a rank-1 matrix A € R™*", there is an algorithm that runs in time O(]|A4||o) and finds the exact
rank-1 decomposition uv” of A. Here, we focus on the case when A is not a rank-1 matrix.

The previous best algorithm due to Jiang et al. [JPHY14] was based on the observation that there
exists a column u of A spanning a 2-approximation. Hence, solving the problem min, |4 — u - vT|o for
each column u of matrix A yields a 2-approximation. The problem min,egn |4 —u-v” || decomposes into
>, min, ||A.; — viullo, where A, ; is the i-th column of A, and v; the i-th entry of vector v. The optimal
v; is the mode of the ratios A; ;/u;, where j ranges over indices in {1,2,...,m} with u; # 0. As a result,
one can find a rank-1 matrix uv” providing a 2-approximation in time O(n| Al|), which was the best
known running time.

We design randomized algorithms for solving this problem. Let the optimal value be

OPTY  min |4 —u- 7). (1.3)
u€R™, veR™

Our algorithm yields a (24 ¢)-approximation and runs in nearly linear time in || Al|o, for any constant
£ > 0. Moreover, a variant of our algorithm even runs in sublinear time when OPT > (¢~!log(mmn))?* and
1 Allo > n(=~" log(mmn))".

Theorem 1.12. Given A € R™*"™ with column adjacency arrays and OPT > 1, and given ¢ € (0,0.1],
there is an algorithm that runs w.h.p. in time

nlogm ) _1logn log®n ~ OPT
O (2 +min {1l o ) O e = I

and outputs a column A.; and a vector z € R™ such that w.h.p. |A— A.;-2T|lo < (2 +¢)OPT. The
algorithm also computes an estimate Y satisfying w.h.p. (1 —e)OPT <Y < (2 4 2¢)OPT.

This significantly improves upon the earlier O(n||Al|o) time algorithm for not too small € and . Our
result should be contrasted to Frobenius norm low rank approximation, for which Q(||4[|o) time is required
even for k = 1, as otherwise one might miss a very large entry in A. Since {p-low rank approximation is
insensitive to the magnitude of entries of A, we bypass this general impossibility result.
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Chapter 2

A PTAS For Generalized Binary /)-Rank-k

Given a matrix A € {0,1}™*" with m > n, an integer k, and an inner product function (.,.): {0, 1}* x
{0,1}¥ — R, the Generalized Binary fp-Rank-k problem asks to find matrices U € {0,1}™** and
V e {0, 1}’”” minimizing ||A—U-V||o, where the product U-V is the mxn matrix B with B; ; = (U ., V. ;).
An algorithm for the Generalized Binary £o-Rank-k problem is an a-approximation, if it outputs matrices
U €{0,1}™*k and V € {0, 1}**™ satisfying

lA=U -V]o <« min |A=U"-V'|o.
U’e{o 1}mxk V/e{0,1}kxn

As shown in Chapter 1, by choosing an appropriate inner product function (.,.) which also runs in time
O(k), we obtain the Binary ¢p-Rank-k problem over the reals, Fo, and the Boolean semiring. We assume
that the function (.,.) can be evaluated in time 20(k) "in order to simplify our running time bounds.

2.1 Technical Overview

2.1.1 PTAS For Generalized Binary /)-Rank-k

The Generalized Binary £y-Rank-k problem can be rephrased as a clustering problem with constrained
centers, whose goal is to choose a set of centers satisfying a certain system of linear equations, in order
to minimize the total £yo-distance of all columns of A to their closest center. The main difference to usual
clustering problems is that the centers cannot be chosen independently.

We view the choice of matrix U as picking a set of “cluster centers” Sy def {U-y|ye{0,1}F}
Observe that any column of U - V is in Sy, and thus we view the choice of column V. ; as picking one of
the constrained centers in Sy. Formally, we rephrase the Generalized Binary fp-Rank-k problem as

n

i A-U-Vl]o= A;=U-V,;
UG{O,I}MXH’},I‘I}E{O,I}’“X” | lo Ue{Ioni]][’lmXA Z Vi, 21{%11}k 4 allo
=  min min [|A. ; — s]lo- (2.1)

Ue{o,l}m,xk] sESy

Any matrix V' gives rise to a “clustering” as partitioning Cy = (Cy)ye 0,13+ of the columns of V' with
Cy ={j €[n]|V.; =y} If we knew an optimal clustering C' = Cy, for some optimal matrix V', we could
compute an optimal matrix U as the best response to V. Note that

0 D DD DR KRS yllo—ZU min S0 Ay Uiyl

ye{0,1}* jeCy ye{0,1}k j€Cy

Therefore, given C' we can compute independently for each i € [m] the optimal row U;. € {0,1}*, by
enumerating over all possible binary vectors of dimension k and selecting the one that minimizes the
summation > o 13+ 2 _sec, [14i; = Ui - yllo-

What if instead we could only sample from C? That is, suppose that we are allowed to draw a constant
number ¢ = poly(2* /) of samples from each of the optimal clusters Cy uniformly at random. Denote by
C~’y the samples drawn from Cy. A natural approach is to replace the exact cost above by the following
unbiased estimator:

=~ def C
B S S AUl

jeCy
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We show that with good probability any matrix U = U(é) minimizing the estimated cost E is close
to an optimal solution. In particular, we prove for any matrix V' € {0,1}¥*™ that

Ee(lA-U©) Vi < (U+e) | min [|4-U-V]o. (2.2)

The biggest issue in proving statement (2.2) is that the number of samples ¢ = poly(2¥/¢) is inde-
pendent of the ambient space dimension n. A key prior probabilistic result, established by Alon and
Sudakov [AS99], gives an additive temn approximation for the maximization version of a clustering
problem with unconstrained centers, known as Hypercube Segmentation. Since the optimum value of this
maximization problem is always at least mn/2, a multiplicative factor (1 4 ¢)-approximation is obtained.
Our contribution is twofold. First, we generalize their analysis to clustering problems with constrained
centers, and second we prove a multiplicative factor (1 + €)-approximation for the minimization version.
The proof of (2.2) takes a significant fraction of this chapter.

We combine the sampling result (2.2) with the following observations to obtain a deterministic
polynomial time approximation scheme (PTAS) in time m - nPoY(2"/2) We later discuss how to further
improve this running time. Let U, V' be an optimal solution to the Generalized Binary ¢y-Rank-k problem.

1) To evaluate the estimated cost E , we need the sizes |C,| of an optimal clustering C'. We can guess
Yy

2* gverhead in the running time. In fact, it suffices to know these cardinalities

)2

these sizes with an n
approximately, see Lemma 2.5, and thus this overhead ! can be reduced to (t +&~! -logn

(2) Using the (approximate) size |Cy| and the samples éy drawn w.a.r. from Cy, for all y € {0,1}%,
we can compute in time 2°®)mn a matrix U(C) minimizing the estimated cost E, since the

estimator E can be split into a sum over the rows of U(C) and each row is chosen independently
as a minimizer among all possible binary vectors of dimension k.

(3) Given U(C), we can compute a best response matrix V(C) which has cost ||[A—U(C)-V(C)|lo <

|A—=U(C) -V, and thus by (2.2) the expected cost at most (1 +&)OPT.

(4) The only remaining step is to draw samples C~‘y from the optimal clustering. However, in time
O(nzkt) = nPo(2"/%) we can enumerate all possible families (Cy)yeqo,1y+, and the best such
family yields a solution that is at least as good as a random sample. In total, we obtain a PTAS
in time m - nP 2"/,

The largest part of this chapter is devoted to make the above PTAS efficient, i.e., to reduce the running
time from m - nPOY(2*/2) to (2/5)20(k)/52 -mn't°() where o(1) hides a factor (loglogn)'"' /logn. By the
preceding outline, it suffices to speed up Steps (1) and (4), i.e., to design a fast algorithm that guesses
approximate cluster sizes and samples from the optimal clusters.

The standard sampling approach for clustering problems such as k-means [[KSS04] is as follows. At
least one of the clusters of the optimal solution is “large”, say |Cy| > n/ 2% Sample t columns uniformly
at random from the set [n] of all columns. Then with probability at least (1/2%) all samples lie in Cy,
and in this case they form a uniform sample from this cluster. In the usual situation without restrictions
on the cluster centers, the samples from C), allow us to determine an approximate cluster center W),
Do this as long as large clusters exist (recall that we have guessed approximate cluster sizes in Step (1),
so we know which clusters are large). When all remaining clusters are small, remove the n/2 columns
that are closest to the approximate cluster centers %) determined so far, and estimate the cost of these
columns using the centers 3%). As there are no restrictions on the cluster centers, this yields a good cost
estimation of the removed columns, and since the {y-distance is additive the algorithm recurses on the
remaining columns, i.e. on an instance of twice smaller size. We continue this process until each cluster
is sampled. This approach has been used to obtain linear time approximation schemes for k-means and
k-median in a variety of ambient spaces [KSS04, KSS05, ABS10].

The issue in our situation is that we cannot fix a cluster center 3(¥) by looking only at the samples éy,
since we have dependencies among cluster centers. We nevertheless make this approach work, by showing
that a uniformly random column r) € [n] is a good “representative” of the cluster C,, with not-too-small
probability. In the case when all remaining clusters are small, we then simply remove the n/2 columns
that are closest to the representatives () of the clusters that we already sampled from. Although these

1 In Section 2.3, we establish an efficient sampling procedure, see Algorithm 2, that further reduces the total overhead

for guessing the sizes |Cy| of an optimal clustering to (2k/5)20(k) - (log n)(oglog ot
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representatives can be far from the optimal cluster centers due to the linear restrictions on the latter, we
show in Section 2.3 that nevertheless this algorithm yields samples from the optimal clusters.

We prove that the preceding algorithm succeeds with probability at least (¢/ t)QO(kH. Further, we
show that the approximate cluster sizes \éy| of an optimal clustering can be guessed with an overhead

of (Qk/s)Qo(k) - (log n)(loglog m)”" In contrast to the standard clustering approach, the representatives r¥)
do not yield a good cost estimation of the removed columns. We overcome this issue by first collecting all
samples C' from the optimal clusters, and then computing approximate cluster centers that satisfy certain
linear constraints, i.e. a matrix U(C) and its best response matrix V(C). The latter computation runs
in linear time 2°) . mn in the size of the original instance, and this in combination with the guessing

200/ L pplte() | For further details, we refer the reader

overhead, yields the total running time of (2/¢)
to Algorithm 2 in Subsection 2.3.2.

Our algorithm achieves a substantial generalization of the standard clustering approach and applies to
the situation with constrained centers. This yields the first randomized almost-linear time approximation

scheme (PTAS) for the Generalized Binary ¢p-Rank-k problem.

Theorem 1.1 (from page 5). (PTAS) For any error € € (0,1/2), there is a (1 + €)-approzimation
algorithm for the Generalized Binary {o-Rank-k problem that runs in time (2/5)20(19)/62 -mntteM gnd
succeeds with constant probability ?, where o(1) hides a factor (loglog n)l‘l /logmn.

Our running time is close to optimal, in the sense that the running time of any PTAS for the Generalized

Binary ¢p-Rank-k problem must depend exponentially on 1/¢ and doubly exponentially on k, assuming
the Exponential Time Hypothesis (ETH). We show this in the following.

Theorem 1.2 (from page 5). (Hardness for Generalized Binary lyo-Rank-k) Assuming the Exponential
Time Hypothesis, the Generalized Binary {y-Rank-k problem has no (1 + €)-approzimation algorithm in

time 21/°0 L gm°®

approximation algorithm in time 927" om

. Further, for any € > 0, the Generalized Binary {y-Rank-k problem has no (1 + ¢)-
o(1)

Regarding the dependence on ¢, assume w.l.o.g. that m > n, and thus the input size is O(m). Even
for k = 1 the problem is known to be NP-hard [GV15, DAJT15]. Under ETH, no NP-hard problem

has an algorithm ? in time 2" We can restrict to & > 1/m?, since any better approximation already
yields an optimal solution. It follows for £ = 1 that the Generalized Binary ¢p-Rank-k problem has
no (1 + e)-approximation algorithm in time 21/e"® om®™ I other words, in order to improve our
exponential dependence on 1/¢ to subexponential, we would need to pay an exponential factor in m.

Regarding the dependence on k, note that for any € a (14 ¢)-approximation algorithm for our problem
decides whether the answer is 0 or larger. In particular, over the Boolean semiring it solves the problem
whether a given bipartite graph can be covered with k bicliques. For this problem, Chandran et al. [CTK16]
proved that even for k = O(logm) there is no algorithm in time 220(k), unless ETH fails. It follows that
for any € > 0, Generalized Binary £p-Rank-k has no (1 + ¢)-approximation algorithm in time 92" go(m)
In other words, in order to improve our doubly exponential dependence on k, we would need to pay an
exponential factor in m. Together, this shows that our running time is close to optimal.

Organization In Subsection 2.2.2; we state our core sampling result. In Subsection 2.2.3, we give a
simple but inefficient deterministic PTAS for the Generalized Binary £y-Rank-k problem, which serves
as a blueprint for our efficient randomized PTAS. We present first the deterministic PTAS as it is
conceptually simple and exhibits the main algorithmic challenge, namely, to design an efficient sampling
procedure. In Subsection 2.2.4, we prove our core sampling result by extending the analysis of Alon and
Sudakov [AS99] to clustering problems with constrained centers, and by further strengthening an additive
+emn approximation guarantee to a multiplicative factor (1 4 €)-approximation. In Subsection 2.3, we
design an efficient sampling procedure, and this yields our efficient randomized PTAS. Our approach uses
ideas from clustering algorithms pioneered by Kumar et al. [KKSS04] and refined in [KSS05, ABS10].

In Section 2.4, we give a faster randomized PTAS for the Binary £y-Rank-1 problem which improves
the algorithm in Theorem 1.1 and runs in time O((1/£)Y” - (| Allo + m + n) - log® (mn)).

2 The success probability can be further amplified to 1 — § for any § > 0 by running O(log(1/§)) independent trials of
the preceding algorithm.
3 ETH postulates that 3-SAT is not in time 2°("™). Here we only need the weaker hypothesis that 3-SAT is not in time

gme)
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Chapter 2. A PTAS For Generalized Binary £y-Rank-k

2.2 Constant Size Sampling Suffices

2.2.1 Preliminaries

Chebyshev’s inequality We now give some basic facts. Let Z1,...,Z, be independent Bernoulli

random variables, with Z; ~ Ber(p;). Let Z def Zi+ ...+ Z, and pu def E[Z].

Lemma 2.1. For any A > 0, we have Pr[|Z — pu| > A] < p/A2.

Proof. By independence, we have

n

Var(Z) =Y Var(Z) =Y pi(l—pi) <> _pi=p.
i=1 =1

i=1
By Chebyshev’s inequality, for any A > 0 it holds that Pr[|Z — u| > A] < Var(Z)/AZ2. The claim follows
by Var(Z) < p. O
Lemma 2.2. For any A > 0, we have Pr[|Z — p| > A] < /n/A.

Proof. As in the previous lemma’s proof, we have Pr[|Z — u| > A] < Var(Z)/A?, where Var(Z) < p < n,
and thus Pr[|Z — u| > A] < n/A2. It also follows that Pr[|Z — u| > A] < v/n/A, since if /n/A < 1 we
have n/A% < /n/A, and otherwise the inequality is trivial. O

2.2.2 Sampling Theorem
We denote the optimal value of Generalized Binary ¢yp-Rank-k by

OPT = OPT;, & mi I

: n ) A-U- V”o
Ue{0,1}mxk Ve{0,1}kxn

Further, for a fixed matrix V € {0, 1}**" we let

OPTY ¥  min  [A—U-V|,
Ue{0,1}mxk
and we say that a matrix U € {0, 1}"** is a best response to V, if ||A — U - V||o = OPT},.
Given A € {0,1}™*™ an integer k, and an inner product (., .): {0, 1}*x {0,1}¥ — R, let V € {0, 1}}*"
be arbitrary and U € {0,1}™*¥ be a best response to V/, i.e.,

OPTY ¥IA-U - V]p= min [[A-U"-V|.
U’e{0,1}mxk

Partition the columns of V' (equivalently the columns of A) into sets
def | .
O;/ = {j : ‘/:,j = y}7

for all y € {0, 1}*. For any row i, vector y € {0,1}*, and ¢ € {0, 1} we define by

def . def .
Zige = {i€C) |Ay=c}| and Zy . = |{j€C) | Ay #c}.

Then, the exzact cost of a row i for any vector z € {0,1}* is given by

def
Eio = |Ai:=2" Vo= Y. Ziyrwy- (2.3)

ye{0,1}*

Observe that U; . € {0,1}* is a vector x minimizing E, » (this follows from U being a best response to

V), and let E; < B, , .

We do not know the partitioning {C; }yego,13+, however, as we will see later we can assume that (1)
we can sample elements from each C;/ and (2) we have good approximations of the sizes |C;/ | for all y.

For (1), to set up notation let C' = (éy)yE {0,13+ be a family, where 5y is a random multiset with
elements from C;/ . Specifically, we will work with the following distribution Dy, for some t € N: For any

14



2.2. Constant Size Sampling Suffices

y € {0,137, if |CY] <t let éy = C,/, otherwise sample ¢ elements from C} with replacement and let the
resulting multiset be C,,.

For (2), we say that a sequence a = (ay)ycqo,1}+ is a sequence of d-approvimate cluster sizes if for
any y € {0,1}* with [CY| < t we have o, = |C}/|, and for the remaining y € {0,1}* we have

Gy < ay < (1+0)ICy -

Then corresponding to Z; . and Z; , . we have random variables

> def def
Zige S {jeCy: Aij=c} and Zjyze= |{j€C, : Aij #c}l.

Given C and «, we define the estimated cost of row i and vector z € {0,1}* as

E.% Y Y sy tam)- (2.4)

Ly, #(z
seionye 1G]

If G} = 0 for some y € {0, 1}*, then Z)y#(mz) = 0 and we define the corresgonding summand in (2.4) to
be 0. Observe that if the approximation «,, is exact, i.e., ay = |C’;/ |, then E; , is an unbiased estimator
for the exact cost E; .

We now simplify the problem to optimizing the estimated cost instead of the exact cost. Specifically,
we construct a matrix U € {0, 1}™** by picking for each row i any

(71',: € argmin{Ei,x sz e {0,1}%).

Note that matrix U depends on the input (A, k, (.,.)), on the sequence a, and on the sampled multisets
C= (C )yE{O 13+ When it is clear from the context, we suppress the dependence on A, k, (., .), and write

U = U(C,a). We generalize now (2.2), and show that this matrix yields a good approximation of the
optimal cost.

Theorem 2.3. For any matriz V € {0,1}**" let o be a sequence of §-approzimate cluster sizes and

draw C according to distribution Dy fort =t(k,e) Lf 24k+14 /22 Then we have

Ea[|[A—U(C,a)- Vo] < (1+¢)OPTY.

We defer the proof of Theorem 2.3 to Section 2.2.4, and first show how it yields a simple but inefficient
deterministic PTAS for the Generalized Binary f¢p-Rank-k problem running in time m - npoly(2"/ °), see
Section 2.2.3. Then, in Section 2.3, we design a sampling procedure that improves the running time to
(2/6)2°"/2* . mn1+o() | where o(1) hides a factor (loglogn)™* /logn.

2.2.3 Simple PTAS

In this subsection, we show how Theorem 2.3 leads to a simple but inefficient deterministic PTAS, see
Algorithm 1, for the Generalized Binary ¢yp-Rank-k problem.

A basic, but crucial property used in our analysis is that given a matrix A € {0,1}™*", an integer k

and a matrix V, we can compute a best response matrix U minimizing |A — U - V||o in time 2°®)mn.
Indeed, we can split |[A—U-V o = Y, | 4i. —U; .- Vo and brute-force the optimal solution U; . € {0, 1}*
minimizing the i-th summand [|A4;. — U;. - V||o. Symmetrically, given U we can compute a best response
V in time 29 mn. In particular, if (U, V) is an optimal solution then U is a best response for V', and V'
is a best response for U.

We now present the pseudocode of Algorithm 1.
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Chapter 2. A PTAS For Generalized Binary £y-Rank-k

Algorithm 1 Simple deterministic PTAS for the Generalized Binary ¢yp-Rank-k problem
Input: A matrix A € {0,1}"*", an integer k, an inner product < ), and € € (0,1).
Output: Matrices U € {0,1}™** V € {0, 1}’“” such that [[A — U - V||o < (14 £)OPTy.

1. (Guess column set sizes) Let U,V be an optimal solution. Exhaustively guess all sizes |C}| =: o, for

y € {0,1}*. There are n2" possibilities.

2. (Guess column multisets) Theorem 2.3 implies existence of a family C = (5y)y€{071}k such that
|A—U(C,a)- V] < (14 ¢)OPTy, where each 5y is a multiset consisting of at most ¢ indices in
o(t-2

{1,...,n}. Exhaustively guess such a family C. There are n ") possibilities.

3. (Compute U) Now we know Ak, (.,.), |Cy/] for all y € {0, 1}*, and C, thus we can compute the
matrix U = U(C’ «), where row (7 .. is any vector z minimizing the estimated cost El z- Since each row

U . € {O 1}* can be optimized independently, this takes time 20(E)mn. If we guessed correctly, we have
JA—T - V]o < (1+2)OPT}.

4. (Compute 1% ) Compute V as a best response to U. This takes time 2°0®)mn. If we guessed correctly,
by best-response and Step 3, we have

IA=T - V]§jo < [[A=T-Vllo < (1 +¢)OPTy.

5. Return the pair (U, V) minimizing |A — U - V||o over all exhaustive guesses.

The correctness of Algorithm 1 immediately follows from Theorem 2.3. The running time is dominated
by the exhaustive guessing in Step 2, so we obtain time m - npoly(2"/e),

2.2.4 Proof of the Sampling Theorem 2.3

We follow the notation in Section 2.2.2, in particular V' € {0,1}**" is an arbitrary matrix and U €
{0,1}™** is a best response to V. We define D; , as the difference of the cost of row i w.r.t. a vector
and the cost of row ¢ w.r.t. the optimal vector U, ., i.e.,

def
D’i7g; = Ei,ac — Ei = ||1427 — xT . V”O — ||Az, — Ui7; . VHO (25)
= Y Ziyttew) ~ Zig AU
y€{0,1}*

Note that a vector z is suboptimal for a row ¢ if and only if D; , > 0. By a straightforward splitting of
the expectation, we obtain the following.

Claim 2.4. For every V € {0,1}¥*" we have

Ea[A=T V)] =OPTY +>_ Y Pr[l;. =z Dia.
=1 ze{0,1}*
D'L',;c>0

Proof. We split |[A—U -Vl]jo =", ||Ai. — Ui. - V|o. This yields

3

Ec[lA=U-Vlo] = Eg[ll4i: — Us: - Vlio]
1

%

- Z Z Pr [ﬁiv: = ‘T] : ||Ai,: - IT : V”O
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2.2. Constant Size Sampling Suffices

By definition of D; ,, we have

Es[IA—T - Vo] Z > PrUi=xa]-(|Ai: = Ui - Vo + Di)
i=1 2€{0,1}*
m ~
=3 (145 = Ui Vo + > Pr[lUi.=a]- Dy
=1 z€{0,1}*
m ~
i=1 ze{0,1}*
m ~
=OPTY +> > Pr[U.=z] Di,. O
=1 zc{0,1}*
Diyz>0
Similarly to D; ., we define an estimator
= def 75 =~ (% ~ ~
Di,a: = ta T Ei’Ui’: = Z éiy ’ (Zi,y,;é<z,y> - Ziayv7é<Ui,:1y>>' (26)
y€{0,1}* | U|

Note that U} is chosen among the vectors x € {0, 1}* minimizing 5“6 Hence, our goal is to show that
significantly suboptimal vectors (with D;, > £ - E;) satisfy 5m > 0 with good probability, and thus
these vectors are not picked in U.

To this end, we split the rows ¢ and suboptimal vectors x into:

()

Lo dif {(Z 33) : 0<Di,x < *-Ei},

w

def . )
Ly = {(,z) : 3 E; < D, < Ei},

def
Ly = {(i,z) : D;, > E;}.

Observe that Z(r,i)GLo Pr [(7,»,: = ;v] ‘D < 3 -OPTX. By Claim 2.4, we can ignore all tuples (i,x) € Ly,
since
~ 6 ~
Ez[lA-TU Vo] < (1+ g)OPTkV + Y. Pr[Ui.=z| Di,. (2.7)

(i,w)ELluLg

Hence, our goal is to upper bound the summation >3 \cr r, Pr [(71-7: =z] - Dj,.

We next establish a sufficient condition for (72 # x, for any suboptimal vector z. Note that by
definition of D; , we have

Dia = Z Ziy Ay = Lig AU ) = Z Ziy#wy) ~ i AU ) (2.8)
ye{0,1}* yeYiz

where Y; , = {y € {0,1}* : (z,y) # (U;.,y)}. Similarly, for the estimator we have

~ a ~ o~
Dig= » —=- (Zi,y,¢<z,y> - Zi,y,¢<Ui,;,y>) =

o ~ ~
5 ’ ~y ’ (Zi7y77£<wsy> - Zi!ya7£<Ui,:,y>>. (2.9)
ye{0,1}* =1

|Cy]

y€Yia
Let W; . be the event that for every y € Y; def {y € ffw : |6’y| =t} and every c € {0, 1}, we have

174 |ay| def t'Di7w
Z, Where Ay = m.

_1-Jr .7 <A
»Y,C |Cg‘;/| “LY,Cl X

Y

We now show that conditioned on the event W, ,, we have Em > 0 for any (i,z) € L; U Lo, and thus
iji’; 75 Z.

Lemma 2.5. For any vector x € {0,1}* and row i € [m], if event W; , occurs then it follows that

152-@ > % *Di » — § - Ei. In particular, if additionally D; . > 5 - E; then D; , > 0.
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Chapter 2. A PTAS For Generalized Binary £y-Rank-k

Proof. Observe that Zi y e € {Ziy0, Ziya, Zigo + Z"y,l} for any 4,y, c. Since
EZiyo + Ziyal = |Cy| = Ziyo + Ziya,

conditioned on the event W; ,, for any y € Y; ;, all three random variables Zi,y,07 Zlyl and Zi,y,O + Z,y’l
differ from their expectation by at most A,. Hence, we have

ay~
|C\ 7y¢ry> |C’V| 7y¢zy>

Di,a:
2k+2 '

The same inequality also holds for y € Y; ., \ Yi.., since then Zi,y,sﬁ(z,m = Z; y,+(a,y) and ICy| = IC)| (by
definition of the distribution Dy,;). In combination with (2.9) we obtain

Dzw = 11 + Z |CV| ( iy, A(zy) — ZZ‘»?J’?S(Ui,:’IW)' (21())
yeYi o

Let oy = (14 ,)|C) | with 0 < 7, < £ for any y € {0,1}*. By (2.8), and since o, = [C)| = |C,| for
every y € Y”: \ Y; . (by definition of distribution Dy ), we have

o
Z |C\y/| (Z Ly, #A(xy) Zi7y,¢(Ui,:7y)) = Di.+ Z Ty (Zi,y77é(w7y> - Zi7y,¢(Ui,:7y))
yEYi u IS s
z Dia— Z Yy iy, # (Ui y)
YEYi »
€ €
z D, — 6 Z Ziy#WUi. ) = Diz — gEi-
y€{0,1}F
Together with (2.10), we have l~)w > %Dm - sEi O

We next upper bound the probability of picking a suboptimal vector x.

Claim 2.6. For any x € {0,1}* with D, , > - E;, we have

PrlU;. =z] < cen{l(l)nl} Pr [|Z ive — ElZiy.cll > A

Proof. For any y € {0,1}*, we have
Zio+ Ziyy = 1Cy| = B[Z; 0] + E[Z; 1],

Further, it holds that _ _ _ B
|Zi,y’0 - E[Zi,y,OH = |Zi,y,1 - E[Zi,y,l]‘»

and thus

Pr “Z}y,o - E[Z’,y,OH < Ay} = Pr “Z}y,l - E[Z’,y,l“ < Ay}

=Pr [|Zi,y,o —E[Ziy0]l < Ay and | Z;y1 — E[Z; ]| < Ay}
Since (71 = x can only hold if lN)m < 0, the claim follows by Lemma 2.5 and a union bound over
yeYi,. O
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2.2. Constant Size Sampling Suffices

In the following subsections, we bound the summation in (2.7) over the sets L; and Ls.

Case 1: Small Difference

We show first that |L;| is small (see Claim 2.7). Then, we use a simple bound for Pr[ﬁi,; = z] which is
based on Lemma 2.2 (see Claim 2.8).

> Iy <2k oPTy.

(i,I)ELl YEY; z

Claim 2.7. It holds that

Proof. Fix (i,z) € Ly and let y € Y; .. Note that since (x,y) # (U, .,y) we have

{jeC) : A #(x)}U{ieCy : Ai; # Uiy} =C).

Note that this union is not necessarily disjoint, e.g., if (z,y) & {0,1}. Since E; , = D, , + E; (by (2.5))
and D, , < E; (by definition of L), we have

1%
> V1< Y. Ziyrtowy + Zigt0sm) < Biw + Ei < 3E;. (2.11)
YeYi o YEYi z

Fixing z and summing over all ¢ with (i,z) € Ly, the term F; sums to at most OPTX. Also summing
over all z € {0,1}* yields another factor 2. Therefore, the claim follows. O

Claim 2.8. It holds that _
> Pl =2]-D;, < §-OPTY.
(i,2)EL4

Proof. Note that for any row i, vector y € Y ,, and ¢ € {0,1}, the random variable Z%C is a sum
of independent Bernoulli random variables, since the ¢ samples from C;/ forming Cy are independent,

and each sample contributes either 0 or 1 to Z-,y,c. Hence, our instantiations of Chebyshev’s inequality,
Lemmas 2.1 and 2.2, are applicable. We use Lemma 2.2 to bound

_ ~ Vi
) _ ) < Y2
Pr [|Zz,y,c E[Z;y.cll > Ay] S A,

Since Ay =t - D; ,/(2"2 - a) and o, < (1+ £)|CY| < 2|C)/|, we have

2k+3 | CV |

Pr (| Zige = ElZigll > Ay < Vi Diy’

and thus by Claim 2.6, we obtain

2k+3

Pili. =al € 7 3 16

YeEY; &

Claim 2.7 now yields

> Pl = -Di,m<2k\;; o> lg)I< 7OPTV.

(2 I GLl (i,I)ELl YyeYi »

Since we chose ¢ > 24114 /22 see Theorem 2.3, we obtain the upper bound %OPTkV. O
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Case 2: Large Difference

We use here the stronger instantiation of Chebyshev’s inequality, Lemma 2.1, and charge p = E[Z; , (]
against OPTY .

Claim 2.9. It holds that _
> Pr[U;. =] D, < 7 - OPTY.

(i,x)E Lo

Proof. Fix (i,xz) € Lo and let y € Y; ,. As in the proof of Claim 2.8, we see that our instantiation of
Chebyshev’s inequality, Lemma 2.1, is applicable to Z; , . for any ¢ € {0,1}. We obtain

> > E[Ziy,]
Pr “Zi,y,c —E[Z; ]l > Ay} < Agy .
y

Note that E[Zzyc] =Ziyec" t/|C’;/|, since |5'y| = t. Using minceo,1} Ziy,c < Ziyy,£(U,.,,y), We have

7 =~ t
i P{Zi e —ElZiy.c >A}<7'Z¢ N
ceH{l(lﬁ} T | Yy [ )Yy ]l Y |C;/|A§ .2 (Ui, y)

Since Ay =t - D;./(25% - ) and o < (14¢/6)|C)| < 2|C)/|, we have

2k+6 \4

min Pr [IZz‘,y,c —E[Ziy.cl > Ay} S D) LA

ce{0,1}
Summing over all y € Y; ,, Claim 2.6 yields

2k+6 v

Pr[U;. = 2] < W Ly AUy

YyEYix

(2.12)

We again use inequality (2.11), i.e., 3 oy |C)| < Ei, + E;. Since Ej, = D;, + E; (by (2.5)) and
E, < D; , (by definition of L3), we have |CZY| < 3D, for any y € Y; 5. Together with (2.12), and then
using the definition of E;, we have

22k+8 22k+8

Zi,y,;ﬁ(qu,:,?ﬁ < t Ei’
YEYi »

Fixing = and summing over all 4 with (i,2) € Ly, the term E; sums to at most OPTY . Also summing
over all z € {0,1}* yields another factor 2. Thus, it follows that

23k+8

t

Z Pr[U;,. = 2] - Dy 4 < OPTY .

(i,x)€ L2

Since we chose t > 23k+10/8, see Theorem 2.3, we obtain the upper bound £ - OPT,‘C/. O]

wlm

2.2.5 Finishing the Proof

Taken together, the above claims prove Theorem 2.3.

Proof of Theorem 2.3. By Claim 2.4, splitting into Lo, L1 and Lo, and using Claims 2.8 and 2.9, it follows
for any € € (0,1) and
t =4k H12 /.2 (2.13)

that the expected approximate solution satisfies

Eg[[lA—T-Vllo] < (1+ %)OPTkV + Z Pr[U;.=x] Din + Z Pr[U;. =] Dy,
(i,x)€Ly (i,z)€Lqy
< (14¢)OPTY. O
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2.3 Efficient Sampling Algorithm

The conceptually simple PTAS in Section 2.2.3 has two running time bottlenecks, due to the exhaustive
enumeration in Step 1 and Step 2. Namely, Step 1 guesses exactly the sizes |C;/| for each y € {0, 1}*,
and there are n°2") possibilities; and Step 2 guesses among all columns of matrix A the multiset family
CN', guaranteed to exist by Theorem 2.3, and there are nO®2") possibilities.

Since Theorem 2.3 needs only approximate cluster sizes, it suffices in Step 1 to guess numbers «,
with |C)| < oy < (14 £)ICY | if [C)| > ¢, and «, = |C)'| otherwise, where ¢ = 24112 /22, Hence, the
runtime overhead for Step 1 can be easily improved to (t + &~ !log n)2k

To reduce the exhaustive enumeration in Step 2, we design an efficient sampling procedure, see
Algorithm 2, that uses ideas from clustering algorithms pioneered by Kumar et al. [KSS04] and refined
in [KSS05, ABS10]. Our algorithm reduces the total exhaustive enumeration in Step 2 and the guessing
overhead for the approximate cluster sizes in Step 1 to (2’“/5)20“:) - (log n)(loglog m”" possibilities.

This section is structured as follows. We first replace an optimal solution (U, V') by a “well-clusterable
solution (U, W), which will help in our correctness proof. In Subsection 2.3.2 we present pseudocode for
our sampling algorithm. We then prove its correctness in Subsection 2.3.3 and analyze its running time in
Subsection 2.3.4. Finally, we show how to use the sampling algorithm designed in Subsection 2.3.2 together
with the ideas of the simple PTAS from Subsection 2.2.3 to prove Theorem 1.1, see Subsection 2.3.5.

9

2.3.1 Existence of a (U, V,¢)-Clusterable Solution

For a matrix B € {0,1}™*" we denote by ColSupp(B) the set of unique columns of B. Note that if
the columns of U are linearly independent then U - ColSupp(V') denotes the set of distinct columns of
U - V. In the clustering formulation of the Generalized Binary ¢y)-Rank-k problem, as discussed in the
introduction (2.1), the set U - ColSupp(V') corresponds to the set of cluster centers.

Given matrices U, V', we will first replace V' by a related matrix W in a way that makes all centers of
U - ColSupp(W) sufficiently different without increasing the cost too much, as formalized in the following.

Lemma 2.10. For any U € {0,1}™** V € {0,1}**" and e € (0,1), there exists a matriz W € {0, 1}F*n
such that ||A—U -Wo < (1+¢)||[A—=U-V|o and for any distinct y, z € ColSupp(W) we have

(i) |U-y=U-2lo>e 27" |A=U-Vlo/min{|C}"|,|C}|}, and

(ii) [ A; = U-yllo < Ay = U - 2llo for every j € C}Y.
We say that such a matriz W is (U, V, e)-clusterable.

Proof. The proof is by construction of W. We initialize W 'y and then iteratively resolve violations
of (i) and (ii). In each step, resulting in a matrix W', we ensure that ColSupp(W’) C ColSupp(W). We
call this support-monotonicity.

We can resolve all violations of (i) at once by iterating over all columns j € [n] and replacing W. ;
by the vector z € ColSupp(W) minimizing ||A. ; — U - z||o. This does not increase the cost |4 — U - W]|o
and results in a matrix W’ without any violations of (i).

So assume that there is a violation of (i). That is, for distinct y,z € ColSupp(W), where we can
assume without loss of generality that |C}V| < [CWV], we have [|U-y—U-zllo <e-27%- |[A=U-V|o/|C}V|.
We change the matrix W by replacing for every j € C'W the column W. ; = y by z. Call the resulting
matrix W’. Note that the cost of any replaced column j changes to

A ; = U-yllo+[[U-y—=U-z|o
A = U -Wjllo+e-27% J[A=U-Vlo/IC}V].

[A:; = U -Wjllo = [|A:; = U - zllo < |
<
Since the number of replaced columns is |C}" ], the overall cost increase is at most € -27% - [|[A — U - V.
Note that after this step the size of ColSupp(W) is reduced by 1, since we removed any occurrence of
column y. By support-monotonicity, the number of such steps is bounded by 2¥. Since resolving violations
of (ii) does not increase the cost, the final cost is bounded by (1 +¢)||A —U - V.

After at most 2* times resolving a violation of (i) and then all violations of (4), we end up with a
matrix W without violations and the claimed cost bound. O
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2.3.2 The Algorithm Sample

Given A € {0,1}™*" k€ N, e € (0,1),and ¢ € N, fix any optimal solution U, V, i.e., ||A—U-V||o = OPT.
Our proof will use the additional structure provided by well-clusterable solutions. Therefore, fix any
(U, V,e)-clusterable matrix W as in Lemma 2.10. Since ||[A —U - W|o < (14 ¢)||A = U - Vo, we can
restrict to matrix W. Specifically, we fix the optimal partitioning C" of [n] for the purpose of the analysis
and for the guessing steps of the algorithm. Our goal is to sample from the distribution Dyy;.

Pseudocode of our sampling algorithm Sample , . (M, N, R,C, «) is given below. The arguments
of this procedure are as follows. Matrix M is the current submatrix of A (initialized as the full matrix
A). Set N C {0,1}* is the set of clusters that we did not yet sample from (initialized to {0, 1}*). The
sequence R stores ¢ representatlves of the clusters that we already sampled from (1n1t1ahzed to undefined
entries (L,...,1)). The sequence C contains our samples, so in the end we want C to be drawn according
to Dy (C is initialized such that Cy = () for all y € {0,1}*). Finally, a contains guesses for the sizes of
the clusters that we already sampled from, so in the end we want it to be a sequence of Z-approximate
cluster sizes (o is initialized such that a,, = 0 for all y € {0,1}*). This algorithm is closely related to
algorithm “Irred-k-means” by Kumar et al. [KSS04], see the introduction for a discussion.

In this algorithm, at the base case we call EstimateBestResponse 4 k(é , &), which computes matrix
U= 17(5, a) and a best response VtoU. Apart from the base case, there are three phases of algorithm
Sample. In the sampling phase, we first guess some y € N and an approximation «,, of \C;;V |. Then we
sample min{t, o, } columns from M to form a multiset C ; and we sample one column from M to form
R We make a recursive call with y removed from A and updated R C « by the values Ry, Cy, ay. As
an intermediate solution, we let UM, V(1) be the best solution returned by the recursive calls over all
exhaustive guesses. In the pruning phase7 we delete the njys/2 columns of M that are closest to R, and
we make a recursive call with the resulting matrix M’, not changing the remaining arguments. Denote
the returned solution by U, V), Finally, in the decision phase we return the better solution between
UD, v and UR), V),

Algorithm 2 Efficient Sampling

Sample, ;. . (M, N, R, C, «)
let nps be the number of columns of M
set v % (5/2"’+4)2k+2_w‘

1. If N =0 or ny; = 0: Return (U, V) = EstimateBestResponseA’k(5’, )

* Sampling phase *
2. Guess y ¢ N
3. Guess whether |C}V] < t:
4. If [C)V] < t: Guess oy e |C)V| exactly, i.e. oy € {0,1,...,t —1}
5. Otherwise: Guess v-ny < oy < nyy such that [C)V] < ay < (1+5)C)Y|
6. If a, = 0: (UW) Vo)) = EstlmateBestResponseA’k(C,a)

7. Else
8. Sample w.a.r. min{¢, a,} columns from M; let C, be the resulting multiset *

9.  Sample u.a.r. one column from M; call it Ry
10. (UW) V(yay)) = Sample , . (M, M{y}, RU{R,}, CU{Cy}, aU{ay})
11. Let (UM, V() be the pair minimizing ||A — U®2) . V#:@) ||, over all guesses y and a,

* Pruning phase *

12. Let M’ be matrix M after the deleting njs/2 closest columns to R,
i.e., the nyr/2 columns M. ; with smallest values mingc o 1y\w || M- ; — Ryllo
13. (U®, V@) = Sampley ;. (M', N, R, C, a)

* Decision *
14. Return (U, V) with the minimal value ||[A — U®) - V) ||y over £ € {1,2}.

4 Given a submatrix M of A, and ¢ columns sampled u.a.r. from M, we denote by 6y the resulting multiset of column
indices with respect to the original matrix A.
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Algorithm 3 Estimating Best Response

EstimateBestResponse , ; (C,a)

1. (C’E)Vmpute U) Compute a matrix U =U(C,a), where row U, . is any vector x minimizing the estimated
cost E; .. Note that each row U; . € {0,1}* can be optimized independently.

2. (Compute 17) Compute V as a best response to U.

3. Return (U, V)

2.3.3 Correctness of Algorithm Sample

With notation as above, we now prove correctness of algorithm Sample.

Theorem 2.11. Algorithm Sampley .+ generates a recursion tree which with probability at least
(%)QO(k)'t has a leaf calling EstimateBestResponse, ,(C,a) such that

(i) « is a sequence of g-approvimate cluster sizes (w.r.t. the fized matriz W), and

(ii) C is drawn according to distribution Dw.

The rest of this section is devoted to proving Theorem 2.11. Similarly as in the algorithm, we define
parameters

def def kio_ s
v = E/2k+4 2542 7,.

and v =y

Sort {0,1}* = {y1,...,yox} such that |C;‘l/| <...< |C;‘2/k |. We construct the leaf guaranteed by the
theorem inductively. In each depth d = 0,1,... we focus on one recursive call, see Algorithm 2,

Sample,, ;. (MY, N, RD C@ oDy,

We consider the partitioning P(%) et {ngd)}ye{o,l}k induced by the partitioning C" on M ie., Py(d)

is the set CZV restricted to the columns of A that appear in the submatrix M(®. We claim that we

can find a root-to-leaf path such that the following inductive invariants hold with probability at least
(1/0/15)(2'“—W(d>\)(t+1);

I1. Plgd) = C’;V for all y € N(@ ie., no column of an unsampled cluster has been removed,

2. N = {y,... s Yn@| ), i.e., the remaining clusters are the IN(@] smallest clusters,

I3. For any y € {0, 1}* \ N the value ozéd) is an §-approximate cluster size, i.e., if |C’ZV| < t we have
a_,(,d) = |C,Y|, and otherwise |C}V| < al(,d) < (1497,

I4. For any y € {0,1}* \ N4 the multiset 53(,d) is sampled according to distribution Dy, i.e., if
\C;’V | <t then Cgsd) = CZV and otherwise Clsd) consists of ¢ uniformly random samples from C;’V
with replacement, and

I5. For any y € {0,1}* \ N (@ the vector E,(,d) satisfies ||}~%g(,d) —U-ylo<2(A-U-W|o/ICV].

For shorthand, we let n(d) def Ny and p(d def VIN (D)

Base Case: Note that the recursion may stop in Step 1 with N¥ =@ or n{9) = 0, or in Step 6 with
az(,d) = 0 for some guessed y € N. Since we only want to show existence of a leaf of the recursion tree, in
the latter case we can assume that we guessed y = y|zr@)| and az(,d) = |C’;//V|7 and thus we have |C;V| =0.
Hence, in all three cases we have \CZV\ =0 for all y € N(@ by invariant 12 and sortedness of y1,. .., Y.

Since we initialize @50) = () and ag(jo) =0, we are done for all y € N9, By invariants I3 and I4, we are
also done for all y € {0,1}* \ N(9). The total success probability is at least

The proof of the inductive step proceeds by case distinction.

20(k) 4
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Case 1 (Sampling): Suppose |Py(d)| > v . n(@ for some y € N, Since Péd) = O}V (by invariant

I1) and sortedness, we have |C’ZV\ > v Dpd) for y def Yin |- We may assume that we guess y = |y in
Step 2, since we only want to prove existence of a leaf of the recursion tree. Note that there is a number
v(dpld ) < oy < nl with IC)V| < oy < (14 £)|C)Y] (in particular o, = |C}V| would work), so we can
guess such a number in Step 5. Together with Steps 3 and 4, we can assume that a(4T1) satisfies invariant
13.

In Step 8 we sample a multiset C of min{t, ay} columns from M. If [C}V] > t, we condition on
the event that all these columns lie in C’W Then C’ forms a uniform sample from C’W of size t. Since
e v Dn(d | this event has probablhty at least (I/(d )!. Otherwise, if |C}"| = a,, < t, we condition on

the event that all o, samples lie in CZV and are distinct. Then Cy = C;’V . The probability of this event

is at least
1\ L)\ @ CIA
<n<d>> 2(%) ><t>-

In total, C(4+1) satisfies invariant 14 with probability at least (v(9) /t)".

In Step 9 we sample one column Ey uniformly at random from M. With probability at least v(9, ﬁy
belongs to C’;’V , and conditioned on this event &, we have

R A-U-W
1B =0l | &] = mr 3 1y = Ul < A2,
Yy

y jGCW

By Markov’s inequality, with probability at least v(® /2 we have ||R, — U - ylo < 2||A — U - Wllo/1C}V 1,
and thus invariant I5 holds for R(4+1),

Finally, since we did not change M(? | invariant I1 is maintained. We conditioned on events that
hold with combined probability at least (v(¥/t)t - (@ /2 > (1/t)**!. Since we decrement |[N(4| by
removing y = yjar@| from N@ we maintain invariant I2, and we obtain total probability at least
(vo /) WD,

Case 2 (Pruning): Suppose |P \ < I/(d) n@ for every y € N4, (Note that cases 1 and 2 are
complete.) In this case, we remove the n! / 2 columns of M@ that are closest to E(d), resulting in a
matrix M@+ and then start a recursive call on M©@+D . Since we do not change N, R@ C@ and
a(® | invariants I2-I5 are maintained.

Invariant I1 is much more difficult to verify, as we need to check that the n(¥) /2 deleted columns do
not contain any column from an unsampled cluster. We first show that some column of a cluster we
already sampled from survives to depth d 4+ 1 and has small distance to R@ (see Claim 2.12). Then
we show that every column of a cluster that we did not yet sample from has large distance to R@ (see
Claim 2.14). Since we delete the n(® /2 closest columns to R4 it follows that every column of a cluster
that we did not yet sample from survives.

(d+1)

Claim 2.12. There exists x € {0,1}* \ N9 and column j € Py with

14:; = B lo < 25| A = U - Wlo/n .

Proof. By Case 2, we have |Py(d)| < v D (D for every y € N and since (9D < voe < 2752 it follows
that

Z |P?§d)| < 26@Dp(d) < p(d) /g,
ye/\[(d)

. d d+1 d+1 . d+1
Since |P?§ )| > |Pg5 + )| and >° c o135 |P?§ + )| = n{¥ /2, we obtain D ye{0,1 1R\ W@ |P?§ + )| > n(d /4,
Hence, there is z € {0,1}*\ N4 such that

|PlHD| > 9=k=2p(d) (2.14)
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(d+1)

By the minimum-arithmetic-mean inequality, there is j € Py such that
- 1 ~
. _ R - . L, _ R@
45 - Bl < e 2 4 - R
T jrepldty
1
d
<NIBY —U-allo+ —armr - D Ay —U-zlo,
|P | i’ €P£d+1)

where the last step uses the triangle inequality. For the first summand we use invariant I5, and for the

second we use that ngdH) is by definition part of an induced partitioning of C" on a smaller matrix,
and thus the summation is bounded by ||A — UW/||o. This yields

~ 1
. _ R —_ ). —U-
[A4.; — R0 < <|CW| P (d+1)|) |A=U-Wlo.
By P{"™) C €W and by (2.14), we obtain the claimed bound. O

Claim 2.13. For any y € {0,1}* \ N we have |C)V| > v Dn(D) /5.

Proof. Since y ¢ N, we sampled from this cluster in some depth d’ < d. In the call corresponding to d’,
we had N (@) D N U {y} and thus [N (@) > [N(D]| 4 1, and we had n(?) > n(9). Since we sampled
from CZV in depth d’, Case 1 was applicable, and thus

(Il) ’ ’
O 1= 1P 2 0 =y )

= Vinrd|41 (D) = Vind| - (D fy =D (@D /y O
Claim 2.14. For any y € {0, 1} \N @, 2 € N, and j € PV we have
[4s5 = BPllo > 244 = U Wo/n®.

Proof. By triangle inequality, we have | U-y—U-z|jo < ||4.;—U-y|lo+|A4.;—U-z||o. Since j € P = cw
and by property (i) of (U, V,e)-clustered (see Lemma 2.10), the first summand is at least as large as the

second, and we obtain
IU-y=U-zlo<2(A; =U-ylo.

We use this and the triangle inequality to obtain
145 = BP0 > 4.5 = U -yllo — IRFY = U - yllo

1 ~
> SIU-y=U-zllo— B = U - ylo.

For the first summand we use property (i) of (U, V, e)-clustered (see Lemma 2.10), for the second we use
invariant I5. This yields

_R@ e [A-U-Vio 2(A-U-Wio
1425 = 7570 > o5 - e, o

Since y € {0,1}* \ N Claim 2.13 ylelds ICY| = v Dn@ /v Since z € N @, by invariant 11, and since

we are in Case 2, we have [C/V| = |P \ < (D . n(d Moreover, by the properties of (U, V,)-clustered
(see Lemma 2. 10) we have |[A—UW/|o < (1+¢)|A—U -Vl and thus [A—U - Vl]jo = 3[|A=U - W|.
Together, this yields

— R o) AU -Wio
IA.; — R Ho>(2k+2 zﬁ o
_ e [A-U-Wlo
T 9k+3,,(d) n(d)
>2 n(d ’
since v = /25 and v < vy =42 < /2247 O

Together, Claims 2.12 and 2.14 prove that no column j € Py(d) with y € M@ is removed. Indeed,
we remove the columns with smallest distance to R(¥), some column in distance 2Ft4||A — UW ||o/n(¥)

survives, and any column j € Péd) with 9y € AV has larger distance to R@ Tt follows that invariant I1 is
maintained, completing our proof of correctness.
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2.3.4 Running Time Analysis of Algorithm Sample
We now analyze the running time of Algorithm 3.
Lemma 2.15. Algorithm EstimateBestResponse runs in time 2°®) mn.

Proof. Note that if C is drawn according to distribution Dy, then its total size 2 ye{0.1}k \C~'y\ is at
most n. Hence, we can ignore all calls violating this inequality. We can thus evaluate the estimated cost
E; » in time 20(K) . Optimizing over all z € {0,1}* costs another factor 2%, and iterating over all rows i
adds a factor m. Thus, Step 1 runs in time 2°®*)mn. Further, Step 2 finds a best response matrix, which
can be computed in the same running time. O

We proceed by analyzing the time complexity of Algorithm 2.

Lemma 2.16. For any t = poly(2¥/¢), Algorithm Sampley j ., Tuns in time (2/5)20(k) -mnltte)
where o(1) hides a factor (loglogn)'" /logn.

Proof. Consider any recursive call Sample 4 ;. . ,(M, N, E, 6’, a). We express its running time as T'(a, b)

where @ % |NV| and b def log(nar). For notational convenience, we let log(0) =: —1 and assume that nas
is a power of 2.

If we make a call to algorithm EstimateBestResponse then this takes time 2°%*) . mn by the
preceding lemma. Note that here we indeed have the size n of the original matrix and not the size nj; of
the current submatrix, since we need to determine the cost with respect to the original matrix.

In the sampling phase, in Step 2 we guess y, with |A/| < 2* possibilities. Moreover, in Steps 3-5 we
guess either o, € {0,1,...,¢ — 1} or vjx - nar < oy < nyy such that [CV] < oy, < (14 £)|C,V]. Note
that there are O(log(1/v|x)/ log(1 +£/6)) = poly (2" /e) possibilities for the latter, and thus poly(2¥/e)
possibilities in total. For each such guess we make one recursive call with a decremented a and we evaluate
the cost of the returned solution in time 2°) . mn, B

In the pruning phase, we delete the nj;/2 columns that are closest to R, which can be performed
in time 2°9%) . m . ny, (using median-finding in linear time). We then make one recursive call with a
decremented b.

Together, we obtain the recursion

T(a,b) < poly(2¥/e)ymn + poly(2¥/e) - T'(a — 1,b) + T'(a,b — 1),

with base cases T(0,b) = T(a, —1) = 2°®)mn. The goal is to upper bound T'(2*,logn).
Let Y = poly(2*/¢) and X =Y - mn such that

T(a,b) < X+Y -T(a—1,b)+T(a,b—1),

and T(0,b),T(a,—1) < X. We prove by induction that T'(a,b) < X - (2Y'(b+ 2))®. This works in the base
cases where a = 0 or b = —1. Inductively, for a > 0 and b > 0 we bound °

T(a,b) < X +Y-X-2Y(b+2)* '+ X -2V (b+1))°

=X @re+2)" ((2Y(bl+ 2 " 2(b1+2) i GID)

. 1 1 b+1
<X @0 (g5t gy )

=X (2Y(b+2))" (2.15)

Let C be a constant to be determined soon. Using (2.15), the total running time is bounded by

o(C+1)k

T(2",logn) < X - (2Y (log(n) + 2))2k < (2/¢) -mn - long n < (2/5)2(“1)% -mpted)

. . . ok o(C+1)-k log log n e .
where the last inequality follows by noting that log® n > (2/¢) iff k& < log (102(2?&)) and in

this case

log log n

/
(log n)2k < (log n)(log@/a))l ¢ < n°W,
1+1/C

where o(1) hides a factor (loglogn) /logn. The statement follows for any C > 10. O

5 Using similar arguments, for any o € [0, 1] the recurrence T'(a,b) < (14 a)®- X +Y - T(a —1,b) + T(a,b— 1) is upper
bounded by X - (2Y)® - (b1~ + Z)a (14 a)b. In particular, this implies that T'(a,b) < X - (2Y)® - min {(b + 2)* 72““’}
and thus T(2%,logn) < (2/5)20(k) -mn - min {(log n)zk, n}.
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2.3.5 The Complete PTAS: Correctness and Efficiency

Finally, we use Algorithm Sample to obtain an efficient PTAS for the Generalized Binary {y-Rank-k
problem. Given A,k and ¢, we call Sampley . . /4, with

t = t(k,e/4) 1L 24k+16 /22,

(This means that we replace all occurrences of € by /4, in particular we also assume that W is (U, V, )-
clusterable.) By Theorem 2.11, with probability at least

20(k) ¢

O(k) /.2
G =G

at least one leaf of the recursion tree calls EstimateBestResponse, k(é , ) with proper C and «a such
that the Sampling Theorem 2.3 is applicable. By choice of ¢ = t(k, §), this yields

E[|A - T(C,a)- W] < (1 + Z) oPTY < (1 + 2)2 OPT,,

where we used that W is (U,V, {)-clusterable in the second step (see Lemma 2.10). The Algorithm
EstimateBestResponse computes a matrix U = U(C, «) and its best response matrix V. This yields

~ o~ ~ 2
E[|A-T - Vllo] <E[J4-T - W] < (1+ Z) OPT,.

By Markov’s inequality, with probability at least 1 —1/(1 +¢/4) > £ we have

£
5

IA—T-V|o < (1 + 1) E[JA-T- Vo) < (1 n E) OPT}, < (1 + £)OPT.

Hence, with probability at least p = (g/ 2)2O(k)/ <* at least one solution U , 1% generated by our algorithm
is a (1 + €)-approximation. Since we return the best of the generated solutions, we obtain a PTAS, but
its success probability p is very low.

The success probability can be boosted to a constant by running O(1/p) = (2/<€)20(k>/‘52 independent
trials of Algorithm Sample. By Lemma 2.16, each call runs in time (2/)2°" - mn'*+°1) where o(1)
hides a factor (loglogn)"' /logn, yielding a total running time of (2/5)2O(k)/€2 -mn!*t°) This finishes
the proof of Theorem 1.1. The success probability can be further amplified to 1 — ¢ for any § > 0, by
running O(log(1/4)) independent trials of the preceding algorithm.

2.4 Faster Binary /)-Rank-1

In this section, we consider the Binary fp-Rank-1 problem with standard inner product. Given a binary
matrix A € {0,1}™*™ and an error € € (0,1/2), our goal is to find binary vectors u € {0,1}™, v € {0,1}"
such that ||[A — @ - 97 |lo < (14 &)OPT, where the optimal value is defined by

OPT = A —u-vTo.

min
u€{0,1}™, ve{0,1}7
We now give a faster PTAS for the Binary £3-Rank-1 problem, which improves upon Theorem 1.1.

Theorem 1.3 (from page 5). (PTAS for the Binary £y-Rank-1 problem with standard inner product) For
any e € (0,1/2) there is an algorithm that runs in time (1/2)°A/<) (|| Alo+m+n)-log®(mn), and outputs
vectors u € {0,1}™, v € {0,1}" such that w.h.p. ® |A—@-07[|o < (14¢) mingefo,13m vefo,13n |A—u- 0o

The remainder of this section is devoted to proving Theorem 1.3.

6 An event happens with high probability (w.h.p.) if it has probability at least 1 — 1/n° for some ¢ > 0.
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Structural Properties Let Ry = {1 € [m] : w; =1} and Cy = {j € [n] : v; = 1}. Then, estimated
cost simplifies as follows: for any row ¢ and binary scalar x € {0,1}, we set

def . =~
E ., =HjeC: Aj#ux}

Lemma 2.17. For any row i and x,x’ € {0,1} we have Ei,z < Ei@/ if and only if E , < Ej ..

Proof. By definition of Em and by k£ =1, we have Em < EZ-’I/ if and only if

v Gl el as2wu< ¥ D Ged, Ay 2w

y€{0,1} ICyl ye{0,1} 1Cy|

For y = 0 we have (z,y) = 0 = (2/,y), and thus the contribution of the corresponding summand to both
sides is equal. Hence, we have, equivalently,

C L~ C L =
5ﬂwmea»Am¢xH<kﬂera:Am¢fn
1 1

Removing the common factor |Cy|/|Cy|, we equivalently arrive at B}, < Ej .. This also holds in the

iz’

special case |Cy| = 0, since then E; , = E; , and E ,=E, =0 O

Sampling Theorem Recall that we choose the matrix U by picking for each row i a vector (71 =z
minimizing F; ;. The above lemma shows that we can equivalently minimize E] ,. Let us formulate the
resulting sampling theorem.

Corollary 2.18. Foranye € (0,1/2) sett e t(1,e/2) = 216/e2. If|Cy| < t then set Cy e C1, otherwise

sample t elements from Cy with replacement and let the resulting multiset be Cy. Construct u € {0, 1}™
by picking u; = x € {0, 1} minimizing E] , = [{j € C1 : A; ; # x}|. Then we have

Eeg, [||A—’ﬁ-vT||0} < (1+ g)OPT.

Proof. We obtain this construction of u as follows: Specialize the construction in Section 2.2.2 to k =1,
replace E; , by E! ., which does not change the result by Lemma 2.17, and finally remove redundant

;L7
steps like the sampling of Cj, since it is no longer used in the construction. The conclusion thus follows
from Theorem 2.3. For the purpose of this section, we reduced the approximation ratio from 1 + ¢ to

1+ ¢/2, thereby increasing t by a factor 4, see (2.13). O

2.4.1 The Algorithm

We present now our efficient randomized PTAS for the Binary £o-Rank-1 problem. The algorithm succeeds
. . t+1
with probability at least (%) .
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Algorithm 4 Faster randomized PTAS for the Binary fp-Rank-1 problem

Input: A matrix A € {0,1}™*™ and error ¢ € (0,1).
Output: Vectors u € {0,1}™ and v € {0,1}" satisfying |4 — @ - 07 [|p < (1 +¢)OPT.

1. (Basic solution) Initialize S = {(0,,,0,)}, where 04 = (0,...,0) € {0,1}4.

2. (Guess approzimate column set size) Exhaustively guess [|C1|]2, where [r]2 denotes the smallest power
of 2 that is at least r. There are O(logn) possibilities. If we guessed [|C1|]2 < [t]2, then exhaustively
guess |C1] exactly. There are O(t) possibilities. In particular, if we guessed correctly then we know the
number min{t, |C4|}.

3. (Guess approzimate row set size) Exhaustively guess [|R1|]2 where Ry < {i : u; = 1}. There are
O(log m) possibilities.

4. (Ignore sparse columns) Let W & {7 + 1A jllo = [|R1|]2/4} be the set of columns of A containing at
least [|R1|]2/4 ones. Computing W takes time O(]|Allo).

5. (Sample columns) Sample a multiset C] consisting of min{¢, |C1|} columns chosen independently and
uniformly at random from W. This takes time O(%).

6. (Compute i) We plug C/ as C, into the estimated cost E,.={j€ Ci A; j # z}|. Compute a vector
u by picking u; = x € {0,1} minimizing the cost E! _, for all 4. This takes time O(mt) since |C]| < t.

7,29

7. (Compute v) Compute v as a best response to u. Add (@,v) to S.

8. Return the pair (#,v) € S minimizing ||A — - 07 ||¢ over all exhaustive guesses and the basic solution.

Note that the claimed success probability of Algorithm 4 is quite low. In order to prove Theorem 1.3
we will boost this probability by repeating the algorithm sufficiently often. In the remainder of this section
we analyze the running time and the success probability of Algorithm 4.

2.4.2 Running Time

The only steps without immediate time bounds are Step 7 and Step 8.

For Step 7, we now argue that a best response v to u can be computed in time O(||Allo + m + n).
Observe that the cost corresponding to column A. ; has a fixed cost term [{¢ : A;; = 1 and u; = 0}
which is independent of the choice of v; € {0,1}. Further, by enumerating all non-zero entries of A, we

can determine for each j the number r; = [{i : 4; ; =1 and w; = 1}|. If r; > ||ul|o/2 we set U; def 1, and

Vj 27 ) otherwise. Straightforward checking shows that this yields a best response.

In Step 8 we need to calculate || A —u-07 ||y for each (@, ) € S, in order to pick the best pair. For each
(@, v), this value can be computed in time O(|| A||o+m+n) as follows. Enumerate all non-zero entries of A to
determine the numbers p ef {(i,5) : A;; =1 and u;-v; = 1} and g e {(i,7) : Ai; =1 and w;-v; = 0}].
Then, we can infer |[A — @ - 07 |o = ¢+ ||@llo - ||7]]o — p-

Note that there are O(tlog(m)log(n)) possibilities for all guesses (see Steps 2-3). Considering Steps
4-6 as well as the running times for Steps 7-8 shown above, we spend time O(||A|lo + m + nt) =
O((||Allo + m + n)t) for each guess. Hence, we obtain the following.

Lemma 2.19. The running time of Algorithm / is O(t*(||Allo + m + n) log(n) log(m)).

2.4.3 Correctness and Success Probability

We establish now the correctness of Algorithm 4. More precisely, we will prove a lower bound of ( )Hl

on its success probability.

£
5t
Claim 2.20 (Step 4). We have C; C W.

Proof. Let R, {i : u; = a} for z € {0,1}. We split

OPT = A —u-v"[lo =Y Ay —u-vjllo.
j=1
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where [|A. ; —u - vjl|o is the cost of column j. If v; = 0 then this cost is ||A. j|o, i.e. the number of 1’s of
A. j in Ry plus the number of 1’s of A. ; in Ry. If v; = 1 then the cost is || A. ; — ul|o, i.e., the number of
0’s of A. ; in Ry plus the number of 1’s of A. ; in Ry.

Suppose || 4. j|lo < |R1]/2. Then, the number of 1’s of A. ; in Ry is less than |R1]/2, and the number
of 0’s of A. ; in Ry is larger than |Rq|/2. Thus, v; = 0 has less cost, and j € Cy. Hence,

Cr S {i s Il > 1Ral/2} € {5+ 14ullo > [1Ral12/4} = W. =

Assume that all guesses in Steps 2-3 are correct, so that the multiset C] constructed in Step 5 consists
of min{¢, |C1|} columns chosen independently and uniformly at random from W.

We define an event &£ as follows. If |C}| > ¢, then event £ asserts that C] C (4, i.e., all ¢ sampled
columns forming C1 hit Cy. If |Cy| < ¢, then event & asserts that C] = Cy, i.e., all |C;| sampled columns
forming C{ hit Cy and are distinct.

Claim 2.21 (Step 5). Let Cy be distributed as in Corollary 2.18. Conditioned on event £, C} and C4
follow the same distribution.

Proof. 1f |Cy| < t then we set C; = C4, and conditioned on & we also have €} = Cy. If |Cy] > ¢, then
Cy is formed by sampling ¢ elements from C; with replacement. On the other hand, C] is formed by
sampling ¢ elements from W with replacement, which conditioned on £ implies that all ¢ elements hit
C;. Since C7 € W by Claim 2.20, the sampled elements are uniformly random in C;. These processes
describe the same distribution. O

It follows that, conditioned on event &£, Corollary 2.18 is applicable. We use it to show:

Claim 2.22. Assuming correct guesses in Steps 2-3, the vectors u,v computed in Steps 6-7 satisfy

Pr [HA—&-?/THO < (1+g)opT} > S pifel.

€
4
Proof. Since Step 6 follows the construction in Corollary 2.18, except that we replaced Ch by Cf, and
using Claim 2.21, Corollary 2.18 yields

Ec;[Il4 - - 7o \ el < (1+ g)OPT.
Using Markov’s inequality with A ef (14+¢€)/(1+¢/2) yields

o2 oy ¢
A 1+¢ 4

Pr ||A_a-vT||o>A-(1+g)0PTM <

or equivalently,

Pr [IIA — v < (1+¢)OPT ’ 5} > %
Hence, we have

Prl|A—a- oo < (1 +s)OPT} > Pr [||A — @07y < (1+¢)OPT ] 5} - Pr[€] > 2 - Pr[€].
Since in Step 7 ¥ is computed as a best response to u, we have ||A — w07 ||g < ||[A — @ - v7||o, and thus
Pr [HA —a- T < (1 +g)opT} > Z - Pr[€). O

In order to give a lower bound on the success probability, it thus suffices to bound Pr[€]. To this end,
we first bound |W| in terms of |C}|.

Claim 2.23. If OPT < ||A]lo/(1 4 ¢€), then we have [W| < 5|Cy|/e.

Proof. As in the proof of Claim 2.20, the cost of any column j € Cy is ||A. ;|0 Since any column j € W
contains at least [|R1]]2/4 = |R1|/4 1’s, the cost of any column j € Co N W is at least |R;|/4. It follows
that

ICo N W] < 5-OPT/|R,|. (2.16)
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Since u - vT contains |R;| - |Cy| 1’s, we can lower bound OPT = ||A — u - vT||o by ||Allo — |R1| - |C1]-
Together with the assumption, we obtain that

OPT > [|Allo — [Ra| - |C1 > (1 +€)OPT — [Ry - [Ch],

or equivalently, eEOPT < |R;|-|C1|. This implies OPT/|R1| < |Ci|/e and thus by inequality (2.16) we
have |Cop N W| < 4]|Cq|/e. Further, since |C1 N W] < |Cy| € |C1|/e and (CoN W)U (C1NW) =W, we
obtain the claimed upper bound of |W| < 5|Cy|/e. O

Claim 2.24. If OPT < ||Allo/(1 + €), then we have Pr[€] > (é)t

Proof. Tt |Cy] > t then event £ asserts that C; C C;. Since C; € W (Claim 2.20) and |W| < 5|C4|/e
(Claim 2.23), a random element from W hits Cy with probability at least £/5. It follows that all ¢ samples
forming C] hit C; with probability at least (£/5).

If |C1] < t then event & asserts that C] = C7. Note that the i-th sample from W is equal to the i-th
element of C; with probability 1/|W| > ¢/(5|C1|) > &/(5t). It follows that C| = C; with probability at
least (/(5t))1€1 > (¢/(5t))". O

Lemma 2.25. Algorithm 4 computes vectors u € {0,1}™ and v € {0,1}"™ such that with probability at
least (%)tﬂ it holds that |A — - 9T ||p < (14 ¢)OPT.

Proof. When OPT > ||A]|o/(1 +¢€), for the basic solution (0, 0,) from Step 1 we have ||A —0,, - 01| =
[[Allo < (14 ¢)OPT. Otherwise, if OPT < ||Allo/(1 + ), the statement follows by combining Claim 2.22
and Claim 2.24. O

2.4.4 Proof of Theorem 1.3

By Lemma 2.25, Algorithm 4 computes vectors u, v satisfying |A—u-07 |l < (1+¢)OPT with probability

at least (é)tﬂ. By Lemma 2.19, the algorithm runs in time
O(#*([|Allo + m + n) log(m) log(n)).

Repeating the algorithm O((5t / 5)t+1 log n) times and returning the best solution found, yields a success
probability of 1 —n~%(1), Since we set t = 216 /2, the total running time is

O( (5/2)" " (Il Allg +m + n)log™(mn) ) = (1/£)°M/=) (| Allg + m + ) log® (mn).
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Chapter 3

Algorithmic Results For Binary /;-Rank-1
With Small Optimal Value

Given a binary matrix A € {0,1}"™*" with m > n, our goal is to compute an approximate solution of
the Binary ¢p-Rank-1 problem, and let us denote the optimal value by

def .
= I

OPT = min A—u~vTH0. (3.1)
u€{0,1}m, ve{0,1}n

In practice, approximating a matrix A by a rank-1 matrix uv” makes most sense if A is close to being
rank-1. Hence, the above optimization problem is most relevant in the case when OPT < ||A]|o. For this
reason, we focus our studies on the setting when the ratio OPT/||Allp < ¢ for sufficiently small ¢ > 0.

Organization In Section 3.1, we give a simple (1 + O(¢))-approximation algorithm running in time
O(min{||A|lo + m + n, ¢~1(m + n)log(mn)}). Then, in Section 3.2, we establish a sample complexity
lower bound of Q((m + n)/¢) for any (1 + O(¢))-approximation algorithm, showing that our algorithm
has an optimal runtime up to a poly log(mn) factor. In Section 3.3, we give an algorithm that runs in

time 20OPT/VII4llo) . holy(mn) and solves exactly the Binary £o-Rank-1 problem.

3.1 A Simple Approximation Algorithm

We start by stating our core algorithmic result, which requires as an input a parameter ¢ > OPT/||A]o.

Theorem 1.4 (from page 7). Given A € {0,1}™*™ with row and column sums, and given ¢ € (0, &] with
OPT/|Allo < ¢, we can compute in time O(min{||A|lo+m+mn, ¢~ (m+n)log(mn)}) vectors u € {0,1}™

and v € {0,1}" such that w.h.p. ||[A —a-07]|o < (1 +50)OPT + 3762/ Al|o-

In Chapter 4, see Section 4.2, we give a (2 + ¢)-approximation algorithm for the Reals ¢;-Rank-1
problem, which captures as a special case the Binary ¢y-Rank-1 problem. In particular, we obtain a
(2 + ¢)-approximation of OPT, and thus a (2 + €)-approximation of the ratio OPT/||Allo.

Theorem 1.5 (from page 7). Given A € {0,1}™*™ with column adjacency arrays and OPT > 1, and
given € € (0,0.1], we can compute w.h.p. in time

O((nlz§m+min{||A||o’ n+w110§2n}>10§n)

a column A. ; and a vector z € {0,1}" such that w.h.p. ||[A— A. ;- 2T||o < (2 +¢)OPT. Further, we can
compute an estimate Y such that w.h.p. (1 —e)OPT <Y < (2+ 2¢)OPT.

Combining Theorem 1.4 and Theorem 1.5, yields an algorithm that does not need ¢ as an input and
computes a (1 + 500¢)-approximate solution of the Binary £y-Rank-1 problem.

Theorem 1.6 (from page 7). Given A € {0, 1}"™*"™ with column adjacency arrays and with row and column
sums, for 1 = OPT/||Allo we can compute w.h.p. in time O(min{||Allo +m +n, " (m+n)} -log®(mn))
vectors u € {0,1}™ and v € {0,1}" such that w.h.p. ||[A —u - 07| < (1 + 500¢)OPT.

Proof of Theorem 1.6. We compute a 3-approximation of OPT by applying Theorem 1.5 with ¢ = 0.1.
This yields a value ¢ satisfying ¥ < ¢ < 3¢. If ¢ > 1/80, then the 3-approximation is already good
enough, since ¥ > 1/240 and 1 4 500t > 3. Otherwise, we run Theorem 1.4 with ¢. Further, using
#?[|Allo < 99?||Allo = 9OPT, the total error is at most

(1+ 5¢)OPT + 3762 Allo < (1 + 15¢)OPT + 37 - 9OPT < (1 + 5004)OPT.
A rough upper bound on the running time is O(min{||Allo + m + n, ¥ "' (m + n)} - log®(mn)). O
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The remainder of this section is devoted to proving Theorem 1.4.

3.1.1 Preparations

Given a matrix A € {0,1}*", let u € {0,1}" and v € {0,1}" be an optimal solution to the Binary

fo-Rank-1 problem, realizing OPT = ||A — u - vT||o. Moreover, set « o |lullo and ef lv]lo- We start
with the following technical preparations.
Lemma 3.1. For any row i € {1,...,m} let x; be the number of 0’s in columns selected by v, i.e.,

z; {7 €ln] : A;i; =0,v; =1}, and let y; be the number of 1’s in columns not selected by v, i.e.,

Yi e {7 €n] : A4; =1,v;, =0}. Let R = {i € [m] : u; = 1} be the rows selected by u, and let

R [m] \ R. Symmetrically, let C be the columns selected by v. Then we have

1. || Aillo = 8 — x; + yi, for any i € [m];

OPT =3, cp(@i + i) + Xicr(B — zi +yi);

OPT 2 3 icp lzi — wil;

x; < B/2 for any i € R, and x; > /2, for any i € R;
OPT > 32" min{[|A;:Jlo, [ 4s.:llo — B}

[ Allo — af| < OPT;

7. If OPT < ¢[|Aljo, then (1= ¢)||Allo < af < (1 + ¢)[[Allo-

Proof. For (1), note that in the 8 columns C selected by v, row ¢ has § — z; 1’s, and in the remaining
n — |C| columns row ¢ has y; 1’s. Hence, the total number of 1’s in row ¢ is ||4;.]lo = 8 — x; + ;-

(2) We split OPT = ||A — uv” ||y into a sum over all rows, so that OPT = > ||4;. — w;v”|o.
For i € R, the i-th term of this sum is simply ||A4;.|o = 8 — #; + y;. For i € R, the i-th term is
A — vTlo = @i + yi.

(3) follows immediately from (2).

(4) follows from (2), since for z; > /2 and i € R we can change u; from 1 to 0, reducing the
contribution of row ¢ from x; + y; to 8 — x; 4+ y;, which contradicts optimality of OPT.

For (5), we use that x; +y; > |z; — yi| = ||| Ai.:[lo — B] by (1), and

OPT = Z(x’ +y;) + Z(ﬁ - +yi) = Z(ml +yi) + Z”A%HO

i€ER i€R i€ER i€ER

S oA e te

(6) is shown similarly to (5) by noting that

OPT = Z(zi +yi) + Z(ﬁ -z +y) = Z Il Ai:llo — Bl + Z”Ai,:HO

i€ER iER i€ER i€ER
> (14iillo = 8) + Dl Aillo = 1Allo — @B,
i€R i€eR
and similarly
OPT = "[[[Ai:llo = Bl + D Il Ai:llo = D> (B l14i.llo) = D Il 4illo = aB — [|Allo-
i€ER i€R i€ER i€R
Finally, (7) follows immediately from (6) by plugging in the upper bound OPT < ¢||A|o. O

3.1.2 Approximating a and 3
We now show how to approximate a = ||ul|o and 3 = |[v||o, where (u,v) is an optimal solution.
Lemma 3.2. Given A € {0,1}"™*™ and ¢ € (0,1/30] with OPT/||Allo < ¢, we can compute in time
O(||Allo +m +n) an integer 5 € [m] with

1-3¢, 5 140,

1—¢ 1—¢

Symmetrically, we can approrimate o by a. If we are additionally given the number of 1’s in each row
and column, then the running time becomes O(m +n).
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Proof. Let

A% min mm{nA,,;uo, 1 4illo = 8]},

and let 5 be the value of 5’ realizing A.
We first verify the approximation guarantee. Consider the set of rows R selected by u. Let x;,y; for
i € R be as in Lemma 3.1. Then we have

A= Zmin{HAi,:Hm 1 A4::llo —E|} = min {ﬁ+yi —z, 8- B+ —xi\},

i€ER i€ER

where we used Lemma 3.1.1. Assume for the sake of contradiction that |3 — | > 5 5 Since |z — y| >
|z| — |y| for any numbers z,y, we obtain

~ ~ 26
1B —=B+yi—xi| 2 |B— Bl — |z — il >ﬂ5*|$i*yi|~
Similarly, we have 8+ y; — z; > %B — |z; — y;|. Hence,
2 2
A Z( o0 y) o T2 IR - OPT,

i€ER

where we used Lemma 3.1.3. Since R is the set of rows selected by u, we have |R| = «. By Lemma 3.1.7,
we have OPT < ¢||A4|lp < %aﬂ. Together, this yields A > OPT, contradicting

A< min{|[ i o, [14i.lo — 8]} < OPT
i=1
by Lemma 3.1.5. Hence, |3 — E| < %B
It remains to design a fast algorithm. We first compute all numbers ||A4;.||o in time O(||A|lo) (this

step can be skipped if we are given these numbers as input). We sort these numbers, obtaining a sorted
order [|[Az),:llo < ... <|[Ax(m),:llo- Using counting sort, this takes time O(m+n). We precompute prefix

sums P(k) ef 25:1 | Az(e),:lo, which allows us to evaluate in constant time any sum

ZHAW(@) llo=P(y) — P(z —1).

Finally, we precompute the inverse

() = max{l : || Aneyllo < B}
or {(B') = 0 if there is no ¢ with ||A
total time O(m + n).

Note that for any fixed 8" and row i, the term realizing min{||A4; .|lo, ||| A4:]lo — 8’|} is equal to:
(a) [[Ai:llo if [[Ai:llo < B7/2; (b)) B — | Aisllo, if B/2 < [|[Aisflo < B85 and  (c) [[Ai]lo — B8, if
|A; .o > /’. Hence, we obtain

me{nAi,zno, 145,110 —ﬁ’l}
=1

B'. By a simple sweep, all values £(3’) can be computed in

£(B'/2) £(8") n
= Z ||A7r(z) + Z 6/ - HAw(z), ||0 + Z ||A’471'(z)7 ”0 - 5/
i=1 i=0(8'/2)+1 i=£(8")+1

= P(n) = 2[P(L(8") = P(L(B'/2))] = [n+ €(B/2) —2- £(B")] B".

This shows that after the above precomputation the sum Z?=1 min{||4; |0, |[|A:;llo— 8’|} can be evaluated

in time O(1) for any 4’. Minimizing over all 5’ € [m] yields /3. This finishes our algorithm, which runs in
total time O(||A|lo +m + n), or O(m + n) if we are given the number of 1’s in each row and column. [
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3.1.3 The Algorithm

We now design an approximation algorithm for the Binary £3-Rank-1 problem that will yield Theorem 1.4.
We present the pseudocode of this Algorithm 5 below.

Algorithm 5 Binary ¢p-Rank-1 With Small Optimal Value

Input: A € {0,1}"™"" and ¢ € (0,1/80] such that OPT/||Allo < ¢.
Output: Vectors u € {0,1}™, v € {0,1}" such that [|[A — - 07 ]|o < (1+¢)OPT.

1. Compute approximations 11:3(1?@ <a< %a and %B < B < %ﬁ using Lemma 3.2.

Initialize R %' [m], C& < [n], RS g, 05 Ly

2. For any row 1, if ||A;.]jo < % . g then set u; = 0 and remove i from RP.
For any column j, if ||A. ;|lo < % . % then set v; = 0 and remove j from C*.

3. For any i € R® compute an estimate X; with |X; — || 4; cr|lo| < §|CE|.
For any j € C® compute an estimate Y; with |Y; — [[Agr ;o] < §|RT.

4. For any i € R, if X; > %5 then set %; = 1 and add 4 to R®.

For any j € C®,if Y; > 2@ then set 7; = 1 and add j to C¥.

5. For any i € R\ R®, compute an estimate X/ with | X/ — ||4; ¢os|lo] < ¢|C5|,
For any j € CF\ C®, compute an estimate Y] with Y] — [[Ags jllo] < B|RY.

6. For any i € RF\ RS set u; = 1 if X! > |C®|/2 and 0 otherwise,
For any j € C®\ C%, set v; = 1 if Y/ > |RS|/2 and 0 otherwise.

7. Return (@, ).

Running Time By Lemma 3.2, Step 1 runs in time O(||A]|o +m + n), or in time O(m + n) if we are
given the number of 1’s in each row and column. Steps 2, 4, and 6 clearly run in time O(m + n). For
steps 3 and 5, there are two ways to implement them.

Variant (1) is an exact algorithm. We enumerate all nonzero entries of A and count how many
contribute to the required numbers [|A; cr|lo, [[Ag~ jllo etc. This takes total time O(||Al|o), and hence
the total running time of the algorithm is O(||4|lo + m + n).

Variant (2) uses random sampling. In order to estimate ||A; crllo, consider a random variable Z
that draws a uniformly random column j € C¥ and returns 1 if A;; # 0 and 0 otherwise. Then
E[Z] = ||A;cr|o/|CF|. Taking independent copies Z,...,Z; of Z, where { = O(log(mn)/6%) with
sufficiently large hidden constant, a standard Chernoff bound argument shows that w.h.p.

loi R
(Zit o+ 20— s enllo| <5107,
which yields the required approximation. For Step 3 we use this procedure with § = % and obtain

running time O(log(mn)) per row and column, or O((m + n)log(mn)) in total. For Step 5 we use § = ¢,
resulting in time O(¢~2log(mn)) for computing one estimate X or Y/. By Claim 3.6 below there are

only O(é¢(m +n)) rows and columns in RF\ RS and C®\ C¥, and hence the total running time for Step
5is O(¢~1(m + n)log(mn)). This dominates the total running time.
Combining both variants, we obtain the claimed running time of

O(min{||Allo +m +n, ¢~ (m + n) log(mn)}).

Correctness In the following we analyze the correctness of the above algorithm.

Claim 3.3. For any row i deleted in Step 2 we have u; = u;. Symmetrically, for any column j deleted
in Step 2 we have v; = v;.

Proof. If row i is deleted, then by the approximation guarantee of B we have

1-¢ 5 _8

A <
lAidlo < 1525 <5
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Note that for 2; (the number of 0’s in row ¢ in columns selected by v) we have z; > 8 — || 4; . ||o- Together
we obtain x; > /2, and thus row ¢ cannot be selected by u, by Lemma 3.1.4. Hence we have u; = 0 = u;.
The statement for the columns is symmetric. O

Claim 3.4. After Step 2, it holds for the remaining rows R® and columns CT that

0 119 2 . 119 2
|R|<<1—|— 35 1¢)>a and C|<(1+13¢-1¢>6.

Proof. By Claim 3.3 the a rows R selected by u remain. We split the rows R? remaining after Step 2
into RU R/, and bound |R’| from above. Since any i € R’ is not selected by u, it contributes ||4; .|lo to
OPT. Note that

A >1—¢ 5 —¢ 1-3¢ B _1-3¢ B
o> — 2. £5120 10 2
156 2° 1¢>1¢2 1+¢ 2
and thus |R'| < OPT - ;% - 2. Since
¢
OPT < ¢[|Allo < —— - ap
1-¢
by Lemma 3.1.7, we obtain |R’| < fjsq; . % - . Thus, we have in total
140 20
R¥| =|R|+|R|< (1
RE =R+ R < (1 2 )
The statement for the columns is symmetric. O

Claim 3.5. The rows and columns selected in Step 4 are also selected by the optimal solution u,v, i.e.,
for any i € RS we have u; = 1 and for any j € C° we have v; = 1.

Proof. If row i is selected in Step 4, then we have by the approximation guarantee of X;, definition of
Step 4, Claim 3.4, and Lemma 3.2

1o 2~ 1 1+¢ 20
||Ai,cR||o>Xi—§|C |>3ﬁ—9<1+ Y 1_¢>5
2 1-3¢ . 1 1+¢ 20

3'1¢ﬂ_9<1+13¢'1¢>5'

It is easy to see that for sufficiently small ¢ > 0 this yields

g, 1+¢ 2¢
HAz',CR||O>§+1_3¢'ﬂ .

One can check that 0 < ¢ < 1/80 is sufficient. Since there are |C| < (1+ 11:’3“; . 12_¢¢)ﬁ columns remaining,

in particular the 8 columns C' C C which are selected by v, we obtain
[Aicllo > 14scrllo = (ICT = 8) > B/2.

By Lemma 3.1.4, we thus obtain that row i is selected by the optimal u. The statement for the columns
is symmetric. O

Claim 3.6. After Step 4 there are |R® \ R%| < 6¢pa remaining rows and |CT\ C%| < 648 remaining

columns.

Proof. After Step 4, every remaining row 4, for any 0 < ¢ < 1/80, satisfies

—6 B _1-¢ 1-3¢ /3 2
2

1+¢ > 5P

Ai' =
14i:llo > st I EE

Moreover, each such row satisfies
~ 1
[Aicrllo < Xi +*|CR| 5+§|CR|7
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which together with 3 < %5 (Lemma 3.2) and |CF| < (1 + Lte 22)8 (Claim 3.4) yields

136 1-6
2 146 1 1 146 20

Acrllo< (2 222424 2. L@

[4icrllo (3 1_¢+9+9 -3 1-9 B

It is easy to see that for sufficiently small ¢ > 0 we have ||A; crllo < %ﬁ, and it can be checked that
0 < ¢ < 1/80 is sufficient.

If i is not selected by u, then its contribution to OPT is [|A;.[lo = 2. If i is selected by u, then since
C C CE its contribution to OPT is at least

4 1
B - icllo> B~ 4icnllo > - 56 = £6.
Thus, the number of remaining rows is at most
OPT 5908 g4,
B/5 ~ (1-09)B
where we used Lemma 3.1.7. The statement for the columns is symmetric. O

We are now ready to prove correctness of Algorithm 5.

Proof of Theorem 1.4. The rows and columns removed in Step 2 are also not picked by the optimal
solution, by Claim 3.3. Hence, in the region ([m]\ R®) x [n] and [m] x ([n] \ CF) we incur the same error
as the optimal solution. The rows and columns chosen in Step 4 are also picked by the optimal solution,
by Claim 3.5. Hence, in the region R® x C*° we incur the same error as the optimal solution. We split
the remaining matrix into three regions: (R \ R%) x C%, RS x (C®\ C®), and (R®\ R%) x (CF\ C%).

In the region (RE\ R®) x C¥ we compute for any row i € R\ R® an additive ¢|C|-approximation
X/ of [|A; cllo, and we pick row i iff X] > |C|/2. In case |[|A;cllo — |C]/2] > ¢|C|, we have X] > |C|/2 if
and only if ||4; ¢|lo = |C|/2, and thus our choice for row i is optimal, restricted to region (Rf\ RS) x C.
Otherwise, if |||A;cllo — |C|/2’ < ¢|C|, then no matter whether we choose row ¢ or not, we obtain
approximation ratio

C|/2 C 1+2
Cl/2+(Cl _1+2 o

ICl/2=9¢lCl  1-2¢
restricted to region (R \ RS) x CS. The region R¥ x (CT\ C¥) is symmetric.

Finally, in region (R®\ R%) x (CF\ C%) we pessimistically assume that every entry is an error. By
Claim 3.6 and Lemma 3.1.7, this submatrix has size at most
6o 608 < 36¢°(1 + 0)[[Allo < 3767 Alo-

In total, over all regions, we computed vectors u, v such that

A —a0" o < (14 5¢)OPT + 37¢%(| Al|o.

This completes the correctness prove of Algorithm 5. O

3.2 Sample Complexity Lower Bound

We give now a lower bound of (n/¢) on the number of samples of any 1+ O(¢)-approximation algorithm
for the Binary £yp-Rank-1 problem, where ¢ > OPT/||A||o as before.

Theorem 1.7 (from page 7). Let C > 1. Given an n X n binary matriz A with column adjacency
arrays and with row and column sums, and given /log(n)/n < ¢ < 1/100C such that OPT/||Allo < ¢,
computing a (14 Co)-approzimation of OPT requires to read Q(n/$) entries of A (in the worst case over
A).

The technical core of our argument is the following lemma.

Lemma 3.7. Let ¢ € (0,1/2). Let X1,..., Xk be binary random variables with expectations p1, ..., Dk,
where p; € {1/2 — ¢,1/2+ ¢} for each i. Let A be an algorithm which can adaptively obtain any number
of samples of each random variable, and which outputs bits b; for every i € [1 : k]. Suppose that with
probability at least 0.95 over the joint probability space of A and the random samples, A outputs for at
least a 0.95 fraction of all i that b; =1 if p; = 1/2+ ¢ and b; = 0 otherwise. Then, with probability at
least 0.05, A makes Q(k/¢?) samples in total, asymptotically in k.
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Proof. Consider the following problem P: let X be a binary random variable with expectation p drawn
uniformly in {1/2 — ¢,1/2+ ¢}. It is well-known that any algorithm which, with probability at least 0.6,
obtains samples from X and outputs 0 if p = 1/2 — ¢ and outputs 1 if p = 1/2 + ¢, requires Q(1/¢?)
samples; see, e.g., Theorem 4.32 of [BY02]. Let ¢ > 0 be such that ¢/¢? is a lower bound on the number
of samples for this problem P.

Let A be an algorithm solving the problem in the lemma statement. Since A succeeds with probability
at least 0.95 in obtaining the guarantees of the lemma for given sequence p1, ..., pg, it also succeeds with
this probability when (pi, ..., ps) is drawn from the uniform distribution on {1/2 — ¢,1/2 + ¢}*.

Suppose, towards a contradiction, that A takes less than 0.05 - ck/¢? samples with probability at least
0.95. By stopping A before taking 0.05 - ck/¢? samples, we obtain an algorithm A’ that always takes less
than 0.05 - ck/¢? samples. By the union bound, A’ obtains the guarantees of the lemma for the output
bits b; with probability at least 0.9, over the joint probability space of A’ and the random samples.

Note that the expected number of samples A’ takes from a given X; is less than 0.05 - ¢/¢?. By
Markov’s inequality, for a 0.95 fraction of indices i, A’ takes less than ¢/¢? samples from X;. We say that
i is good if A’ takes less than c¢/¢? samples from X; and the output bit b; is correct. By union bound, at
least a 1 — (1 —0.9) — (1 — 0.95) = 0.85 fraction of indices i is good.

Since (p1,...,px) is drawn from the uniform distribution on {1/2 — ¢,1/2 + ¢}¥, with probability at
least 0.95 the number ky = |{i : p; = 1/2 + ¢}| satisfies 0.45k < k4 < 0.55k (for sufficiently large k).
This implies that a 0.65 fraction of indices {¢ : p; = 1/2+ ¢} is good, as otherwise the number of bad ’s
is at least (1 — 0.65) - 0.45k > 0.15k. Similarly, a 0.65 fraction of indices {i : p; = 1/2 — ¢} is good.

Given an instance of problem P with random variable X and expectation p, we choose a uniformly
random ¢ € [k], and set X; = X. For j # 4, we independently and uniformly at random choose p; €
{1/2—¢,1/2+ ¢}. We then run algorithm A’. Whenever A’ samples from X;, we sample a new value of X
as in problem P. Whenever A’ samples from X for j # ¢, we flip a coin with probability p,; and report the
output to A’. If A’ takes ¢/$? samples from X;, then we abort, thus ensuring that A’ always takes less than
c/$? samples from X; = X. Observe that the input to A’ is a sequence of random variables X, ..., Xy
with expectations py, ..., pr which are independent and uniformly distributed in {1/2 — ¢,1/2+ ¢}. In
particular, except for their expectation these random variables are indistinguishable.

We now condition on 0.45k < k4 < 0.55k, which has success probability at least 0.95 for sufficiently
large k. Then no matter whether p; = 1/2 + ¢ or p; = 1/2 — ¢, at least a 0.65 fraction of indices j with
pj = p; is good. Since ¢ was chosen to be a uniformly random position independently of the randomness
of the sampling and the algorithm A’, and the X; with p; = p; are indistinguishable, with probability
at least 0.65 index i is good. In this case, A" takes less than c/¢? samples from X; = X and correctly
determines the output bit b;, i.e., whether p; = 1/2 + ¢. As by union bound the total success probability
is 1 — (1 —0.65) — (1 —0.95) = 0.6, this contradicts the requirement of ¢/¢? samples mentioned above
for solving P. Hence, the assumption was wrong, and A takes Q(k/$?) samples with probability at least
0.05. O

We start with a simplified version of our result, where we only have random access to the matrix
entries. Below we extend this lower bound to the situation where we even have random access to the
adjacency lists of all rows and columns.

Theorem 3.8. Let C' > 1. Given an n X n binary matriz A by random access to its entries, and given
Vieg(n)/n < ¢ < 1/100C such that OPT/||Allo < ¢, computing a (1 + C¢)-approzimation of OPT
requires to read Q(n/¢) entries of A (in the worst case over A).

Proof. Set ¢’ def 25C¢ and k def ¢n/2. As in Lemma 3.7, consider binary random variables X7, ..., X
with expectations py,...,px, where p; € {1/2 — ¢',1/2 4+ ¢’} for each i. We (implicitly) construct an

. . . def ) .
n x n matrix A as follows. For ever k < i< n, 1 <j < n weset A4; =1.Forany1<i<k 1<j<n

we sample a bit b; ; from X; and set A; ; def b; ;. Note that we can run any Binary fo-Rank-1 algorithm
implicitly on A: whenever the algorithm reads an entry A; ; we sample a bit from X; to determine the
entry (and we remember the entry for possible further accesses).

Let us determine the optimal solution for A. Note that for each i > k, since the row A; . is all-ones, it
is always better to pick this row than not to pick it, and thus without loss of generality any solution u, v
has u; = 1. Similarly, for any j, since the column A. ; has n—k > n/2 1’s in rows picked by w, it is always
better to pick the column than not to pick it, and thus v; =1, i.e., v is the all-ones vector. Hence, the
only choice is for any 1 < ¢ < k to pick or not to pick row . Note that no matter whether we pick these
rows or not, the total error is at most ¢n?/2, since these rows in total have kn = ¢n?/2 entries, and all
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remaining entries of A are correctly recovered by the product uv” by the already chosen entries of u and
v. Hence, OPT < ¢n?/2, and since ||A]|o = (n — k)n = n?/2, we obtain, as required, OPT/||Allop < ¢.

Now consider the rows 1 < ¢ < k more closely. Since v is the all-ones vector, not picking row 4 incurs
cost for each 1 in the row, which is cost || 4;.|lo, while picking row ¢ incurs cost for each 0 in the row,
which is cost n — ||A;:||o. Note that the expected number of 1’s in row 1 < ¢ < k is p;n. The Chernoft
bound yields concentration: We have w.h.p. |||4;..]lo — pin| < 0.01 - ¢'n, where we used ¢’ > (/log(n)/n.
In the following we condition on this event and thus drop “w.h.p.” from our statements. In particular,
for any ¢ with p; = 1/2+ ¢’ we have ||4;.]o = (1/24 0.99¢')n, and for any i with p; = 1/2 — ¢’ we have
[Ai:llo < (1/2 = 0.99¢")n.

By picking all rows ¢ < k with p; = 1/2 + ¢’ and not pick the rows with p; = 1/2 — ¢, we see that
OPT < (1/2 — 0.99¢')kn. Now consider a solution u that among the rows 1 < i < k with p; =1/2+ ¢’
picks g4+ many and does not pick b many. Similarly, among the rows with p; = 1/2 — ¢’ it picks g_ and
does not pick b_. Note that each of the g “good” rows incurs cost

n—||4illo=n—(1/241.01¢")n = (1/2 — 1.01¢")n.

Each of the by “bad” rows incurs a cost of || A;.|lo = (1/2 + 0.99¢)n. Similar statements hold for g_ and
b_, and thus for g def g+ +g— and b def by +b_, with g + b = k, we obtain a total cost of

|A —wv?|jo=g-(1/2—1.01¢)n+b-(1/2 4 0.99¢')n
= k(1/2 = 0.99¢")n + 2b¢'n — 0.02k¢'n
> OPT + 2b¢'n — 0.02¢'kn.

If b > 0.02k, then
|A —uvT|lg = OPT + 0.02¢'kn > (1 + 0.04¢/)OPT.

By contraposition, if we compute a (1 4+ 0.04¢’ = 1 + C¢)-approximation on A, then b < 0.02k, and
thus the vector u correctly identifies for at least a 0.98 fraction of the random variables X; whether
pi =1/2+ ¢ or p; = 1/2 — ¢'. Since this holds w.h.p., by Lemma 3.7 we need Q(k/¢'?) = Q(n/(¢C?))
samples from the variables X;, and thus Q(n/(¢C?)) reads in A. Since C' > 1 is constant, we obtain
a lower bound of Q(n/¢). This lower bound holds in expectation over the constructed distribution of
A-matrices, and thus also in the worst case over A. O

The construction of the above theorem does not work in case when we have random access to the
adjacency lists of the rows, since this allows us to quickly determine the numbers of 1’s per row, which is
all we need to determine whether we want to pick a particular row in the matrix constructed above. To
treat this issue, we adapt the construction as follows.

Proof of Theorem 1.7. We assume that n is even. Let ¢', k, X1,..., Xk, p1,...,pr be as in the proof of
Theorem 3.8. We adapt the construction of the matrix A as follows. For any 2k <i < n, 1 <j < n/2 we

set Aj o; d°f 1 and Aioj_1 4t ). For any 1 < i<k, 1<j<n/2wesample a bit b; ; from X; and set

A 2j o Agi—12j-1 o bij and Ag;_1 2; o Agi2j-1 e bi ;-

As before, when running any Binary ¢p-Rank-1 algorithm on A we can easily support random accesses
to entries A; ;, by sampling from Xp; 7 to determine the entry (and remembering the sampled bit for
possible further accesses). Furthermore, we can now allow random accesses to the adjacency arrays of
rows and columns. Specifically, if we want to determine the ¢-th 1 in row ¢ < 2k, we know that among
the entries A; 1,..., A; o¢ there are exactly ¢ 1’s, since by construction A; 951 + A;2; = 1. Hence, the
¢-th 1 in row i is at position A; 201 or A; 2¢, depending only on the sample bp; /27 ¢ from X7, /). For rows
i > 2k, the {-th 1 is simply at position A; 2¢. Thus, accessing the /-th 1 in any row takes at most one
sample, so we can simulate any algorithm on A with random access to the adjacency lists of rows. The
situation for columns is essentially symmetric. Similarly, we can allow constant time access to the row
and column sums.

In the remainder we show that the constructed matrix A has essentially the same properties as the
construction in Theorem 3.8. We first argue that any 2-approximation wu,v for the Binary ¢p-Rank-1
problem on A picks all rows ¢ > 2k and picks all even columns and does not pick any odd column. Thus,
the only remaining choice is which rows i < 2k to pick. To prove this claim, first note that any solution
following this pattern has error at most 2kn = ¢n?, since the 2k undecided rows have 2kn entries, and
all other entries are correctly recovered by the already chosen parts of uv”. Hence, we have OPT < ¢n?.
Now consider any 2-approximation u, v, which must have cost at most 2¢n2. Note that u picks at least
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(1 —5¢)n of the rows {2k + 1,...,n}, since each such row contains n/2 1’s that can only be recovered if
we pick the row, so we can afford to ignore at most 8k = 4¢n of these n — 2k = (1 — ¢)n rows. Now, each
even column contains at least (1 —5¢)n > n/2 1’s in picked rows, and thus it is always better to pick the
even columns. Similarly, each odd column contains at least n/2 0’s in picked rows, and thus it is always
better not to pick the odd columns. Hence, we obtain without loss of generality vo; = 1 and ve;_1 = 0.
Finally, each row ¢ > 2k contains n/2 1’s in columns picked by v and n/2 0’s in columns not picked by v,
and thus it is always better to pick row i. Hence, we obtain without loss of generality u; = 1 for i > 2k.

Our goal now is to lower bound ||A —uv” g in terms of OPT and the error term b¢'n, similarly to the
proof in Theorem 3.8. Notice that we may ignore the odd columns, as they are not picked by v. Restricted
to the even columns, row 2¢ is exactly as row ¢ in the construction in Theorem 3.8, while row 2¢ — 1 is row
2i negated. Thus, analogously as in the proof of Theorem 3.8, we obtain w.h.p. OPT < (1/2—0.99¢)2kn
and

|A — uv” ||o = OPT + 2b¢'n — 0.04k¢'n > (1 + 0.04¢')OPT,

where b > 0.04k is the number of “bad” rows i < 2k. Again analogously, if we compute a (1 4 0.04¢") =
1 4 C¢)-approximation on A, then b < 0.04k, and thus w.h.p. we correctly identify for at least a 0.96
fraction of the random variables X; whether p; = 1/2+ ¢’ or p; = 1/2 — ¢'. As before, this yields a lower
bound of Q(n/¢) samples. O

3.3 Exact Algorithm

A variant of the algorithm from Theorem 1.4 can also be used to solve the Binary ¢p-Rank-1 problem
exactly. This yields the following theorem, which in particular shows that the problem is in polynomial
time when OPT < O(+/[| Ao log(mn)).

Theorem 1.8 (from page 7). Given a matriz A € {0,1}™*™, if OPT/||Allo < 1/240 then we can solve
exactly the Binary lo-Rank-1 problem in time 2°0OFPT/VIAllo) . poly(mmn).

Proof. This algorithm builds upon the algorithmic results established in Theorem 1.6 and Theorem 1.12,
and it consists of the following three phases:

1. Run the algorithm in Theorem 1.12 to compute a 3-approximation of 1» = OPT/||Al|o, i.e. a number
6 € [, 3¢].

2. Run Steps 1-4 of Algorithm 5, resulting in selected rows R® and columns C'°, and undecided rows
R’ = RR\ R? and columns ¢’ = C®\ C®. As shown above, the choices made by these steps are optimal.

3. For the remaining rows R’ and columns C’ we use brute force to find the optimum solution.
Specifically, assume without loss of generality that |R'| < |C’|. Enumerate all binary vectors u’ € {0, 1}%.
For each v/, set w; = u} for all i € R’ to complete the specification of a vector u € {0,1}". We can now
find the optimal choice of vector v in polynomial time, since the optimal choice is to set v; = 1 iff column
A. ; has more 1’s than 0’s in the support of @. Since some v’ gives rise to the optimal vector © = u, we
solve the Binary ¢y-Rank-1 problem exactly.

To analyze the running time, note that by Claim 3.6 we have

min{|R|,|C’|} < 6¢min{a, 8} < 66+/ap.

By Lemma 3.1.7 and ¢ < 3¢, we obtain min{|R’|, |C"|} = O()+/]|A]|o). Hence, we enumerate 20V l14llo) —

20(OFPT/V/lIAllo) vectors u', and the total running time is 20OPT/VII4llo) . holy(mn). This completes the
proof of Theorem 1.8. O
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Chapter 4

Algorithms For Reals /;-Rank-£

Given a matrix A € R™*™ with m > n, an integer k£ and an error € € (0,1/2), our goal is to find
an approximate solution 7 € R™, 7 € R” of the Reals {y-Rank-k problem such that |4 — @ - 97| <
(1 4+ ¢)OPTy, where the optimal value is defined by

def

OPTy = i A-=U-V]o. 4.1
k Ue]R'mXIBII‘}GRanH ||0 ( )

Organization In Section 4.1, we design a poly(k,logn) bicriteria algorithm for the Reals £y-Rank-
k problem, which runs in polynomial time. In Section 4.2, we give an efficient (2 + ¢)-approximation
algorithm for the Reals ¢yp-Rank-1 problem.

4.1 Polytime Bicriteria Algorithm For Reals /y-Rank-£

This section is organized as follows. In Subsection 4.1.1, we prove a structural lemma that guarantees the
existence of k columuns that yield a (k+1)-approximation of OPT}, and we also give an Q(k)-approximation
lower bound for any algorithm that selects k columns from the input matrix A. In Subsection 4.1.2, we
give an approximation algorithm that runs in time poly(n*,m) and achieves O(k?)-approximation. To
the best of our knowledge, this is the first algorithm with provable non-trivial approximation guarantees.
In Subsection 4.1.3, we design a practical algorithm that runs in time poly(m,n) with an exponent
independent of k, if we allow for a bicriteria solution.

4.1.1 Structural Results

We give a novel structural result showing that any matrix A contains k& columns which provide a (k + 1)-
approximation for the Reals £yp-Rank-k problem (4.1).

Lemma 4.1. Let A € R™ ™ be a matriz and k be an integer. There is a subset J*¥) C [n] of size k and
a matriz Z € R¥™ such that ||A — A, jo - Z|lo < (k+ 1)OPTy,.

Proof. Let Q) be the set of columns j with UV, ; = 0, and let R(®) def 7]\ Q. Let S(©) <f [n], T Lfy.

We split the value OPT}, into OPT(S®, R()) &ef |As© ro — UVso golo and

def

OPT(S®, Q) = [As© g — UVso gollo = [[As0 oo o

Suppose OPT(S©, RO) > |SO|RO)|/(k + 1). Then, for any subset J*) it follows that

mZinHA — Ag g Zllo < |S(0)||R(O)‘ + HAS(O)Q(O) lo < (k+1)OPTy.

Otherwise, there is a column i) such that
[As© i = (UV)s0 0|, < OPT(S®, R©)/|R®| < OPT,/|R)|.

Let T be the set of indices on which (UV)S@,Z-(D and Ago) ;o) disagree, and similarly g(1) def
SONT™) on which they agree. Then we have |T(M| < OPT},/|R()|. Hence, in the submatrix T() x R(®)
the total error is at most [T |- |R(O| < OPTy. Let R, DM be a partitioning of R() such that Aga)
is linearly dependent on As(l),i(l) iff j € DW . Then by selecting column A:ﬂ;(l) the incurred cost on

matrix S x DM is zero. For the remaining submatrix S® x R® we perform a recursive call of the
algorithm.
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We make at most k recursive calls, on instances S x R® for ¢ € {0,...,k—1}. In the £" iteration,
either OPT(S® R®) > |SO||R®|/(k + 1 — ¢) and we are done, or there is a column i(**1) which
partitions S into S+ T and RO into RUHD, DU such that

¢
1 k—¢
SEFD| > . 1— = .
| [=m 11 k+1—i) Ek+1 ™"

and for every j € D the column Age+n) ; belongs to the span of {Agw+1) ;) yrh

Suppose we performed k recursive calls. We show now that the incurred cost in submatrix S*) x R(*) ig
at most OPT(S™®) | R()) < OPT},. By construction, |S®)| > m/(k+1) and the sub-columns {Astm i biero
are linearly independent, where I(*) = {i() i)} is the set of the selected columns, and Agny qo0) =
(UV) g g . Since rank(Agw ) = k, it follows that rank(Ugw) .) = k, rank(V, ;a)) = k and the matrix
Vi € R¥*F is invertible. Hence, for matrix Z = (V. 1)~ V. gr we have

OPT(S(k)7R(k)) = ||ASk’Rk — AS’C,I’CZH@

The statement follows by noting that the recursive calls accumulate a total cost of at most k- OPT},
in the submatrices T¢+1) x R® for ¢ € {0,1,...,k — 1}, as well as cost at most OPT} in submatrix
S®) x R, O

We now show that any algorithm that selects k columns of a matrix A incurs at least an Q(k)-
approximation for the Reals ¢p-Rank-k problem.

Lemma 4.2. Let k < n/2. Suppose A = (Grxn; Inxn) € ROTOX" s o matriz composed of a Gaussian
random matriz G € R¥*™ with G; ; ~ N(0,1) and identity matriz I,x,. Then for any subset J*) C [n]
of size k, we have mingegixn||A — A, ja - Z||o = Q(k) - OPT,.

Proof. Notice that the optimum cost is at most n, achieved by selecting U = (Ixxk; Onxi) and V = Gixn.-
It is well known that Gaussian matrices are invertible with probability 1, see e.g. [SST06, Thm 3.3].
Hence, G. ;i) is a nonsingular matrix for every subset J (k) C [n] of size k.

We will show next that for any subset J*) of k columns the incurred cost is at least (n — k)k > nk/2.
Without loss of generality, the chosen columns J*) = [k] are the first k columns of A. Let R = [2k] be
the first 2k rows and C' = [n] \ J be the last n — k columns. We bound

min [A - A,y Zljo > min [Ar.c — Ar,mZlo

= > min||Ag; — Ap 2" o,

Pkl
i.e. we ignore all rows and columns except R and C. Consider any column j € C. Since Ag ; = (G. ;,0k)
and Ag 1] = (G k), Trxk), for any vector z € R¥ we have

AR, — Ag s zllo = G- ; — G wy2llo + [[exkzllo
=|G.; — G. mzllo + [1z[lo-

Let ¢ % lIzllo- By symmetry, without loss of generality we can assume that the first ¢ entries of z are
non-zero and the remaining entries are 0. Let 2 € R’ be the vector containing the first £ entries of z.
Then we have

|Ar; — Ag,yw2llo = |G.; — G gxllo + €.

We consider w.l.o0.g. the first k£ columns of A, and we construct the optimum matrix Z that minimizes
|A: 1:6Z — A||o. Observe that it is optimal to set the first k columns of Z to Iy, and since Aggt1:0,1:6 = 0
we can focus only on the submatrix A1.0k g+1:n = (G1kk+1:05 Okscn—k)-

Consider a column A9k ; for j € [k + 1,n]. Our goal is to find a vector v € R¥ minimizing the

objective function ¥ = min,{||lv|lo + |G v — g|lo}, where G*) ef {G1.,1::} and g def G1:k,j. 1t holds

with probability 1 that G*) and g do not have an entry equal to zero. Moreover, since G¥) is invertible
every row in [G*)]~! is non-zero, and thus with probability 1 a vector v = [G(*¥)]~1g has entry equal to
Zero.

Let v = (2; 0) be an arbitrary vector with ||z||; = £. Let G*) be a submatrix of G*) induced by the

first ¢ columns. For every subset S C [m] of ¢ rows the corresponding submatrix Gg): has a full rank.
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Suppose there is a subset S such that for Gg): and gg there is a vector € R* satisfying Gg):ac = gg. Since
Gg): is invertible, the existence of = implies its uniqueness. On the other hand, for any row ¢ € [m]\S

the probability of the event Ggﬁ)x = g; is equals to 0. Since GMv = GWx and there are finitely many
possible subsets S as above, i.e. (7)) < m’, by union bound it follows that |G*)v—gllg = k —£. Therefore,
it holds that ¢ > k.

The statement follows by noting that the total cost incurred by A. 1., and any Z is lower bounded by
m—kk+n—-k)=1—-k/n)(k+1)n. O

4.1.2 Basic Algorithm

We give an impractical algorithm that runs in time poly(n*, sm) and achieves O(k?)-approximation.
To the best of our knowledge this is the first approximation algorithm for the ¢yp-Rank-k problem with
non-trivial approximation guarantees.

Theorem 1.10 (from page 8). Given A € R™*™ and k € [n] we can compute in O(n*+t1m2k“*1) time a
set of k indices J¥) C [n] and a matriz Z € R¥™ such that |A— A, ju - Z|lo < O(k?) - OPTy.

We use as a subroutine the algorithm of Berman and Karpinski [BK02] (attributed also to Kannan
in that paper) which given a matrix U and a vector b approximates min, [|[Uz — b||p in polynomial time.
Specifically, we invoke in our algorithm the following variant of this result established by Alon, Panigrahy,
and Yekhanin [APY09].

Theorem 4.3. [APY09] There is an algorithm that given a matriz A € R™** and a vector b € R™,
outputs in time O(m*k**1) a vector z € R* such that w.h.p. | Az — b||, < k - min, ||Az — b||,.

Proof of Theorem 1.10. The existence of a subset J* of k columns of A and matrix Z* € RF*™ with
|A—A. s« Z*|lo < (k + 1)OPT}, follows by Lemma 4.1. We enumerate all (}}) subsets J*®) of k columns.
For each J®), we split ming||A4, ju Z — Allo = >, min, || 4, ja 2@ — A, ;|lo, and we run the algorithm
from Theorem 4.3 for each column A. ;, obtaining approximate solutions ZW ..., 2™ that form a matrix

Z. Then, we return the best solution (A, jw, Z). To verify that this yields a k(k + 1)-approximation,
note that for J®) = J* we have

14,52 — Allo = ;nA:,J*z“) — Asillo < k;gl(gan:,ﬁM — Asillo
= komin| A, -7 — Alo < k(k+ 1) OPT.
The time bound O(n*+1m2k“+1) is immediate from Theorem 4.3. This proves the statement. O

4.1.3 Polynomial Time Bicriteria Algorithm

Our main contribution in this section is to design a practical algorithm that runs in time poly(n,m) with
an exponent independent of k, if we allow for a bicriteria solution.

Theorem 1.11 (from page 8). Given a matrix A € R™*™ and an integer k, there is an algorithm that
in expected time poly(m,n) outputs a subset of indices J C [n] with |J| = O(klog(n/k)) and a matriz
Z € RVIX™ such that |A— A, ;- Z||, < O(k?log(n/k)) - OPTy.

The structure of the proof follows a recent approximation algorithm [CGK ™17, Algorithm 3| for the
¢p-low rank approximation problem, for any p > 1. We note that the analysis of [CGK ™17, Theorem
7] is missing an O(logl/ P'n) approximation factor, and naively provides an O(k logl/ P n)-approximation
rather than the stated O(k)-approximation. Further, it might be possible to obtain an efficient algorithm
yielding an O(k?log k)-approximation for Theorem 1.11 using unpublished techniques in [SWZ18]; we
leave the study of obtaining the optimal approximation factor to future work.

There are two critical differences with the proof of [CGK ™17, Theorem 7]. We cannot use the earlier
[CGKT17, Theorem 3] which shows that any matrix A contains k¥ columns which provide an O(k)-
approximation for the ¢,-low rank approximation problem, since that proof requires p > 1 and critically
uses scale-invariance, which does not hold for p = 0. Our combinatorial argument in Lemma 4.1 seems
fundamentally different than the maximum volume submatrix argument in [CGK™17] for p > 1.

Second, unlike for ¢,-regression for p > 1, the ¢y-regression problem min, ||Uz — by given a matrix
U and vector b is not efficiently solvable, since it corresponds to a nearest codeword problem which is

45



Chapter 4. Algorithms For Reals £yp-Rank-k

Algorithm 6 Bicriteria Algorithm: Selecting O(klog(n/k)) Columns

ApproximatelySelectColumns(A, k)
ensure A has at least klog(n/k)) columns

1. If the number of columns of matrix A is less than or equal to 2k
Return all the columns of A
Else
Repeat
Let R be a set of 2k uniformly random columns of A
Until at least 1/10 fraction of columns of A are nearly approximately covered

Let Ag be the columns of A not nearly approximately covered by R
Return R U ApproximatelySelectColumns(Ax, k)

S IR

NP-hard [Alel1]. Thus, we resort to an approximation algorithm for ¢y-regression, based on ideas for
solving the nearest codeword problem in [APY09, BK02].

Note that OPTy, < ||Allo. Since there are only mn + 1 possibilities of OPT},, we can assume we know
OPT} and we can run the Algorithm 6 for each such possibility, obtaining a rank-O(klogn) solution,
and then outputting the solution found with the smallest cost.

This can be further optimized by forming instead O(log(mn)) guesses of OPT}. One of these guesses
is within a factor of 2 from the true value of OPTy, and we note that the following argument only needs
to know OPT} up to a factor of 2.

We start by defining the notion of approximate coverage, which is different than the corresponding
notion in [CGK™17] for p > 1, due to the fact that £5-regression cannot be efficiently solved. Consequently,
approximate coverage for p = 0 cannot be efficiently tested. Let @ C [n] and M = A. g be an m x |Q|
submatrix of A. We say that a column M. ; is (S, Q)-approzimately covered by a submatrix M. ¢ of M,
if |S| = 2k and
100(k + 1)OPTy,

Q|

Lemma 4.4. (Similar to [CGK" 17, Lemma 6], but using Lemma 4.1) Let Q C [n] and M = A. ¢ be a
submatriz of A. Suppose we select a subset R of 2k uniformly random columns of M. Then with probability
at least 1/3, at least a 1/10 fraction of the columns of M are (R, Q)-approxzimately covered.

(4.2)

min ||M. g -z —
T

Proof. To show this, as in [CGK"17], consider a uniformly random column index ¢ not in the set R.
Let T % RU{i}, n def min,,nk(p)=k|| M., 7 — Bllo, and B* def arg Minani(By=k||M — Bllo. Since T is a

uniformly random subset of 2k + 1 columns of M, we have

Ern < Er|Mor—Blzllo= Y, D M- B|oPr(T]
Te(,)9),) €T
—1
(7)) (2k +1)OPTM _ (2k + 1)OPTy,
Z Q] ”M!J_B:JHO = |Q| < |Q| .
e (1)

Then, by a Markov bound, we have Prn < %] > 9/10. Let & denotes this event.

Fix a configuration T'= R U {i} and let L(T') C T be the subset guaranteed by Lemma 4.1 such that
|L(T)| = k and
m1n||M nX =M. 7o < (k+1) {(nln | M. — Bllo-

ran

Notice that

Ei [min|[ M, 1rye — Ml | T| = min|[ M, 1r) X = M. ro,

1
2k +1
and thus by the law of total probability we have

(k+1)n

Er [mxln ||M:,L(T)$ - M:,i”o} < T—f—l

Let & denote the event that min, [|M. oz — M. ;o < W0k+Dn By a Markov bound, Pr[&] > 9/10.

2k+1
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Further, as in [CGKT17], let & be the event that i ¢ L. Observe that there are (kzl) ways to choose
a subset R’ C T such that |R'| = 2k and L C R'. Since there are (2k+1) ways to choose R/, it follows
that Pr[L C R | T) = 2’“,:;11 > 1/2. Hence, by the law of total probability, we have Pr[€3] > 1/2.

As in [CGKT17], Pr[& A & A &3] > 2/5, and conditioned on & A & A Es,

10(k+ 1)n < 100(k + 1)OPT},
2k+1 Q| ’
where the first inequality uses that L is a subset of R given &3, and so the regression cost cannot decrease,

while the second inequality uses the occurrence of £ and the final inequality uses the occurrence of &;.
As in [CGK™17], if Z; is an indicator random variable indicating whether i is approximately covered

m£n||M:7Rmf 2illo < m1n||M e — M. ;o < (4.3)

by R, and Z = 3", Z;, then Eg[Z] > 2|Q| and Eg[|Q] — Z] < 3|Q| . By a Markov bound, it follows that
Pr|Q| - Z > %} < 2. Thus, probablhty at least 1/3, at least a 1/10 fraction of the columns of M are
(R, Q)-approximately covered. O

Given Lemma 4.4, we are ready to prove Theorem 1.11. As noted above, a key difference with the
corresponding [CGK 17, Algorithm 3] for ¢, and p > 1, is that we cannot efficiently test if the i-th
column is approximately covered by the set R. We will instead again make use of Theorem 4.3.

Proof of Theorem 1.11. The computation of matrix Z force us to relax the notion of (R, Q)-approximately
covered to the notion of (R, Q)-nearly-approximately covered as follows: we say that a column M. ; is
(R, Q)-nearly-approzimately covered if, the algorithm in Theorem 4.3 returns a vector z such that

100(k + 1)20PT}
Q|

By the guarantee of Theorem 4.3, if M. ; is (R, Q)-approximately covered then it is also with probability
at least 1 — 1/ poly(mn) (R, Q)-nearly-approximately covered.

Suppose Algorithm 6 makes ¢ iterations and let A. + g, and Z be the resulting solution. We bound
now its cost. Let By = [n], and consider the i-th iteration of Algorithm 6. We denote by R; a set of
2k uniformly random columns of B;_1, by G; a set of columns that is (R;, B;—1)-nearly-approximately
covered, and by B; = B;_1\{G; U R;} a set of the remaining columns. By construction, |G;| > |B;—1|/10
and

M. pz— M. ;

(4.4)

9 9
|B’L| < E'Bz—ll -2k < E|Bl_1|

Since Algorithm 6 terminates when B;iq1 < 2k, we have

1\’ 1\’
2]€<|Bt|<(1—> |Bo| (1—10) n,

and thus the number of iterations ¢ < 10log(n/2k). By construction, |G;| = (1 — a;)|B;—1] for some

a; < 9/10, and hence
t

Z |G| <t <10log

=1

o (4.5)

Therefore, the solution cost is bounded by

t
1A mZ = Allo=>Y_ > 14,729 — Ao

i=1jEG;
Lem<4.4 zt: Z N mlnHA e <44 100 (k 4+ 1)* OPT,
h i=1jeqG, " i=1jeqG,; |Bl 1‘
| @5) ) n
= 100(k+1)>OPTy - Z|BZ 1< O(k; -logﬂ>~OPTk.

By Lemma 4.4, the expected number of iterations of selecting a set R; such that |G;| > 1/10|B;_1] is
O(1). Since the number of recursive calls ¢ is bounded by O(log(n/k)), it follows by a Markov bound that
Algorithm 6 chooses O(klog(n/k)) columns in total. Since the approximation algorithm of Theorem 4.3
runs in polynomial time, our entire algorithm has expected polynomial time. O
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4.2 Approximation Algorithm for Reals /y-Rank-1

Given a matrix A € R™*" with m > n, and an error ¢ € (0,1/2), our goal is to find an approximate
solution 4 € R™, v € R™ of the Reals £p-Rank-1 problem such that ||A — % - 97T ||o < (2 4 &)OPT;, where
the optimal value is defined by

def .
OPT; = min
wER™, yERM

A—u-vTp. (4.6)

In the trivial case when OPT; = 0, there is an optimal algorithm that runs in time O(||A||o) and
finds the exact rank-1 decomposition uv” of a matrix A. Here, we focus on the case when OPTy > 1.
We will show that Algorithm 7 yields a (2 + €)-approximation and runs in nearly linear time in ||Al|o, for
any constant € > 0. Further, a variant of our algorithm even runs in sublinear time, if ||A||o is large and

def

¢ = OPTy/|Allo (4.7)

is not too small. In particular, we obtain sublinear time o(||A]|¢) when OPT; > (¢~ !log(mn))* and
[Allo > n(e™ ! log(mn))*.

Theorem 1.12 (from page 9). There is an algorithm that, given A € R™*™ with column adjacency arrays
and OPTy 2 1, and given e € (0,0.1], runs w.h.p. in time

O((”tfm‘i‘min{HAH(], n+¢_110gn}> 10g2n>

€2 g2

and outputs a column A.; and a vector z € R™ such that w.h.p. ||[A— A, ;-2 ||o < (24 £)OPTy. The
algorithm also computes an estimate Y satisfying w.h.p. (1 —e)OPTy <Y < (24 2¢)OPT;.

In fact, our analysis of Theorem 1.12 directly applies to the Binary £y-Rank-1 problem, and yields as
a special case the following result (which is used to prove Theorem 1.6 in Section 1.2).

Theorem 1.5 (from page 7). Let OPT = minye(o,13m, vefo,13» |4 — w - v7|jo. Given a binary matriz

A € {0, 1}™*™ with column adjacency arrays and OPT > 1, and given € € (0,0.1], we can compute w.h.p.

mn time )
nlogm . _1lognyy\log®n
O (2™ i {Jllo, v~ 5" ),

a column A. ; and a binary vector z € {0,1}" such that w.h.p. |A— A. ;- 2T |0 < (2 +¢)OPT. Further,
we can compute an estimate Y such that w.h.p. (1 —)OPT <Y < (2 + 2¢)OPT.

The rest of this section is devoted to proving Theorem 1.12. We start by presenting the pseudocode
of Algorithm 7.

Algorithm 7 Reals ¢p-Rank-1: Approximation Scheme
Input: A € R™*" and € € (0,0.1).

1. Partition the columns of A into weight-classes S = {S(©), ..., §(+1°en)} guch that
i) S contains all columns j with ||A. ;|| = 0, and
i) S contains all columns j with 2071 < [|4. ;|0 < 2.
2. For each weight-class S do:
2.1 Sample a set C') of ©(¢2logn) elements uniformly at random from S,
2.2 Find a (1 + §%)-approximate solution 20) € R™ for each column A ;€ c ie.

. £ A
4= A BT < (14 55) minlA = 4.y o7, (45)

3. Compute a (1 + 1%)-approximation Y of [[A — A, ; - (2] |o for every j € Uiensi c,

4. Return the pair (4. ;, z(j)) corresponding to the minimal value Y.

The only steps for which the implementation details are not immediate are Steps 2.2 and 3. We will
discuss them in Sections 4.2.2 and 4.2.3, respectively.

Note that the algorithm from Theorem 1.12 selects a column A.; and then finds a good vector z
such that the product A. ; - 2T approximates A. We show that the (2 + ¢)-approximation guarantee is
essentially tight for algorithms following this pattern.
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Lemma 4.5. There exist a matriz A € R™™ such that min,||A — A, j - 27||o > 2(1 — 1/n)OPTy, for
every column A. ;.

Proof of Lemma /.5. Let A = I +J € R™ ™, where I is an identity matrix and J = 117 is an all-
ones matrix. Note that OPT; < n is achieved by approximating A with the rank-1 matrix J. On the
other hand, when we choose u = A.; for any ¢ € [n], the incurred cost on any column A, ;, j # ¢, is

ming||A. ; — zA. ;|lo = 2, since there are two entries where A.; and A. ; disagree. Hence, the total cost is
at least 2n — 2 > (2 — 2/n)OPT;. O

4.2.1 Correctness

We first prove the following structural result, capturing Steps 1-2.2 of Algorithm 7.

Lemma 4.6. Let C© ... CUogn+1) pe the sets constructed in Step 2.1 of Algorithm 7, and let C' =
COy...ucleent))  Then w.h.p. C contains an index j such that

min||A—A;,j THO 2+€/2>OPT1
z

Proof. Let u,v be an optimum solution of (4.6). For the weight class S () containing all columns without
nonzero entries, setting z. = 0 for any ¢ € S (©) gives zero cost on these columns, no matter what column
A. ; we picked. Hence, without loss of generality in the following we assume that S ) = ¢.

For any i > 1, we partition the weight class S into N Z(® such that v; = 0 for every i € Z(®)
and v; # 0 for i € N, We denote by ST the set of weight-classes S with [N®| > 1|S®| Let
R = U;cs+ S and W = [n]\R. We partition R = N'U Z such that v; = 0 for every i € Z and v; # 0
for i € N. Further, using the three sets A, Z and W we decompose OPT; into

OPT, = OPTy +OPTz + OPTyy
= [ An —u-villo+ 1A zllo + [[Aw — u-vpyllo-

The proof proceeds by case distinction:

The set Z: For any column A. ; of A, we have

minf| 4z — A - zzllo < [|4:z = A5 0o = [|4: zllo = OPT=. (4.9)

The set W: Note that W consists of all weight classes S with |Z("| > 2|S®)|. For any such weight
class S| the optimum cost satisfies

i) |oyi— L i)
HA:,S(” “Usm”o | A, Z(1>||0 *|5(l)|2l t= §|S( )|2 .
Further, for any column A. ; of A, we have

min [|4; 5 — A ;2" o < 1A s llo < Az llo + 5 |5 D)2t

<

X

0 < 2[4 50 —
and thus the total cost in W is bounded by

min|| A,y — A.j - ziyllo = Z mlnHA sy — A2
N €W s

The set N: By an averaging argument there is a subset G C N of size |G| > §|N| such that for every
j € G we have

1 OPT s e\ OPTxr
|A. j —vj-ullo < < ( ) .

-3 |V t3) TN
Let j € G be arbitrary. Furthermore, let P(j) be the set of all rows ¢ with A; ; = v; - u;, and let
QY = [m]\ PY. By construction, we have |Q)| < (1+ §)OPT,/|N|. Moreover, since j € A we have
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v; # 0, and thus we may choose 2y = %/U_/\/'. This yields
J

. 1
min[|A. ;- — A. ;- 2 llo < [ Ay — A - —viello
ZN Uj

1
=l Apiy ar — up) - Vnrllo + [ Aguy A — A j - ;’U/Tvllo
J

< OPTu + (1+§) OPTy = (2+§) OPTy. (4.11)
Hence, by combining (4.9), (4.10) and (4.11), it follows for any index j € G that
m1n||A - A;J . ZTHQ

= minf A,y — A, - =yl +minl A, — A -l + minf Ay — A - o
< 20PTyy, + OPTx + (2 n g) OPT < (2 n %) OPT;.

This yields the desired approximation guarantee, provided that we sampled a column A. ; from G. We
show next that whenever N # (), our algorithm samples with high probability at least one column from

G.

Before that let us consider the case when A' = ). Then, since the bounds (4.9) and (4.10) hold for
any column A. ; of A, the set C' contains only good columns. Thus, we may assume that N # 0.

We now analyze the probability of sampling a column A, ; from G. By construction, the set A is the
union of all N such that [N@| > 1|S(¥|. As shown above, we have |G| > £|V], and thus there is an

index i satisfying |G N S@| > £|[N®| > £|S0)|. Hence, when sampling a uniformly random element from
S we hit G with probability at least 5 Since we sample O(e 2logn) elements from S@, we hit G with
high probability. This finishes the proof. O

Correctness Proof of Algorithm 7: It remains to show that the pair (Azyj,zj) with minimum
estimate Y; yields a (2 + ¢)-approximation to OPT;. By Step 3, for every column j we have

eNT! ; € ,
A= A 29T 0 <Y < EN A A T
(1+5) A=A <Y < (14 1) - 14 = AGEO) o (4.12)

Since Y; < Y} for any other column 5, (4.12) and the approximation guarantee of Steps 2.2 yield

-1 . . 2
(1+5) 14-A,E0 o < (14 ) 14— Ay 91 lo < (14 ) min 4= 45027,

By Lemma 4.6, w.h.p. there exists a column j/ € C with min; [|[A — A, ;27 |o < (2 + 5)OPT;. We
obtain a total approximation ratio of (14 =)3(2+ §) < 2+ ¢ for any error 0 < & < 0.1, i.e. we have
[A— A ;[z9]7]|p < (24 )OPT;. Therefore, it holds that

-1
(1-¢)OPT; < (1 + 1‘35) OPT; < Y; < (1 + 135) (24 €)OPT; < (2 + 2¢)OPT;.

This finishes the correctness proof.

4.2.2 Implementing Step 2.2
Step 2.2 of Algorithm 7 uses the following sublinear procedure.

Algorithm 8 Reals ¢y-Rank-1: Objective Value Estimation

Input: A € R™*" 4 € R™ and € € (0,1).

ot ¢ 2f ©(e72logm), N def supp(u), and p def t/|N]|.

1. Select each index ¢ € N with probability p and let S be the resulting set.
2. Compute a vector z € R such that z; = argmin,cr |[|As ; — 7 - us||, for all j € [n].
3. Return the vector z.

We prove now the correctness of Algorithm 8 and we analyze its runtime.
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Lemma 4.7. Given A € R™*", u € R™ and ¢ € (0,1) we can compute in time O (¢~*nlogm) a vector
z € R™ such that w.h.p. for every i € [n] it holds that

|A.; — ziullo < (1 + ¢) min||A. ; — viullo-
v; ER

Proof. Let N,Z be a partitioning of [m] such that w; = 0 for ¢ € Z and w; # 0 for i € N. Since
|A—u-2T]o=||An. —un - 2T |lo + ||Az_|lo, it suffices to find a vector z such that for every j € [n] we
have
AN — 25 -un|, < (14¢€)- min lAn; —vj-unlly- (4.13)
vj
Let j € [n] be arbitrary. For r € R let G(r) o {i € N : A, j/u; =r} be the set of entries of Ay ; that
we correctly recover by setting z; = r. Note that ||[An ; — 2; - un|lo = |N| — |G(2;)] holds for any z; € R.

Hence, the optimal solution sets z; = r* ef arg max,cg |G(r)|.
Let X¢(r) be a random variable indicating the number of elements selected from group G(r) in Step
1 of Algorithm 8. Notice that E[X¢(,)] = t-|G(r)|/|N|, and by Chernoff bound w.h.p. we have

| Xy — E[Xam]| < (e/8) - t. (4.14)

Let S € N be the set of selected indices. Further, since |S| = >, X¢(,) and E[|S|] = ¢, by Chernoff
bound we have w.h.p. [S| < (1 +¢)t|. Observe that Step 2 of Algorithm 8 selects z; = arg max,cr X(r),
since [[As; — - usllo = |S] — Xg(r). We now relate z; to r*. The proof proceeds by case distinction on

5 <G| /IN.

Case 1: Suppose 0* < /4. Then ||[Ay ; —r-unllo = (1 —¢/4)|N| for every r € R, and thus no matter
which z; is selected we obtain a (1 + ¢)-approximation, since

[ AN, = 2 -unllo < [N| < (14 &) min [Ay; — - unllo-

Case 2: Suppose 6* > 1/2+ e. Then, by (4.14) w.h.p. we have
Xap > ElXau] — (6/8)t = (0" —¢/8)t > (1 +)t/2 > |S|/2,
and thus X,+ is maximal among all X,. Hence, we select the optimal z; = r*.

Case 3: Suppose €/4 < 0* < 1/2 + €. Let z; = r be the value chosen by Algorithm 8. By (4.14), the
event of making a mistake, given by X¢(,) = X¢g(,+), happens when

E[Xgm] + (6/8)t = E[X ()] — (¢/8)t. (4.15)

Let 6 & |G(r)|/|N| and note that (4.15) implies 6 > 6* — ¢/4. Hence, for the selected r # r* we have

[An; —7-unllo= (1= 08)[N| < (1 -0 +&/4)|N]|
S(+e)(1 =N =1 +e)[An; — 77 - unllo

Therefore, in each of the preceding three cases, we obtain w.h.p. a (1 + ¢)-approximate solution. The
statement follows by the union bound. O

4.2.3 Implementing Step 3

In Step 3 of Algorithm 7 we want to compute a (1 + £)-approximation Y; of |4 — A, ; - [z9)]T||o for
every j € Uie[\ Sl C). We present two solutions, an exact algorithm (see Lemma 4.8) and a sublinear
time sampling-based algorithm (see Lemma 4.10).

Lemma 4.8. Suppose A, B € R™*™ are represented by column adjacency arrays. Then, we can compute
in time O(||Allo + n) the measure |A — Bllo.

Proof. We partition the entries of A into five sets:

Tl = {(Z,j) . A” = 0 and Bij 7é O}, T4 = {(Z,j) : O 7& Az] = Bz] 7é 0}7
Ty ={(i,j) : Aij #0 and B; = 0}, Ts = {(i,j) : Aij = Bi; =0},
T5 ={(i,J) : 0# Aij # Bij #0}.
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Observe that [|[A — Bllo = |T1| + |T2| + |T3| and ||Bllo = |Ti| + |T3| + |T4|- Since ||[A — Bllp =
IBllo + | T2 — |Tyl, it suffices to compute the numbers || B||o, |T2| and |Ty|. We compute |T5| and |Ty| in
O(]|A|lo) time, by enumerating all non-zero entries of A and performing O(1) checks for each. For || Bl|o,
we sum the column lengths of B in time O(n). O

For our second, sampling-based implementation of Step 3, we make use of an algorithm by Dagum et
al. [DKLRO0] for estimating the expected value of a random variable. We note that the runtime of their
algorithm is a random variable, the magnitude of which is bounded w.h.p. within a certain range.

Theorem 4.9. [DKLR00] Let X be a random variable taking values in [0,1] with u e E[X] > 0. Let
0<e,d<1 and px = max{Var[X],eu}. There is an algorithm with sample access to X that computes
an estimator [ in time t such that for a universal constant ¢ we have

i)Pri(l—e)u<ua<(1+e)ul=>1-6 and i) Pr[t > c-e 2u"2pxlog(1/8)] < 4.
We state now our key technical insight, on which we build upon our sublinear algorithm.

Lemma 4.10. There is an algorithm that, given A, B € R™*™ with column adjacency arrays and
|A— Bllo > 1, and given € > 0, computes an estimator Z that satisfies w.h.p.

(1—=¢)[[A=Blo< Z < (1+¢e)|A— Bllo.

—2 lAllo+1Bllo
lA=Bllo

The algorithm runs w.h.p. in time O(n + ¢ logn}).

Proof. By Lemma 1.9, after O(n) preprocessing time we can sample a uniformly random non-zero entry
from A or B in time O(1).
We consider the following random process:

A B
1. Sample C € {A, B} such that Pr[C = A] = rlihs and Pr(C = B] = 8.
2. Sample (4, 7) uniformly at random from the non-zero entries of C
3. Return:

07 if Aij == Bij;
X =31/2, if0# Ajj # By #0;

17 if Aij 7é Bij and either Aij or Bij equals 0.
Observe that
[ Allo 1 I Bllo 1
IR ey -
A B A A B B
o s o A BT, Al © o 2% Talo+ 1Bl TBTs
1 A 1 1 B 1
S (2' |A(|)|+H73||0 Al T2 ||A|||O|+H|TB||0 | |B||o>
(4,5): 0#A;;#B;;#0
_ IA-Bly
| Allo + 11Bllo

Straightforward checking shows that X € [0, 1] implies Var[X] < E[X], and thus
px = max{Var[X], e E[X]} <E[X].

Theorem 4.9 applied with § = 1/poly(n), yields w.h.p. in O(¢2E[X] !logn) = 0(5_2% logn)

time an estimator (1 — )E[X] < & < (1 + ¢)E[X]. Then, w.h.p. the estimator Z o (II1Allo + | Bllo)i
satisfies the statement. O

We present now our main result in this section.

Theorem 4.11. There is an algorithm that, given A € R™*™ with column adjacency arrays and OPTy >
1, and given j € [n], v € R™ and € € (0, 1), outputs an estimator Y that satisfies w.h.p.

1=a)A=A,; v o <Y <A +e)A= Ay -v" o
The algorithm runs w.h.p. in time O(min{||A||o,n + =2y~ logn}), where » = OPTy/||Allo.
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Proof. Let B def A. jvT and observe that [|[A — Bllp > OPT; > 1. Note that we implicitly have column

adjacency arrays for B, since for any column ¢ with v. = 0 there are no non-zero entries in B, ., and for
any column ¢ with v, = 1 the non-zero entries of B. . are the same as for A. ;. Hence, Lemma 4.8 and
Lemma, 4.10 are applicable.

We analyze the running time of Lemma 4.10. Note that if || B|lo < (1 + )| Allo then [lotlBlo

IA—Bllo
(24 ) /4, and otherwise, i.e. (1 +v)[|Allo < || Bllo, we have

1A= Bllo = [|Bllo = [Allo = =5 1Bllo

L|
1+

and thus % < 2(14) /4. Hence, % < 4/, which yields w.h.p. time O(n+e~2¢~!logn).
We execute in parallel the algorithms from Lemma 4.8 and Lemma 4.10. Once the faster algorithm
outputs a solution, we terminate the execution of the slower one. Note that this procedure runs w.h.p in

time O(min{||Aljo,n + e~ 2~ logn}), and returns w.h.p. the desired estimator Y. O

To implement Step 3 of Algorithm 7, we simply apply Theorem 4.11 with A, € and v = 20 to each
sampled column j € Uyg;ciognis C-

4.2.4 Analyzing the Runtime of Algorithm 7

Consider Algorithm 7. In Steps 1, 2 and 2.1, from each of the O(log n) weight classes we sample O(e~2logn)
columns. In Step 2.2, for each sampled column we use Lemma 4.7, which takes time O(¢~2nlogm) per
column, or O(s~4nlogm log? n) in total. Further, in Step 3, we use Theorem 4.11 for each sampled column,
which w.h.p. takes time O(min{||A4ljo,n + e72¢~!logn}) per column, or in total

O(min{||Aljo,n + e 2" logn} - e 2log? n).
Then, the total runtime is bounded by

O(e *nlogmlog®n + min{||Aljoe 2 log®n, e~ log® n}).

4.2.5 Proof of Lemma 1.9

Note that we are given the number of nonzero entries ¢; = ||A. ;||o for each column. We want to first
sample a column X € [n] such that Pr[X = j] = £;/3 (. Ck, then sample Y € [¢;] uniformly, read
Bx[Y] = (i,4;x), and return A; x. Observe that this process indeed samples each nonzero entry
of A with the same probability, since the probability of sampling a particular nonzero entry (i,7) is
(45/ 2 kepm be) - (1/€5) = 1/ 3 e bk Sampling Y € [¢;] uniformly can be done in constant time by
assumption. For sampling X, we use the classic Alias Method by Walker [Wal74], which is given the
probabilities Pr[X = 1],...,Pr[X = n] as an input and computes, in time O(n), a data structure that
allows to sample from X in time O(1). This finishes the construction. O
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Approximate Spectral Clustering
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Chapter 5

Introduction

A cluster in an undirected graph G = (V, E) is a subset S of nodes whose volume is large compared to
the number of outside connections. Formally, the conductance of S is defined as

def |E(S,S)|
RTINS

(5.1)

where the volume of S is given by u(S) def > ves deg(v). We are interested in the problem of partitioning

the nodes into a given number & of clusters in a way that (approximately) minimizes the k-way conductance

def

k) L ax_ o(P). (5.2)

min m
partition (Pi,...,Pg) of V ie{l,....,k}

The 2-way partitioning constant is also known as the conductance of the graph and is denoted as

def .
= S). 5.3
¢c = min 6(S) (5.3)
The k-way partitioning problem arises in many applications, e.g., image segmentation and exploratory
data analysis. We refer to the survey [vL.07] for additional information. Further, the surveys [SMO00,
KVV04, vLO7] discuss properties of graphs with small or large conductance.

Hardness and Approximation

The k-way partitioning problem is known to be NP-hard, even for & = 2 [MS90]. In the case when
k = 2, the k-way partitioning problem reduces to the graph conductance problem (5.3), for which there
is an approximation algorithm [Chu97] that computes a bipartition (S, S) such that ¢(S) < v/2¢¢. The
algorithm computes an eigenvector corresponding to the second smallest eigenvalue of a normalized
Laplacian matrix, sorts the eigenvector’s entries, and performs a sweep over the sorted vector. It is
guaranteed that one of the resulting sweep sets satisfies the approximation bound.

The fact that the second eigenvector encodes sufficient information for computing an approximate
bipartition with small conductance, motivate researchers to consider the bottom k eigenvectors in order to
approximately solve the k-way partitioning problem. The resulting approach is called Spectral Clustering.

Spectral Clustering

Given an undirected graph G = (V| E) and a number of clusters k, the Spectral Clustering algorithm
consists of the following two steps:
(i) Compute the bottom k eigenvectors of the normalized Laplacian matrix of G, and store them
as the columns of a matrix Y € R"**. The i-th node of G is associated with the i-th row of Y,
i.e. a vector in R*. This step is known as Spectral Embedding (SE).
(ii) Partition the resulting vector set into k clusters using a k-means clustering algorithm.

This meta algorithm has been successfully applied in practice for solving challenging clustering
problems; in the fields of: image segmentation, pattern recognition, data mining, community detection and
VLSI design [AY95, SM00, NJWO01, MBLS01, BN01, LZ04, ZP04, WS05, vL07, WD12, Tas12, CKC*16].

Approximate Spectral Clustering

Exact computation of Spectral Clustering is expensive due to the following two bottlenecks:
(i) the best algorithm for computing a SE exactly requires time (n®), cf. [Wool4];
(ii) the k-means clustering problem is NP-hard [MNV12].
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It is therefore necessary to relax the preceding two problems and to focus on designing approximation
schemes for them. Several approximation techniques were developed for Spectral Clustering [Pre81, ST14,
YHJ09, CCDL14, FBCM04, PP04, BHH"06, WLRB09, Nys30, WD12, Tas12, LC10, Woo14].

The Power method [LC10, Wool4] is perhaps the most popular technique for computing an approxi-
mate SE, due to its simplicity and ease of implementation. Furthermore, this technique was successfully
applied for low-rank matrix approximation [Woo14], and it has a worst case convergence guarantee in terms
of a principal angle between the space spanned by the approximate and the true eigenvectors [GVLIG6,
Theorem 8.2.4].

Although, the k-means clustering problem is NP-hard [MNV12], it admits a polynomial time approx-
imation scheme (PTAS) [KSS04, HK05, FMS07, ORSS13]. However, the best PTAS for computing a
(1 + ¢) approximation incurs a factor 2P°Y(*/¢) in the runtime.

On the other hand, it is folklore that the approximate variant of Spectral Clustering which computes
an approximate SE via the Power method, and applies to it an approximate k-means clustering algorithm,
recovers a good approximation of an optimal k-way node partition of G and at the same time runs
efficiently (in nearly-linear time).

It is an important task for theory to explain the practical success of Approximate Spectral Clustering,
and in particular to resolve the following three questions. In order to state them, we need some notation.
Let Y be a SE computed exactly, and Y be an approximate SE computed via the Power method. Further,

let X (X) be an optimal k-means clustering partition of the rows of Y (V). Let X, be a k-way row

partition of Y, computed by an a-approximate k-means clustering algorithm. The following questions
arise:

Q1. Show that )f(\; is a good approximation of X.

Q2. Show that the k-way node partition of G induced by )?;, yields a good approximation of an
optimal k-way node partition of G.

Q3. Show that Approximate Spectral Clustering runs efficiently (in nearly-linear time).

Eigenvalue Gaps and k-Way Partitions

Let 0 = A1 < ... < A, < 2 be the eigenvalues of a normalized Laplacian matrix of G. It was observed
experimentally [vL.O7, Forl0] that a large gap between Ari; and A\, guarantees a good k-way node
partition of G and this was formally proven in [LGT12, GT14]. Lee, Gharan and Trevisan [LGT12]
studied the k-way expansion constant defined as

pr— 1 , .4
p(k) disjoinItn}S’?,...,Sk ie?ll?.).(,k} (8:), (5-4)

and related it to Ay via higher-order Cheeger inequalities

Ae/2 < plk) < O(K*)/ M. (5.5)

For related works on higher-order Cheeger inequalities, we refer the reader to [LRTV12, KLL17]. Gharan
and Trevisan [GT14] showed that the k-way conductance is at most a factor k away from the k-way
expansion constant, i.e.,

p(k) < plk) < k- p(k). (5.6)

In particular, (5.5) and (5.6) together yield that Agy1 > O(k3)v/Ax, implies p(k + 1) > p(k). Thus,
there is a k-way node partition (P, ..., Px) of G such that ¢(P;) < O(k*)\/A, for all i, and simultaneously
the best (k 4 1)-way partition is significantly worse.

Prior Work

Ng et al. [NJWO01] reported that ASC performs very well on challenging clustering instances, and initiated
the study for finding a formal explanation for the practical success of ASC. Using tools from matrix
perturbation theory, they derived sufficient conditions under which the vectors of a SE form tight clusters.
However, their analysis does not apply to approximate SEs, and does not give guarantees for the induced
k-way node partition of G.

Peng et al. [PSZ17] showed that for all instances satisfying the eigenvalue gap assumption A\,11/p(k) >
Q(k?), any O(1)-approximate k-means partition of a normalized SE Y’ induces a good approximation of
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an optimal k-way node partition of G. Notably, their analysis yields the first approximation guarantees
in terms of the k-way conductance . However, their analysis does not apply to approximate SE, and also
computing an O(1)-approximation k-means partition using any known PTAS [HK05, FMS07, ORSS13]
incurs an exponential factor of 2%(%) in the running time.

Boutsidis et al. [BKG15] showed that an approximate k-means partition of an approximate SE Y
computed via the Power method, yields a k-means partition P of the exact SE Y such that the k-means
cost of P yields an additive approximation to the optimum k-means cost of Y. This gives an affirmative
answer to question Q1. Further, the authors stated as main open problems to resolve questions Q2 and
Q3.

Besides designing a PTAS for the k-means clustering problems, Ostrovsky et al. [ORSS13] analyzed
a variant of Lloyd k-means clustering algorithm. They showed that on input a set of n vectors in RF
satisfying a natural well-clusterable assumption, the algorithm efficiently computes a good approximation
of an optimal k-means partition. In particular, the algorithm runs in time O(k?(n + k?)).

A natural question to ask is whether the analysis of Peng et al. [PSZ17], Boutsidis et al. [BKG15] and
Ostrovsky et al. [ORSS13] can be integrated and extended to answer the questions Q2 and Q37

Our Contribution: An Overview

We give a comprehensive analysis of ASC building on the work of Peng et al. [PSZ17], Boutsidis et
al. [BKG15] and Ostrovsky et al. [ORSS13]. We show that the Approximate Spectral Clustering i) runs
efficiently, and ii) yields a good approximation of an optimal k-way node partition of G. Moreover, we
strengthen the quality guarantees of a structural result of Peng et al. [PSZ17] by a factor of k, and
simultaneously weaken the eigenvalue gap assumption. Further, our analysis shows that the Approximate
Spectral Clustering finds a k-way node partition of G with the strengthened quality guarantees. This
gives an affirmative answer to questions Q2 and Q3.

5.1 Notation

k-means Clustering Problem

Let X be a set of vectors of the same dimension. The k-means cost of a partition (Xi,...,X}) of X is
given by
k
def def 1
Cost({X;}F_ ) = Z Z ||ac—ci||§, where ¢ = i Z T
i=1z€X; rex;
is the gravity center of X;, for all ¢ € {1,...,k}. Then, the optimum k-means cost (of clustering X into
k sets) is defined as
def . k
Ap(X) = Cost({X;}i_1)-
k( ) partition ()Iglll,n,Xk) of X o8 ({ Z}z_l)

A k-means partition (Xi,...,Xy) of X, with corresponding gravity centers cy,...,cx as above, is a-
approximate if Cost({X;}5_|) < a - Ar(X). Given a matrix Y, we abuse notation and write Ag(Y) to
denote the optimum k-means cost of partitioning the rows of matrix Y.

Spectral Embeddings

Given an undirected graph G = (V, E) with m = |E| edges and n = |V| nodes, let D be the diagonal
degree matrix and A be the adjacency matrix. Then, the graph Laplacian matrix is defined as L = D — A,
and the normalized Laplacian matrix is given by L5 = I — A, where A = D~1/2AD~1/2, Further, let
fi € RV be the eigenvector corresponding to the i-th smallest eigenvalue \; of Lg.

The canonical Spectral Embedding, for short canonical SE, is defined as a matrix Y € R™** composed
of the bottom k eigenvectors ! of L5 corresponding to the k smallest eigenvalues. The approzimate SE is
computed via the Power method 2. Namely, let S € R"** be a matrix whose entries are i.i.d. samples from

1 The Eigendecomposition theorem guarantees that all eigenvectors are orthonormal.

2 Given a symmetric matrix M and a number k, the Power method approximates the top k eigenvectors of M corresponding
to the largest k eigenvalues. Since we seek a good approximation of the bottom k eigenvectors of L5 = I — A, associated
with the smallest k eigenvalues, we initialize the Power method with M =1 + A.
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the standard Gaussian distribution N(0,1) and p be the number of iterations. Then, the approzimate SE
Y is given by:
def adagad; N 3 o def 7 nxk
1) M =1+ A; 2)Let ULV" be the SVD ° of MPS; and 3)Y = U € R"*". (5.7)

Peng et al. [PSZ17] do not apply k-means directly to the canonical SE, but first normalize it by
dividing the row corresponding to u by /d(u) and then put d(u) copies of the resulting vector into the
k-means clustering instance. This repetition of vectors is crucial for their analysis, in order to achieve
approximation guarantees in terms of volume overlap and conductance. We follow their approach.

We construct a matrix Y/ € R?™** guch that for every node u € V, we insert d(u) many copies of the
normalized row Y (u,:)/y/d(u) to Y'. Formally, the normalized SE Y’ and the approzimate normalized
SE Y’ are defined by

Loy f Ly L
dof \/d(1) — det d(1)
Y/ — N and Y’/ = R s (58)
1un Y(n,:) 1 Y (n,:)
RRV/TT R YTy /g

where 14(;) is the all-one column vector with dimension d(z).

We can assume w.l.o.g. that a k-means clustering algorithm applied on Y’ (?7)7 outputs a k-means

partition such that all copies of row Y (v,:)//d(v) (Y (v,:)/+/d(v)) belong to the same cluster, for all
nodes v. Thus, the algorithm induces a k-way node partition of G.

5.1.1 Prior Structural Result

A key prior structural result, established by Peng et al. [PSZ17], connects the normalized SE Y’ a-
approximate k-means clustering, the k-way conductance p(k), as given in Equation (5.2), and the
(k+1)-st eigenvalue Ag41 of the normalized Laplacian matrix L. In particular, they proved the following
statement under a gap assumption defined in terms of

def Ak+1
p(k)
Theorem 5.1. [PSZ17, Theorem 1.2] Let k > 3 and G be a graph satisfying the gap assumption *

52,107 k3T < 1/2. (5.9)
Let (Py,...,Py) be a k-way node partition of G achieving p(k), and let (A1, ..., Ar) be the k-way node
partition of G induced by an a-approximate k-means partition of the normalized SE'Y'. Then, for every
i€ {1,...,k} it hold (after suitable renumbering of one of the partitions) that

1) w(A;AP) < ad-u(Py) and 2) ¢(A;) < (14 2a0) - ¢(P;) + 2a0.

Under a stronger eigenvalue gap assumption 2-105-k5/T < 1/2, Peng et al. [PSZ17] gave an algorithm
that finds in time O (m - poly log(n)) a k-way node partition of G with essentially the guarantees stated in
Theorem 5.1. However, their algorithmic result substitutes normalized SE with Heat Kernel Embedding
and k-means clustering with locality sensitive hashing. Thus, the algorithmic part of their paper does
not explain the success of Approximate Spectral Clustering.

5.1.2 Our Contribution

We give affirmative answer to the questions Q2 and Q3. On the way, we also strengthen the approximation
guarantees in Theorem 5.1 by a factor of k£ and simultaneously weaken the eigenvalue gap assumption.
Let P be the set of all k-way partitions (P, ..., P;) achieving the k-way conductance p(k). Let

Pae ) %S min 137 (p)

(Py,...,P)eP k P

3 SVD abbreviates Singular Value Decomposition, see [Woo14].
4 Note that A\p/2 < p(k), see (5.8). Thus, the assumption implies Az /2 < p(k) < 6Aps1/(2 - 10° - k3), i.e., there is a
substantial gap between the (k + 1)-th and the k-th eigenvalue.
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be the minimum average conductance over all k-way partitions in P. Note that pay, (k) < p(k). Our gap
assumption is defined in terms of

 def A/\k—i-l _
Pavr(k)

In the remainder, we denote by (Py,..., P;) a k-way node partition of G achieving payr (k).

We now present our main result, consisting of a structural and an algorithmic statement.

Theorem 5.2. a) (Existence of a Good Clustering) Let k > 3 and G be a graph satisfying

5% 20t k3 /T < 1/2. (5.10)

Let (Py, ..., Px) be a k-way node partition of G achieving pay:(k), and let (Ay,. .., Ag) be the k-way node
partition of G induced by an a-approximate k-means partition of the normalized SE'Y'. Then, for every
1€ {1,...,k} it hold (after suitable renumbering of one of the partitions) that

206

() and 2) ¢(A;) < (1 + 1()3k) o(P;) +

206
103k

ad
1) p(A;AP) < — -
) (A AP;) T
b) (An Efficient Algorithm) If in addition k/§ > 10°, then the variant of Lloyd algorithm analyzed by

Ostrovsky et al. [ORSS13] when applied to the approzimate normalized SE'Y', induces in time O(m(k? +
1)) with constant probability a k-way node partition (Ay, ..., Ay) of G such that for everyi € {1,... k}

Ak+1
it hold (after suitable renumbering of one of the partitions) that

46

(P) and 4) o(a) < (14 150 ) o) +

46
103k

3) u(AiAP;) < % p
Part (a) of Theorem 5.2 strengthens the quality guarantees in Theorem 5.1 by a factor of k, and
simultaneously weaken the eigenvalue gap assumption. Part (b) of Theorem 5.2 gives a comprehensive
analysis of Approximate Spectral Clustering, and demonstrates that the algorithm i) runs efficiently, and
ii) yields a good approximation of an optimal k-way node partition of G.
Further, it shows that the Approximate Spectral Clustering finds a k-way node partition of G with the
strengthened quality guarantees, and whenever k& < (logn)°® and A1 > 1/(logn)©M, the algorithm
runs in nearly linear time. This answers affirmatively questions Q2 and Q3.

Remarks

The variant of Lloyd k-means clustering algorithm, analyzed by Ostrovsky et al. [ORSS13], is efficient
only for inputs X satisfying Ay (X) < e2A,_1(X) for some ¢ € (0,&], where g9 = 6/107. The authors
stated that their result should also hold for a larger ¢y, and mentioned that they did not attempt to
maximize €g.

An anonymous reviewer of the conference version of this paper, suggested to include a numerical
example. Consider a graph which consists of k cliques each of size n/k °, plus k additional edges that
connect the cliques in the form of a ring such that no two edges of the ring share a vertex. This graph
is a trivial clustering instance, and for any constant k it holds that A\yy; > 1 — k/n, see Theorem 7.17.
Observe that pay.(k) = p(k) ~ (k/n)?. For the gap assumption to hold we need Ag11 > 2-20% - k3 - payr (k).
This implies n > /2 - 20% - k5/\j 1. For small k, this is a modest requirement on the size of the graph.

For the algorithmic result, we need in addition § < k - £9/600. For the gap condition to hold, we
need A\y1 > (600/g0k) - 20% - k% - (k2 /n?) or n > /206 - k*/(e9Ap+1). For g9 = 6/107, this amounts to
n > /24108 - k*/\;11, a quite large lower bound on n.

The statement that Part (b) of Theorem 5.2 gives a theoretical support for the practical success of
Approximate Spectral Clustering, therefore has to be taken with a grain of salt. It is only an asymptotic
statement and does not explain the good behavior on small graphs.

5 A graph G has k connected components iff \;, = 0. For any clique K, we have A\; =0 and A2 = --- = A\, = 1. Further,
when G consists of k cliques K, /;, disconnected from each other, then Ay =--- =X, =0 and Agp1 = =Ap = L.
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5.2 QOwur Techniques

In Chapter 6, we give a refined spectral analysis of [PSZ17] which yields the improved structural result in
Part (a) of Theorem 5.2. In Chapter 7, we connect Part (a) of Theorem 5.2 with the work of Ostrovsky
et al. [ORSS13] and Boutsidis et al. [BKG15], yielding the algorithmic result in Part (b) of Theorem 5.2.
Ostrovsky et al. [ORSS13] analyzed a variant of Lloyd k-means clustering algorithm. We refer to this
algorithm as the ORSS clustering algorithm. The ORSS-algorithm is efficient only for inputs X satisfying:
some partition into k clusters is much better than any partition into k — 1 clusters. Formally, it states

Theorem 5.3. [ORSS15, Theorem 4.15] Assuming that Np(X) < €2+ Ap_1(X) for e € (0,6 -1077],
the ORSS-algorithm runs in time O(nkd + k3d) and returns with probability at least 1 — O(y/€) a k-way
partition of X with cost at most [(1 —&2)/(1 — 37e%)]Ak(X).

Let Z € R™* be a matrix and (Ry, ..., R;) be a row partition of Z. Let ¢; = ﬁ ucr, Zu,: be the
gravity center of cluster R, for all j € {1,...,k}. We next express in matrix notation the k-means cost of

partition (Ry, ..., Ry). To this end, we introduce an indicator matrix X € R™** such that X;; = 1//|R;]|
if row Z; . belongs to cluster R;, and X;; = 0 otherwise. Then, (XXTZ)i,; = ¢;, where row Z; . belongs

to cluster R;. Hence, the k-means cost of (Ry,..., Ri) becomes
k
Cost({Ri}=1) =D D 1 Zuscils = 112 = XX 2]} (5.11)
j=1u€ER;

Our Analytical Approach

Our main technical contribution is to prove that the approximate normalized SE Y’ computed via the
Power method is e-separated, i.e. the assumption Ay (Y’) < &2+ Ay 1(Y’) of Ostrovsky et al. [ORS5513] is
satisfied. This implies, by Theorem 5.3, that the ORSS-algorithm runs efficiently on Y’. Let the resulting
k-way row partition of Y’ be encoded by the indicator matrix X”.

Then, building on the work of [BM 14, BKG15], we show that X'isa good approximation of an optimal
k-means partition of the correspondmg normalized SE Y’. Further, using our strengthened structural
result in Part (a) of Theorem 5.2, we show that X’ induces a good approximation of an optimal k-way
node partition of graph G, in terms of volume overlap and conductance.

First, we establish in Section 7.1 the assumption of Ostrovsky et al. [ORSS13] for the normalized SE
Y’

Theorem 5.4. (normalized SE is e-separated) Let G be a graph that satisfies ¥ = 20*-k3/8, § € (0,1/2)]
and k/6 > 10°. Then for e = 6 - 1077 it holds Ap(Y') <% - Np_1(Y").

Theorem 5.4 does not suffice for proving Part (b) of Theorem 5.2, since it requires the analogous
statement for the approximate normalized SE Y’

In Subsection 7.2.2, we show that an a-approximate k-means clustering algorithm applied to the
approximate normalized SE Y, yields an approximate k-way row partition of the corresponding normalized
SE Y’

Theorem 5.5. (Similar to [BKG15, Theorem 6], but analyzes the approzimate normalized SE) Let
€,0p € (0,1) be arbitrary. Compute the approzimate normalized SE Y’ wia the Power method with
p = In(8nk/eb,)/In(1/k) iterations and v = (2 — Xe41)/(2 — X&) < 1. Run on the rows of Y’ an

a-approzimate k-means clustering algorithm with failure probability 0. Let the outcome be a clustering
indicator matriz X!, € R"*k. Then, with probability at least 1 — 2e~2" — 30p — 0q, it holds that

[V’ = X ()Y I3 < (L+42) - - Ap(Y') + 4

In Subsection 7.2.3, using Theorem 5.4 and Theorem 5.5, we show that the approximate normalized
SE Y” satisfies the assumption of Ostrovsky et al. [ORSS13].

Theorem 5.6. (approzimate normalized SE is e-separated) Assume W = 20%- k3/8 and k)5 > 10° for

1
nfl)

some 6 € (0,1/2]. Compute the approximate normalized SE Y’ via the Power method with p > Q(
iterations. Then, for e = 6 - 107 it holds with high probability that A\, (Y’) < 5e?. Ak,l(Y’).
Finally, in Subsection 7.3, we prove Part (b) of Theorem 5.2 by combining Part (a) of Theorem 5.2,

Theorem 5.3, Theorem 5.5 and Theorem 5.6.
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Chapter 6

Improved Structural Result

6.1 Notation

We use the notation adopted in [PSZ17]. Let A; be the j-th eigenvalue of the normalized Laplacian matrix
Lg, and let f; € RV be the associated eigenvector (Lg fj = A\jf;)-

1/2
Let g; = HDDl/Qi)z(Pi”’ where x p, is the characteristic vector of the subset P, C V. Note that g; is the
Pilly

z =2 vep, A(v) = pu(F;). The Rayleigh quotient is

normalized characteristic vector of P; and ||D1/ 2xp,
defined by and satisfies

= ¢(P1),

—T — a

def Gi ' LaTi I [E(S, S

= ——_7t— = Xp, Lxp, = — -
) 7 gi () Fi p(P;)

R (i

where the Laplacian matrix L = D — A and the normalized Laplacian matrix Lo = D~/2LD~1/2,
The eigenvectors {f;}7_; form an orthonormal basis of R™. Thus each characteristic vector g; can be

expressed as g; = Z?=1 a§i)fj for all i € {1,...,k}. We define its projection onto the first k eigenvectors
—~ & ,
by fi = Zj:l O‘E'Z)fj*
Peng et al. [PSZ17] proved that if the gap parameter Y is large enough then span({f;}}_,) =
span({f;}¥_,) and the first k eigenvectors can be expressed by f; = Z?Zl /8§Z)fj, for alli € {1,...,k}.
Moreover, they demonstrated that each vector g; = Zf:l 55-”97 approximates the eigenvector f;, for all

i€{l1,...,k}. We will show that similar statements hold with weakened gap parameter V.
The estimation centers induced by the canonical SE are given by

W__ L (g0 gm\" 6.1
p m(ﬂ,, 89) (6.1)

Our analysis crucially relies on spectral properties of the following two matrices. Let F, B € RF** be
square matrices defined by
Fji=af and Bj;=p". (6.2)

In Figure 6.1, we show the relation among the vectors f;, ﬁ-, g; and g;.

" k i I1fi — Fill3 < 6(Pi)/Ans1 —_D'xp, ()
fi:ijl a§')fj : 9i = () _ijl Q; i

Ifi — Gill2 < (1+3k/T) - k)W

k 2 ~ k i) —
fi=20= 8" T 9i =2 i1 8g;

Figure 6.1: The vectors {f;}_; are eigenvectors of the normalized Laplacian matrix L. The vectors
{g;}%_, are the normalized characteristic vectors of an optimal partition (Pi,...,P). For each i €
{1,...,k} the vector f; is the projection of vector g; onto span(fi,..., fx). The vectors f; and g, are
close for i € {1,...,k}. If U > 4. k32, then span(fi,..., fr) = span(fi,..., fx) and thus we can write
fi= Z§=1 ﬁ](z)fj. Further, the vectors f; and g; = Zle BJ(Z)E are close for i € {1,...,k}.



Chapter 6. Improved Structural Result

6.2 Technical Insights

The analysis of Part (a) of Theorem 5.2 follows the proof approach in [PSZ17, Theorem 1.2}, but improves
upon it in essential ways.

Our first technical insight is that the matrices BT B and BBT are close to the identity matrix. We
prove this in two steps. In Section 6.4, we show that the vectors g; and f; are close, and then in Section 6.5
we analyze the column space and row space of matrix B.

Theorem 6.1 (Matrix BBT is Close to Identity Matrix). If ¥ > 10*-k3/c? and € € (0,1) then for all
distinct i,5 € {1,...,k} it holds

1—e<(Bi.,,Bi.)<1+¢e and |(Bi.B;.)|<Ve.

Using Theorem 6.1, we give a strengthened version of [PSZ17, Lemma 4.2] that depends on the weaken
gap parameter V.

Lemma 6.2. If U = 20* - k3/§ for some § € (0,1] then for everyi € {1,...,k} it holds that

(1 - \/5/4) u(;) < Hp(” z < (1 + \/5/4) ﬁ

Proof. By definition p(*) = \/ﬁ - B, and Theorem 6.1 yields ||B;..|> € [1 4 v/3/4]. O

Using Theorem 6.1 and Lemma 6.2, we establish a strengthened version of [PSZ17, Lemma 4.3]
that depends on the weaken gap parameter ¥, and simultaneously shows that the {5 distance between
estimation centers is larger by a factor of k.

Lemma 6.3 (Larger Distance Between Estimation Centers). If U = 20*-k3/§ for some & € (0, 1] then
for any distinct i, € {1,...,k} it holds that

@ _ 0| : -1
P9 = p9||” > (2 min {u(P), (P}
Proof. Since p¥) is a row of matrix B, Theorem 6.1 with ¢ = \/5/4 yields

p@  pO N\ (BB _ Ve _ 20
o, 0T, ~ Bl T8, T, <12~

W.l.o.g. assume that Hp(i)Hz = Hp(j)Hz, say Hp(j)H2 =a- Hp(i)H2 for some « € (0,1]. Then by Lemma 6.2
we have Hp(i)H; > (1 —+/6/4) - [min {,u(Pi),,u(Pj)}]fl, and hence

@ )
(0 _ <j>H2 _ H @) 2+H (j)H2*2 AR H (i)
Hp "l Pl TP, [T, To T, / 1

4 1/4 ]
(aQ— 53 ~a+1) Hp(l)

]
2 2

WV

> [2- min {u(P), u(P)}] "

2
2

O

Using Lemma 6.2 and Lemma 6.3, the observation that T can be replaced by ¥ in all statements
in [PSZ17] is technically easy.

Our second technical contribution is to show that the larger ¢5 distance between estimation centers,
in Lemma 6.3, strengthens [PSZ17, Lemma 4.5] by a factor of k. Before we state our result, we need some
notation.

The normalized Spectral Embedding map F : V — R is defined by

det 1 v oNT — L 0. )T
f(’U) - d(’U) (fl( )77fk( )) d(’U) [Y( 7)] s

for every node v € V. Recall that the normalized SE Y’ contains duplicate rows, namely, d(u) many
copies of F(u) for each node u € V.

64



6.3. Proof of Improved Structural Result

Suppose an a-approximate k-means clustering algorithm outputs a k-way row partition (R1, ..., Ry) of
Y’. We can assume w.l.o.g. that all identical rows of Y are assigned to same cluster, and thus (Ry, ..., Rg)
induces a k-way node partition (A1, ..., Ax) of G. For an arbitrary point set cy,...,c, in R¥, we abuse

the notation and denote the k-means cost of a tuple {A;,¢;}X_; by

Cost({As, i} ) Z > d(u) | F(u) - a3 - (6.3)

i=1 u€cA,
When each point ¢; = ﬁAJ) > e A, d(u)F(u) is the gravity center of cluster R;, for brevity we write
Cost({4;}%_,) to denote the k-means cost of tuple {A;, ¢;}r_;.

Lemma 6.4 (Volume Overlap). Let (Py,...,P;) and (A, ..., Ax) be k-way node partitions of G. Suppose
for every permutation 7 : {1,...,k} = {1,...,k} there is an index i € {1,...,k} such that

2e

where € € (0,1) is a parameter. If ¥ = 20" - k*/§ for some & € (0, 3], and € > 64a - k* /¥ then

20k?
T

With the above lemmas in place, the proof of Part (a) of Theorem 5.2 is then completed as in [PSZ17].
For completeness, we present the proof.

Cost({Ai}iL) >

6.3 Proof of Improved Structural Result

In this Section, we prove Part (a.1) of Theorem 5.2. Crucial to our analysis is the following result, which
we prove in the next Section 6.4, showing that vectors g; and f; are close, c.f. Figure 6.1.

Theorem 6.5. If ¥ > 4 - k32, then for every i € {1,...,k} the vectors f; and §; = Z?:l B](Z)E satisfy

. 3k k
-ar < (1+3)

Lemma 6.6 ((P, ..., P;) is a good k-means partition). If U > 4 - k%2 then there are vectors {pV}F_,
such that 2 2
Cost, Pi () ]»C_ 1 C .
08 ({ 7p i=1 ) + \II \II

Proof. Let (Py,...,P;) be a k-way node partition of G achieving pay, (k). Peng et al. [PSZ17, Lemma
4.1] showed that Cost({P;, p}r_|) = Zf =g ||§, and thus the statement follows by Theorem 6.5

For completeness, we now prove the preceding equation. By definition, p = B(J /v u(P;) and
~ _ () DY*x
g; = Zi:l B - ﬁ, where x p, is characteristic vector of the node subset P;. Then,

Cost({P;,pV}Ey) Z > d(w)l|IF () =13

=1 uePp;
k k
(u (J)

O

Lemma 6.7 (Only partitions close to (Py, ..., Py) are good). Under the hypothesis of Theorem 5.2, the
following holds. If for every permutation o : {1,... .k} — {1,... k} there exists an index i € {1,...,k}
such that

8avd
HALPo () > 1o - i(Poty) (6.5)
Then it holds that Dk
Cost({Ai}hy) > =5 (6.6)
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Chapter 6. Improved Structural Result

We note that Lemma 6.7 follows directly by applying Lemma 6.4 with ¢ = 64 - « - k*/W. Since

(A1,...,Ag) is an « approximate solution to Ag(Y”), we obtain a contradiction
2ak? ; 3k k2
(fp < Cost({A;}F ) <a-Ap(Y') <a-Cost({P,p} ) < (1 + q;) . %.

Therefore, there exists a permutation 7 (the identity after suitable renumbering of one of the partitions)
such that p(A4;AP;) < 582 . (P, for all i € {1,...,k}.
Part (a.2) of Theorem 5.2 follows from Part (a.1). Indeed, for 6’ = 85/10* we have

WA > 1P 04 = P) = W(PAA) > p(P)  4:P) > (1= 5 ) ()

and |E(A;, A;)| < |E(P;, P)| 4+ n(A;AP;), since every edge that is counted in |E(A;, A;)| but not in
|E(P;, P;)| must have an endpoint in A;AP;. Thus

P(A;)

B4 &) EPL P+ 9 u(P) <1 2a5’)' by 200
= A < 0= =) (P S+ ) o) + ——

This completes the proof of Part (a) of Theorem 5.2.

6.4 Vectors g; and f; are Close

In this section, we prove Theorem 6.5. We argue in a similar manner as in [PSZ17], but in contrast our
results depend on the weaken gap parameter W. For completeness, we show in Subsection 6.4.1 that the
span of the first k eigenvectors of L4 equals the span of the projections of P;’s characteristic vectors onto
the first k eigenvectors. Then, in Subsection 6.4.2, we conclude the proof of Theorem 6.5 by analyzing
the eigenvectors {f;}¥_, in terms of projection vectors {f;}%_;.

6.4.1 Analyzing the Columns of Matrix F
We show now that the span of the first k eigenvectors {f;}¥_, equals the span of the projection vectors
{fitie.
Lemma 6.8. If U > k%2 then the span({ﬁ}le) = span({fi}*_,) and thus each eigenvector can be
expressed as f; = Zle ﬁ]@ . }; for everyi e {1,...,k}.

To prove Lemma 6.8, we build upon the following result established by Peng et al. [PSZ17].

D1/2 . ) '
- m Then any i € {1,... .k} it
ill2

2 z": (a(_i>)2<73@)_@

Akt1 Akt1

Lemma 6.9. [PSZ17, Theorem 1.1 Part 1] For P; CV let g;
holds that

9i — fi

Our analysis crucially relies on the following two technical lemmas.

Lemma 6.10. For everyi € {1,...,k} and p# q € {1,...,k} it holds that

ARIN]

~112 112 ~ o~
1— &(P)/Ans1 < ‘ 2 Ha(w <1 and ‘<fp,fq> ~J{aa7)| < Y2

Proof. The first part follows by Lemma 6.9 and the following chain of inequalities
2 & , n

St 2 @) =il ) < D ) =t

We show now the second part. Since { fi}?=1 are orthonormal eigenvectors we have for all p # ¢ that
(for fo) = Zaép) ) O‘éQ) =0. (6.7)
1=1
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6.4. Vectors g; and f; are Close

We combine (6.7) and Cauchy-Schwarz to obtain
L k

‘<fp,fq>’ Zagp) ,agq)
=1

2”: (aém)? z": <a§q>>2< 6(Py) - 6(Py)

A
I=k+1 l=k+1 k+1

Z aEP) .aéfn

l=k+1

N

Lemma 6.11. If ¥ > k3/2 then the columns {E,i}le are linearly independent.
Proof. We show that the columns of matrix I’ are almost orthonormal. Consider the symmetric matrix
FTF. It is known that ker (FTF) = ker(F) and that all eigenvalues of matrix FTF are real numbers.
We proceeds by showing that the smallest eigenvalue Ayin(FTF) > 0. This would imply that ker(F) =0
and hence yields the statement.

By combining Gersgorin Circle Theorem, Lemma 6.10 and Cauchy-Schwarz it holds that

2 k . .
e (R

k
T . T T
Mol FTF) > _min, 3 (FTF), = |(FT),

= min Ha(i)
ie{l,...,k}

k
o(Py) [o(Pir) (Py) [¢(Pir) K2
> 1- N R Y Y] — == >1-— >0,
; Aot1 | Ak ; Akt | Arg v
where ¢* € {1,...,k} is the index that minimizes the expression above. O

We present now the proof of Lemma 6.8.

Proof of Lemma 6.8. Let v € R* be an arbitrary non-zero vector. Notice that

k k k k k k
Z Vi fi = Z v; Zozgi)fj = Z (Z Via§i)> fi= Z’yjfj, where y; = (Fj.,v). (6.8)
i=1 i=1  j=1 j=1 \i=1 j=1

By Lemma 6.11, the columns {Fz}le are linearly independent and since v = F'v, it follows that at least
one component v; # 0. Hence, the vectors {ﬁ}le are linearly independent, and since each vector ]?Z is a
projection onto the span of the first k eigenvectors {f;}%_,, it follows that span({f; k) =span({fi}r ).
Thus, each eigenvector f; can be expressed as a linear combination of the projection vectors {ﬁ le. O

6.4.2 Analyzing Eigenvectors f in terms of ]?j

In this section, we prove Theorem 6.5. Using Lemma 6.8, we first express each eigenvector f; = Z?:l ﬁj(.i) .

k

f; as a linear combination of the projection vectors {fj} and we bound the squared ¢ norm of

i=1
the corresponding coefficient vector (¥ = B.; for all i € {1,...,k}. Then, we conclude the proof of
Theorem 6.5.

Lemma 6.12. If ¥ > k3/2 then fori € [k] it holds
2k -1 k ) 2 2k -1
1+22) < (?)<1—— .
(%) <z <(-%)

Proof. We show now the upper bound. By Lemma 6.8 f; = 2?21 ﬁj(-i)fj for all i € {1,...,k} and thus
1 = |fil2= <Z ﬁgz>fmzﬁl§’>fb>
a=1 b=1
k 22 Kk ko
= S (8| B],+ D088 (FuFo)

j=1 a=1 b#a
(%) ok k A\ 2
G IRANCOE

Jj=1
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Chapter 6. Improved Structural Result

To prove the inequality (*) we consider the two terms separately.

By Lemma 6.10, J/”; > 1—¢(P;)/Aet1. We then apply >, a;b; < (3, a;)(D_, bi) for all non-negative

vectors a, b and obtain

R0 (-52) -5 R () R s () R )

Jj=1 Jj=1 Ak+1

Again by Lemma 6.10, we have ‘<]?a, ﬁ>’ < VO(Po)d(Py)/Ak+1, and by Cauchy-Schwarz it holds

kok kok
SN 808 (ude) = =D3 -\ﬂé“ |(Far o)
a=1 b#a a=1b#a
ml | Vo(R)
k 2 PR N>
Akﬂ Z:: ) =g ; (@ )
The lower bound follows by analogous arguments. O

We are now ready to prove Theorem 6.5.

Proof of Theorem 6.5. By Lemma 6.8, we have f; = Z?Zl B](-i)fj and recall that g; = Z?Zl ﬁj(i)@ for all
i € {1,...,k}. Further, by combining triangle inequality, Cauchy-Schwarz, Lemma 6.9 and Lemma 6.12,
we obtain that

2 2

I~ G = Zﬂ”( h-5)| < (%17 -,
=1

2
< (SE) (S15-0k) <(0-%) (5 S

j=1 =1 Ak-i-l =
(TR (Y k
N v v v v’
where the last inequality uses ¥ > 4k. O

6.5 Spectral Properties of Matrix B
In this Section, we prove Theorem 6.1 in two steps. In Subsection 6.5.1, we analyzes the column space of

matrix B and we show that matrix BT B is close to the identity matrix. Then, in Subsection 6.5.2, we
analyze the row space of matrix B and we prove that matrix BBT is close to the identity matrix.

6.5.1 Analyzing the Column Space of Matrix B
We show below that the matrix BT B is close to the identity matrix.

Lemma 6.13. (Columns) If U > 4 - k3/2 then for all distinct i, € {1,...,k} it holds

3k 3k k
_ .. B VK — B < —.
1 \I/ <B.,zaB.,z> X 1 + N and |<B-7lvB-7J>| ~ 4\/;

Proof. By Lemma 6.12 it holds that
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6.5. Spectral Properties of Matrix B

Recall that g; = Z?Zl 5]@ - ;- Moreover, since the eigenvectors { fi}le and the characteristic vectors

{E}le are orthonormal by combing Cauchy-Schwarz and by Theorem 6.5 it holds

k k k
(B.i, B.;)| = Zﬂé”ﬁéﬂ:<Zﬁ$>~ga,2@§”~gb>:@,§j>
=1 a=1 b=1

((Gi — fi) + [ (@5 — [3) + [5)
= (G — [i,9 — f) G — fi, [5) + {fis 95 — [3)

< g = filla - g5 = Filly + 19: = filly + 1195 = fill,
3k k 3k k k

< e I R I Y

< (1+\P) 7 T2 <1+\I/> 7 <4y

We demonstrate now that the columns of matrix B are linearly independent.
Lemma 6.14. If ¥ > 25 k3 then the columns {B:ﬂ-}f:1 are linearly independent.

Proof. Since ker (B) = ker (BTB) and BTB is SPSD! matrix, it suffices to show that the smallest
eigenvalue
TBTB
A(BTB) = min =2 > 0.
z#0 T

By Lemma 6.13,

E ok ' ' L 2 ?
SOl (89, 89)] < 4/; (Zw) < ||m§~4k\@,

i=1 j#i i=1
and

k ) k ) k 2 k k ] )

BT By — <leﬂ<z>7 3 x]ﬂ(a>> =S 220+ 353 <5<z>, 5<]>>
i=1 j=1 i=1 2 O j#i
3k L 2
2 i j 2
> (1 - \P) lally = D2 foil ey (8, 89| > (1 - 5/{\/\1,) el
i=1 j#i

Hence, A(BTB) > 0 and the statement follows. O

6.5.2 Analyzing the Row Space of Matrix B

In this section, we show that matrix BBT is close to the identity matrix. We bound now the squared £y
norm of the rows in matrix B, i.e. the diagonal entries in matrix BBT.

Lemma 6.15. (Rows) If ¥ > 400 - k3/c? and € € (0,1) then for all distinct i,j € {1,...,k} it holds
1—e< <Bi’;,Bi’;> <l+e

Proof. We show that the eigenvalues of matrix BBT are concentrated around 1. This would imply that
X;FBBTXi = (B, B;.) = 1, where x; is a characteristic vector. By Lemma 6.13 we have

35\ 2 T , TP L2 3k\%  16k2 23k2
_ORY (@) . BRBT. (z)ZH (i) 0 g0\ < ok <
(1 \P)\(ﬁ) BBT. 5% = || 2+;<5 BOY < (145 ) + <1+
J7

and

Sl on o) (%) i g

1We denote by SPSD the class of symmetric positive semi-definite matrices.

‘(B(i))T .BBT . 3
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Chapter 6. Improved Structural Result

By Lemma 6.14 every vector x € R* can be expressed as z = Zle B,
k T k 4
zTBBTr = Z% (5(1)) .BBT. ZVJB(])
i=1 j=1
k T _ E ok T _
= 2%2 (5(1)) .BBT .0 4 ZZ%% (5(1)) .BBT . g
i=1

i=1 j#i

(1—2352—11 e ) Il > (1—14 w/E ) Il

:zk:zk:%%‘ <5(i)75(j)> Z% +2277 </3() 5(1)>
i=1 j=1

By Lemma 6.13 we have ‘Zle Z;‘#l YiYj <ﬁ(i),ﬂ(j)>‘ < ylz- 4k\/§ and Hﬂ(i)Hz < 1+ 3k Thus, it

holds
k k
<1 —Sk\[ 5 ) I < 2" (1 + 5k / ) 7115 -
1 20k\/ﬁ <ABBT) <1+ 201“/E
v = A

This proves the first part of Theorem 6.1. We turn now to the second part and restate it in the
following Lemma.

WV

and

Hence, we have

O

Lemma 6.16. (Rows) If ¥ > 10* - k3/e% and € € (0,1) then for all distinct i,j € {1,...,k} it holds
[(Bi;, Bj.)| < Ve
Let E € R¥** be a symmetric matrix such that BYB = I + F and |E;;| < 4\/k/¥. Then,
(BB™)? = B(I + E) B® = BB" + BEB". (6.9)

We show next that the absolute value of every eigenvalue of matrix BEBT is small, and further
demonstrate that this implies that all entries of matrix BEBT are small. Then, we conclude the proof of
Lemma 6.16.

Lemma 6.17. If U > 402 - k3/c? and € € (0,1), then every eigenvalue \ of matrit BEBYT satisfies
INBEB™)| < ¢/5.

Proof. Let z = BTx. We upper bound the quadratic form

2
(e k
[e" BEB a| = [T B2 < ) 1Byl lail 5] < 44/ - (Dm) <zl - 4ky/ G-
ij i=1

By Lemma 6.15, we have 1 — ¢ < A(BBT) < 1+ ¢ and since ||z\|§ = TBBT ||37H27 it follows that

2
121l

2
z
I ||2 < Hng < s

1+4¢

and hence

T T
IN(BEB™)| < max‘g“iffﬂ <4(l+e)- k;\/é <e/5.
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6.6. Volume Overlap Lemma

Lemma 6.18. If ¥ > 40% - k3 /2% and € € (0,1), then it holds that |(BEBT);;| < /5 for everyi,j €
{1,...,k}.
Proof. Since matrix E € RF** is a symmetric, by construction matrix, BEBT € R*** is also symmetric.

Using the SVD Theorem, there is an orthonormal basis {ui}le such that BEBT = Zle \i(BEBY)-uul.
Thus, it suffices to bound the expression

E

(BEB™)i;| <D _[N(BEB")| - [(ueug)il-
=1

Let U € R*** be a square matrix whose i-th column is vector u;. By construction, matrix U is orthogonal
and satisfies UTU = I = UUT. In particular, it holds that ||U; . ||§ =1, for all 4. Therefore, we have

> Iwe)il - <AV 1T =

We apply now Lemma 6.17 to obtain

k

> IA(BEB")| - |(weug )ij] < ZI (we)i )il <

=1

cn\m

We are now ready to prove Lemma 6.16.

Proof of Lemma 6.16. By (6.9) we have (BBT)2 = BBT + BEBT. Observe that the (4,5)-th entry of
matrix BBT is equal to the inner product between the i-th and j-th row of matrix B, i.e. (BBT)Z,J, =
(B, Bj..). Moreover, we have

k k
[(BBT } = > (BB"),,(BB"), =Y (Bi.Bi.)(Bi.B;.).
=1 =1

For the entries on the main diagonal, it holds

k
(Bi.. Bi.)” + > (Bi,B.)? = (BB")%;; = [BB" + BEB";; = (B;, Bi.) + (BEB"),,
[

and hence by applying Lemma 6.15 with &’ = ¢/5 and Lemma 6.18 with ¢/ = & we obtain

<Bi,:7Bj,:>2 < Z (Bi.,B.)* < (1 + %) + % - (1 - %)2 <e.

I

6.6 Volume Overlap Lemma

In this section, we prove Lemma 6.4. Our main technical contribution is to strengthen the lower bound
of k-means cost in [PSZ17, Lemma 4.5] by a factor of k, under the weaken gap assumption.
We begin by stating a useful Corollary of Lemma 6.3.

Corollary 6.19. Let U = 20* - k®/§ for some 6 € (0,1/2]. Suppose c; is the center of a cluster A;. If
||ci —p(il)H2 > HC% —p(iz)HQ, then it holds that
(i1)

(i1) (i2) ? i o
Hp 1) _ pliz 2}[8-m1n{u(Pil)7,u(Piz)}] :

HCz'—P

We restate now [PSZ17, Lemma 4.6] whose analysis crucially relies on the following function

o(¢) = arg max wAe O By)

, forall e {1,... k}. 6.10
je{tky  p(Py) t f (610
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Lemma 6.20. [PSZ17, Lemma 4.6] Let (P1,...,Py) and (Ay,..., A) be k-way node partitions of G.
Suppose for every permutation 7 : {1,...,k} = {1,...,k} there is an index i € {1,...,k} such that

where € € (0,1/2) is a parameter. Then one of the following three statements holds:
1. If o is a permutation and pu(Py;\Ai) = € - u(Py()), then for every index j # i there is a real 5 > 0
such that

p(A; N Pogy) 2 p(Aj N Poy) 2 &5 - min{u(Fo ), i(Poi))

and Zj;&igj > e
2. If o s a permutation and pu(A;\Py)) = € - W(Py(i)), then for every j # i there is a real €5 = 0 such
that

(A NV Pygiy) = €5 1(Pogy)s (A N Porgjy) 2 €5 - i(Pogiy),

and Zj# gj Z €.
3. If o is not a permutation, then there is an index £ & {o(1),...,0(k)} and for every index j there is a
real €; > 0 such that

(A N Pojy)) 2 p(A; N Pr) = g5 - min{u(Fo ;) p(Pr)},
and Zle gj=1.
We strengthen now the lower bound of k-means cost in [PSZ17, Lemma 4.5] by a factor of k.

Lemma 6.21. Suppose the hypothesis of Lemma 6.20 is satisfied and ¥ = 20*-k3 /8 for some 6 € (0,1/2].
Then it holds

e 2k?
COSt({AZ‘,Ci 5321) 2 T6 — V
Proof. By definition
ko k
Cost({An e} =) d(w) | Fu) — > < A (6.12)

i=1 j=1u€A;NP;
Since for every vectors z,y, z € R¥ it holds
2 2 2 2
2 (Il = yll3 + 12 = y13) > (le = ylly + 11z = yllo)* > llz = 2113,
we have for all indices 4,j € {1,...,k} that

@) —e?
P = el . cill, Hf(u) pr)Hz. (6.13)

Our proof proceeds by considering three cases. Let i € {1,...,k} be the index from the hypothesis in
Lemma 6.20.

IF () = eills >

Case 1. Suppose the first conclusion of Lemma 6.20 holds. For every index j # i let

o [0 0 =gl > [0~
p°@ | otherwise.

Then by combining (6.13), Corollary 6.19 and Lemma 6.6, we have

N> 2D SR 0)] SRR W DD S FA R §

VE) uEAjﬂP,Y(j) Jj#t u€A;NP. ~(5)
AjN P 2 2
_ 1L (A5 N Pyj)) _(1+%>.k>€_2k_
16 < min{u(Poi)), 1(Fo ()} v, vo16 Vv

Case 2. Suppose the second conclusion of Lemma 6.20 holds. Notice that if y(A4; N P,(;)) < (1 —¢) -

w(Pyiy) then pu(Py;y\A;) = € - u(Py(;)) and thus we can argue as in Case 1. Hence, we can assume that
it holds
1(Ai N Pogy) = (1 =€) - u(Poiy)- (6.14)
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We proceed by analyzing two subcases.
a) If Hp”(j) - ciH2 > Hp"(i) - C%H holds for all j # ¢ then by combining (6.13), Corollary 6.19 and
Lemma 6.6 it follows

Az %Z > dw)p Z > Hf U(JHQ

VE ueA-ﬁPﬂ(j) j#i ueA; NPy ()
> Z AmP‘T(])) _<1+3k>.k2>8_2k2.
mln{u (i) M(Po(j)) } v v 16 v

o) _ ¢

b) Suppose there is an index j # ¢ such that Hpa(j) — ci||2 < Hp"(i) — CZH Then by triangle inequality
combined with Corollary 6.19 we have

Thus, by combining (6.13), (6.14) and Lemma 6.6 we obtain

) 2 . 1
PO =l > 7| =p 0| > 8- min{pu(Po). m(Poiy)}]

1 , 2 112
_ o(i) _ .. _ _ o)
O o L ey e
uGAiﬁPg(w uGAiﬁPU(,i)
1. pAinP) _(1 3’“) B loe 2
16 min{a(Poy) 1Po))} AR R TR

Case 3. Suppose the third conclusion of Lemma 6.20 holds, i.e., ¢ is not a permutation. Then there
isanindex £ € {1,...,k}\ {o(1),...,0(k)} and for every index j € {1,...,k} let

o = JP0 Pt el = [l = el
p°() | otherwise.

By combining (6.13), Corollary 6.19 and Lemma 6.6 it follows that

A > ;i Z Hpv(a)_CH Z Z d(u)H]—'(u)—p“’(j) 2

] 1u€A]ﬂP ) = uEA NP ~(5) 2
k
AN Py 2 2
> iz 1( ’Y(J)) <1+3k>.k>12k.
16 <= min{u(Py(j)), (Fe)} v, ¥ 16 v
O
We are now ready to prove Lemma 6.4.
Proof of Lemma 6.4. We apply Lemma 6.20 with ¢’ = ¢/k. Then, by Lemma 6.21 we have
€ 2k2
Aj el Yy > — - 22
COSt({ “cl}l—l) 16k \I/ ?
and the desired result follows by setting & > 64« - k% /0. O
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Chapter 7

Analysis of Approximate Spectral
Clustering

7.1 Normalized Spectral Embedding

In this section, we prove Theorem 5.4, showing that the normalized SE Y is e-separated. For convenience
of the reader, we restate the result.

Theorem 5.4 (from page 62). Let G be a graph that satisfies ¥ = 20* - k3/5, § € (0,1/2] and k/5 > 10°.
Then for e = 6-1077 it holds
Ap(Y) < N1 (YY), (7.1)

We establish first a lower bound on A,_1(Y”).

Lemma 7.1. Let G be a graph that satisfies ¥ = 20* - k3/§ for some § € (0,1/2]. Then for §' = 25/20*

1t holds
1 o

N1 (Y > — — —. 7.2
)z -2 (72
Before we present the proof of Lemma 7.1, we show that it implies (7.1). By Lemma 6.6, we have
2k% ¢
DY) —=— = —
W(Y) < =+

and thus, by applying Lemma 7.1 with k/§ > 10° and € = 6 - 1077, we obtain

1 & 1 2 6§ 100 5§ 1 & 1
A (VN> — S = —_ = 25— 2 05 ALY
U i A TR wr TRl Al R el RS

7.1.1 Proof of Lemma 7.1

We argue in a similar manner as in Lemma 6.21 (c.f. Case 3). We start by giving some notation, then we
establish Lemma 7.2 and apply it in the proof of Lemma 7.1.

We redefine the function o, see (6.10), such that for any two partitions (Py, ..., Pg) and (Z1,..., Zx—1)
of V, we define a mapping o : {1,...,k—1} — {1,...,k} by

Z; N P;
o(i) = arg max wZing)

, foreveryie{l,...,k—1}.
jefl kb p(Py) vied J

We lower bound now the overlapping of clusters between any k-way and (k — 1)-way partitions of V'

in terms of volume.

Lemma 7.2. Suppose (Py,...,Px) and (Zi,...,Zx_1) are partitions of V. Then for any index £ €
{1,...,k}\{o(1),...,0(k — 1)} (there is at least one such £) and for every i € {1,...,k — 1} it holds

{:U'(Zi n Pa(i))nu(Zi N Pf)} Z T; - min {M(Pf)vu(Pa(i))} )

where Zi:ll =1andm > 0.

Proof. By pigeonhole principle there is an index ¢ € {1,...,k} such that £ & {o(1),...,0(k —1)}. Thus,
for every i € {1,...,k — 1} we have o(i) # £ and

w(Zs N Pysy) S w(Z; N Py) def _
1(Poi) 1(Pr) "

where Zi:ll 7; = 1 and 7; > 0 for all 4. Hence, the statement follows. O




Chapter 7. Analysis of Approximate Spectral Clustering

We present now the proof of Lemma 7.1.

Proof of Lemma 7.1. Let (Z1,...,Zx_1) be a (k — 1)-way partition of V' with centers ¢}, ..., c,,_, that
achieves Ag_1(Y"), and (Py,..., Py) be a k-way partition of V' achieving pay. (k). Our goal now is to
lower bound the optimum (k — 1)-means cost

k=1 k
2
AVESTS Z Z du ||F (u) = cill; - (7.3)
i=1 j=1u€Z;NP;
By Lemma 7.2 there is an index £ € {1,...,k} \ {c(1),...,0(k—1)}. Fori € {1,...,k — 1} let

P = P’ o if sz - Cg”z Hpg(l 62”2;
o(®)  otherwise.

Then by combining Corollary 6.19 and Lemma 7.2, we have

; 2 . -1
[ @ =] = (8- min (P, w(Poe)}] ™ and pu(Z: 0 Pygiy) > i min {u(Po), i Pogi))} - (7:4)

where Z 1 7; = 1. We now lower bound the expression in (7.3). Since

1 ) 2 12
17 () = lly > 5 o =&, = || F ) -

)
2

it follows for &' = 25/20* that

k=1 k k—1
2
Dpa(Xv) = YooY dulFw el = Z Y dullF(w) =€l
i=1 j=1u€Z;NP; =1 u€Z;NP,y)
= k—1 )
- () _ _ @
> > du Hp” H => D | F) -
=1 u€Z;NP, ) 1=1 u€Z;NP, )
k—1 k
1 p(Z; N Py 12
) du |[F ) = '
2 = 8 - min {u 7(1 ; 1;1 2
1 ¢
> T2 1.0
16k
where the last inequality holds due to (7.4) and Lemma 6.6. O

7.2 Approximate Normalized Spectral Embedding

In this section, we prove Theorem 5.6, which shows that the approximate normalized SE ifv’, computed
via the Power method, is e-separated.

Before we state our results, we need some notation. Let X;  be an indicator matrix, see (5.11),
corresponding to an optimal k-way row partition of the normalized SE Y. Then, the optimum k-means
cost of Y/ in matrix notation reads

DY) = Y = Xop (Xope) Y[

opt

Similarly, for the approximate normalized SE Y’ let X/ . be an indicator matrix such that

opt

DY) = V" = X0 (X

opt

X0, Y3

In Subsection 7.2.1, using techniques from [BKG15, Lemma 5] and [BM14, Lemma 7], we prove the
following statement.
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Lemma 7.3. Let A\, and A1 be the k-th and (k + 1)-st smallest eigenvalue of Lo, Y be the canonical
SE, and S € R™F be a matriz whose entries are i.i.d. samples from the standard Gaussian distribution.
For any B,e € (0,1) and p > ln(Snk/sﬁ)/ln(l/’yk), where vy = 20 o 1, compute the approximate

N P
SE'Y wvia the Power method:

1) M déf[—l—D_l/ZAD_l/Q; 2) Let USVT be the SVD of MPS; and 3) Y ¥ 0 e Rk,

Then, with probability at least 1 — 2e2" — 38, it holds that

YY" =YY T|p <e.

In Subsection 7.2.2, we establish technical lemmas that allows us to apply the proof technique developed
in [BKG15, Theorem 6] for approximate SE Y, and to prove a similar statement for the approximate

normalized SE Y.

Theorem 5.5 (from page 62). Let €,0, € (0,1) be arbitrary. Compute the approzimate normalized SE
Y’ via the Power method with p > In(8nk/e6,)/In(1/yy) iterations and v = (2 — Agy1)/(2 — M) < 1.

Run on the rows of Y’ an a-approzimate k-means clustering algorithm with failure probability .. Let the
outcome be a clustering indicator matriz X!, € R"**. Then, with probability at least 1 — 2e~2" — 30p — da,
it holds that

/ N"’le T ]2 2
Y—X(;(X(;) Y ) Y| e

<(1+4e)-a- HY’—X’ (x!

opt opt

F

In Subsection 7.2.3, we prove Theorem 5.6 using Lemma 7.3 and Theorem 5.5, showing that the
approximate normalized SE Y/, computed via the Power method, is e-separated.

Theorem 5.6 (from page 62). Assume ¥ = 20* - k3/5, k/6 > 10° for some § € (0,1/2]. Compute the
approzimate normalized SE'Y' via the Power method with p > Q()}Zfl ). Then, for e = 6-10~7 it holds
with high probability that

Ap(Y') < 5% A1 (Y7).

In Subsection 7.3, we show that Part (b) of Theorem 5.2 follows by combining Part (a) of Theorem 5.2,
Theorem 5.3, Theorem 5.5 and Theorem 5.6.

7.2.1 Proof of Lemma 7.3

We argue in a similar manner as in [BM14, Lemma 7]. Our analysis uses the following two probabilistic
results on Gaussian matrices.

Lemma 7.4 (Norm of a Gaussian Matrix [DS01]). Let M € R™*¥ be a matriz of i.i.d. standard Gaussian
random variables, where n > k. Then, for t > 4, Pr{o1(M) > t/n} > exp{—nt?/8}.

Lemma 7.5 (Invertibility of a Gaussian Matrix [SSTO06]). Let M € R™*™ be a matriz of i.i.d. standard
Gaussian random variables. Then, for any B € (0,1), Pr{o,(M) < 5/(2.35y/n)} < 8.

Using the preceding two lemmas, we obtain the following probabilistic statement.

Lemma 7.6 (Rectangular Gaussian Matrix). Let S € R™* be a matriz of i.i.d. standard Gaussian
random variables, V- € R™*P be a matriz with orthonormal columns andn > p > k. Then, with probability
at least 1 — e=2" it holds rank(VTS) = k.

Proof. Let S’ € R"*? be an extension of S such that S’ =[S "], where S € R"*?~F is a matrix of i.i.d.
standard Gaussian random variables. Notice that VTS’ € R?X? is a matrix of i.i.d. standard Gaussian
random variables. We apply now Lemma 7.5 with 3 = e~2" which yields with probability at least 1 —e 2"
that o,(VTS") > 1/(2.35 - €2",/p) > 0 and thus rank(VTS’) = p. In particular, rank(V"S) = k with
probability at least 1 — e~ 2", O
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Proof of Lemma 7.3. By the Eigendecomposition theorem, L5 = UX'U~! where U € R™" is an or-
thonormal matrix whose i-th column equals the eigenvector of L4 corresponding to the i-th smallest
eigenvalue \;, and ¥’ is a non-negative diagonal matrix such that X, = A;, for all 4. Since the canonical
SE Y € R™** consists of the bottom k eigenvectors of Lg, we have U = [Y" U,,_;] where U,,_; € R"*n~k,
and similarly Y= [Ek Ok,nfk; Onfk,k En,k].

Further, by the Eigendecomposition theorem M = UXUT, where ¥ = 2I — ¥’ and in particular
i =2—X\ >0 for all 4. Since MP = UXPU?, it follows that ker(MPS) = ker(UTS). By Lemma 7.6
with probability at least 1 — e~2" we have rank(UTS) = k and thus matrix MP?S has k singular values.
Further, the SVD decomposition USVT of MPS satisfies: U € R™* is a matrix with orthonormal
columns, S e RF¥F js g positive diagonal matrix and VT € RF** is an orthonormal matrix. Recall that
approximate SE is defined by Y = U.

Let R % SVT € Rk and observe that YR = MPS = [Y U,_]SP[YT; UT_,]S. We use the facts:
YR = YYYTS 4+ U, x¥° UL .S; (7.5)
oi(YR) > o (YERYTS) > (2 )P -0h (YTS); (7.6)
oi(YR) = o0;(R); (7.7)
IXY]2 > [[XYl2-0x(Y), for any X € R, (7.8)

(7.5) follows from the eigenvalue decomposition of M and the fact that M? = UXPUT; (7.6) follows by
(7.5) due to Y and U, _j span orthogonal spaces, and since the minimum singular value of a product
is at least the product of the minimum singular values; (7.7) holds due to YTY = Ii; Recall that with
probability at least 1 — e~2" we have o (R) > 0 and hence (7.8) follows by

IXRall, _  |XRal, _ | XRI,
[Rel, %8 e, ~ on(R)

1]l = max

[GVL12, Theorem 2.6.1] shows that for every two m X k orthonormal matrices W, Z with m > k it holds
Iww? = 22%|, = |27 W], = [w* 2],

where [Z, Z+] € R™*™ is full orthonormal basis. Therefore, we have

from 7], =[] = o, =z, o
where the last equality is due to Y+ = U,,_y.
To upper bound HUE* kf/H we establish the following inequalities:
2
] kYRH > ‘ UE_JHQ -o(R) > ‘ UE_JHQ (2= M) oy (YTS), (7.10)
VR = 2 U], < @ = ) o1 (UFLS). (7.11)

where (7.10) follows by (7.8), (7.7) and (7.6); and (7.11) is due to (7.5) and 2 =17 > --- > %,,, = 0.
By Lemma 7.4 and Lemma 7.5, it follows by the Union bound that with probability at least 1—e~2"—33,
we have

o (YTS) and oy (U,_S) < 4v/n. (7.12)

a\m

Using (7.9), (7.10), (7.11) and (7 2) we obtain

proe 777, o
2

kYH (4/8) - Vk - AP (7.13)
Since | M || < y/rank(M) - || M ||, for every matrix M and rank(YYT — ??T) < 2k, it follows

HYYT - ??TH < 2%k HYYT YYTH (8/8) - nl/2k32 . 4P < e,
where the last two inequalities are due to (7.13) and the choice of . O
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7.2.2 Proof of Theorem 5.5

[BKG15, Theorem 6] relates canonical SE and approximate SE, whereas our goal is to establish similar
result for the normalized SE and approximate normalized SE. We present next four technical lemmas
that combined with Lemma 7.3, allow us to apply the proof technique developed in [BKG15, Theorem 6].

Lemma 7.7. Let X', X' € Rmxk pe indicator matrices returned by an a-approximate k-means clustering
algomthm applied on inputs Y' and Y’ respectively, for any o > 1. Then, it holds that X'(X")T and

X/(X)T are projection matrices.

Proof. We prove now the first conclusion. By construction, there are d(v) many copies of row Y (v,:)/y/d

in Y’ for all v € V. W.l.o.g. the indicator matrix X’ has all copies of row Y (v,:)/+/d asslgned to the
same cluster, for all v € V. By definition, X/, = 1//u(Cj) if row Y. belongs to the j th cluster C; and
X/; = 0 otherwise. Hence, (X")" X" = I and thus [X'(X")"]> = X'(X")T. The second part follows

similarly, since matrix U is orthonormal. O

Lemma 7.8. The normalized SE'Y' and the approximate normalized SE Y’ are orthonormal matrices.

T —
Proof. We prove now (Y')TY' = I}..;.. The equality Y’ Y’ = I}« follows similarly. Note that

Y(1,5)

Y(1,0) Y (n.4) aw o
T v n,1 T
()Y, = ( o) )ld(l) Ta(m) Jd(n) ) -
n, 1
d(n) d(n)

where 4(i, j) is the Kronecker delta function. Hence, the statement follows. O

Lemma 7.9. It holds that |[Y' (YT =Y (YT |lp = |[YYT =YY 7| 5.

Proof. Let 140y € {0,1}™ be an indicator vector of the d(i) copies of row Y(4,:)/+/d(i) in matrix Y. By
definition
Y (1,0)
: a4
YY" =YY, Y/ where Y/, = :
-1 Y (n, @)

1y
a1 )
and
Y (i,0)Y (5, ¢)
/ 1T _ ) ) T
(Y2eY!0) aoyacyy = NZoro Lae)Lagy):-
Hence, we have
o 2 n n o 2
vyt -yt = V()T = YI(V)T
|yot -y ;;(m ) i |
n n k 2
= Y >IN (V)T =Yl
P H( )d(Z)d(J) -
n n k - . 2
_ (7,0)  Y(, 5) ( 5) T
- ZZ Z /7 “LagiyLag,
i=1 j=1 =1 Vd P
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By definition of Frobenius norm, it holds that

2 n o on k i . oyl i oy 2
HY/(Y/)T _ i}“/(i}“/)TH ZZd(Z)d(]) [Z <Y< 7€)Y(ja€> _ Y( ’E)Y(LE))]

F

n n k
= Y3 X (Y6ov6.0 - Y607 6,0)
i=1j=1 Le=1
= > (vvr-vvT)
i=1j=1 *
= [y —??THQ .
F
O
Lemma 7.10. For any matriz U with orthonormal columns and every matriz A it holds
|[UT — AATUUY|, = ||U - AATU ||, (7.14)

Proof. The statement follows by the Frobenius norm property ||M ||§; = Tr[MT M], the cyclic property
of trace TA[UMTMU?T] = Tr[M™ M - UTU] and the orthogonality of matrix U. O

Using the preceding lemmas, we are ready to prove Theorem 5.5.

Proof of Theorem 5.5. Using Lemma 7.3 and Lemma 7.9 with probability at least 1 — 272" — 3§, we
have o e
HY’(Y’)T - Y’(Y’)TH - HYYT - YYTH <e.
F F

Let V(YT = W(W)T + E such that ||E||z < €. By combining Lemma 7.8 and Lemma 7.10, (7.14)

holds for the matrices Y and Y. Thus, by Lemma 7.7 and the proof techniques in [BKG15, Theorem 6],
it follows that o
HY’ ~ XL (X)) Ty

<V (Y = Xl (X)) TY |+ 22) - (7.15)

The desired statement follows by simple algebraic manipulations of (7.15). O

7.2.3 Proof of Theorem 5.6

In this section, we demonstrate that the approximate normalized SE Y7 is e-separated, i.e. Ak(ifv’) <

5e2 .- Ak_l(ifv’). Our analysis builds upon Theorem 5.4, Theorem 5.5 and the proof techniques in [BKG15,
Theorem 6].
Before we present the proof of Theorem 5.6, we establish two technical Lemmas.

Lemma 7.11. Suppose ¥ > 20% - k3 /5 for some § € (0,1/2]. Then, it holds that

2~ A 1 45
In {2 ) > 2 (1 2 ) M
" (2 - Akﬂ) 2 ( 204k2> A1

Proof. By (5.5), the following higher-order Cheeger inequalities hold

Me/2 < p(k) < O(K?) - /A (7.16)
Using the LHS of (7.16), we have
k k2
k2 pave (k) = k2 P) > k? P) > k2 p(k) > —2£
Pave (k) ;cb( ) >k max  $(P) plk) > ==,

and thus the k-th smallest eigenvalue of L satisfies A < 2k - payr (k). Then, the gap assumption yields

2042 204%2
A > —— 2k pave(k) = —— - A&
B2 o5 pave (k) = —5— - Ax
The statement follows by
2— A 1— 527 A 1 46
k > 204]1€2 k+1 > expd = 129 )\k_;,_l . 0
2 - )\k+1 1 - §Ak+1 2 204k2
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Lemma 7.12. For any matrices A € R™*" and B € R"** it holds that | AB||r < ||All2 - || B|F-

Proof. By definition, || B||% = Zle | B.:l|3 and || Az|]2 < ||All2/|z||2, and thus we have

k k
IAB% =D IABLll3 <1413 ) 1Bwall3 = -AII3 - | BII3. N

=1 i=1

pt and X, ") t6 denote an optimal indicator matrix for

In the following, we use interchangeably X! opt

(o)
the k-means clustering problem on Y. Similarly, we denote by X(/)(pkt_l) an optimal indicator matrix for
the (k — 1)-means clustering problem on Y”.

We are now ready to prove Theorem 5.6.

Proof of Theorem 5.6. We set the approximation parameter in Theorem 5.5 to ¢’ = £/30. By Theorem 5.4,
we have

T
v (x) v | = v
F
T
< eVl (V) =y’ — x5 (X;;’“;l)) v . (7.17)
F
We compute an approximate SE Y € R"** defined in (5.7), via the Power method which runs p = O(/\hk‘—fl)

iterations.
By combining Lemma 7.3 and Lemma 7.9, for the normalized and approximate normalized SE, Y’
and Y’ respectively, we obtain w.h.p. that

O R e

—_ T —
Let Y'Y'T = Y'Y’ + F such that ||E|, < ¢/. By Lemma 7.8, Y’ and Y’ are orthonormal matrices.
Hence, by Lemma 7.10 applied on Y’, we obtain

— T TN T —T T, T — T
mV) = |V =X (X)) Y :HY’Y’ - X! (x) Y
F F
/" T\ T L, T
= O = X (X)) YO = L — X (X00)) | E
F
N/ W T
< |- X (X)) Y Bl (7.18)
F

where the last step uses triangle inequality, Lemma 7.10 applied on Y’, Lemma 7.12, Lemma 7.7 and
I — PPT|y < 1 for any projection matrix P. Then, we apply Theorem 5.5 with an exact k-means
clustering algorithm, i.e. @ = 1, and parameters d, = n~ %W and ¢ (as above). By Lemma 7.11, for any
p> Q(;z—fl) it holds w.h.p.

2

/7 T T
‘Y’—X;;’? (X;(p’?) Y’ < (1+45/).Hy'—X;§)’? (X;;’?) Y’ F+4(a')2. (7.19)

The proof proceeds by case distinction.

Case 1: Suppose &/ < 11/A,(Y”). Combining (7.18), (7.19) and ||E|| < €, yields

Ap(Y) e + /(1 +4¢) - Dp(Y') + 4(e)2

<
< 2 VAR € 26 - VD1 (YY), (7.20)
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where the last inequality follows by (7.17). Moreover, it holds that

T - oW T
Aa(V) = |V =XV (X ) <HY’X£,;’1‘”(X;§)’Z‘”) Y’
F F
- > \T
= YT x (x ) )T
P
ST i) (o) T T 1) ()T
= Y'Y _Xopt (Xopt ) Y'Yy + |:Im><m_Xopt (Xopt ) :|E
F
. - T \T _
< |- X P (xa ) Y| B (7.21)
F

=, €
< VA ) + VA (YY),
where the last inequality uses the definition of Ak_l(}f}/’) and

1 €
1Ellp <& < 3V AR(Y) < 7V D1 (YY)
Hence,
e —
VA () < (14 5) VA (7). (7.22)
Therefore, by combining (7.20) and (7.22), we obtain

Ap(Y') <26 VA1 (Y) < (2+€) e/ Do (V7).

Case 2: Suppose 0 < 51/, (Y’) < &’. Combining (7.18), (7.19) and || E|| < €, yields

VOARY) <&+ /[ +4) - Ap(Y) + 4()2 < 6¢'. (7.23)

Further, by Lemma 7.1 and k/§ > 109 we have A,_1(Y’) > 1/13, and thus using (7.21) we obtain

VO 1 (Y) 2 /D (Y) = |E||p > 1/4— € > 1/5. (7.24)

By combining Equations (7.23) and (7.24), it follows that
VARY) <6’ <306’ -\ L1 (V) =&\ D1 (V7). O

7.3 Proof of Approximate Spectral Clustering

We prove now Part (b) of Theorem 5.2. Let p = 9(;;"1 ). We compute the matrix MPS in time O(mkp)

and its singular value decomposition USVT in time O(nk?). Based on it, we construct in time O(mk)
the approximate normalized SE ifv/, see (5.8).

By Theorem 5.6, Y is e-separated for ¢ = 6 - 107, i.e. Ap(Y') < 5e2 - Ap_1(Y?). Let v =1+ 10710,
Then, by Theorem 5.3, there is an algorithm that outputs in time O(mk? + k*) a k-way vector partition
with indicator matrix ),(v{l such that with probability at least 1 — O(y/¢), we have

2 1 T2
< (1 + 1010) : HY’ = X (X)) V7
F

s
F

Let n € (n=9M 1) be a parameter to be determined soon. Observe that for ¥ = 20*-k3 /8, § € (0,1/2]
and k/6 > 10°, by Equations (5.11), (6.3) and Lemma 6.6, it holds

2 . 2% 1
opt. ( Xopt < Cost({ P, p ) < = < ——— (7.25)
F

- /<k>( /<k>>T /
HY X' (x Y T < 5
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7.3. Proof of Approximate Spectral Clustering

Combining Theorem 5.6 and Equation (7.25), yields

1
no1)

1
< —.

!/ !/ !/ !/
g HY Xopt(Xopt) Y » 106

Using Lemma 7.11, we apply Theorem 5.5 with ¢, = n %W a=14+10"1 6, = O(v/€) and

Vi1 Vi
g = 2 pom < 1 V' = Xt (X(/)pt) Y’

)

F

and obtain with constant probability (close to 1) that
2
H X/ Y/
F

= |:< opt (Xcl)pt) Y/

Al 1 U

14+ *— 14— =1 -

K +355 ) 1+ 100 ) + 5

Then, for n = 1/10° the approximate solution )/(Z yields a multiplicative approximation, satisfying
2

2
\ (e )™
F F

The statement follows by Part (a) of Theorem 5.2 applied to the k-way partition (Aq,..., Ax) of V that
is induced by the indicator matrix X !

T
<(1+4e)-a- HY/ Xcgpt (Xcl)pt) v

n T
F) a+ 4} . HY’ — X0 (X;pt) Y’

N

)

T
Y - X!, (X;pt) Y
F

’ N/N/T/
Y'-X/' (X)) Y

Appendix

Let G be an undirected and unweighted graph consisting of k cliques each of size n/k, and let A be its
adjacency matrix. Let G® be the graph G, plus a set Eg of k additional edges connecting the k cliques
in the form of a ring such that no two edges in Eg (of the ring) share a vertex. In other words, let Ag be
the adjacency matrix of Fg, then AgAg = S where S is a diagonal matrix defined as S;; = 1 if vertex 4
is connected to a vertex in a neighboring clique, and S;; = 0 otherwise.

Recall that the normalized Laplacian matrix of G is given by Lo = I — A, where A = D~1/24D~1/2
and D is a positive diagonal matrix with D;; = deg(?), for all . Then, the normalized Laplacian matrix
of G is defined as

Lorn=1—(D+8)""*(A+ Ap)(D+5)Y2.

Our analysis relies on the following four lemmas. We note that the first lemma is folklore.

Lemma 7.13. [t holds that \(Lg) = - = M(Lg) =0 and Mgy1(Lg) = - = M(Lg) = 1. Moreover,
AM(A) = = X(A) =1 and M1 (A) = -+ = M1 (A) = 0. In particular, A is a symmetric positive
semi-definite matriz.

Lemma 7.14. For any symmetric matric M € R™*™ and any positive diagonal matriz S € R"*™ it
holds that A; (MS™1) = X;(S™Y2MS=Y?2) for everyi € {1,...,n}.

Proof. Let v; € R™ and \; € R be such that MS~ v; = A\;v;. Let v; = S'/2y; for some vector y; € R™ (it
exists as S is a positive diagonal matrix), then we have MS~1 - §%/2y; = \; - SV/2y, and by multiplying
from the left with S~1/2, we obtain S~1/2MS~1/2 Y = N - Vi O

Lemma 7.15. [Kly00, Eig15] Let @Q € R™*™ be a symmetric positive semi-definite matriz and S € R™*"
be a positive diagonal matriz. Let \y > ... > X, and 1 > ... > u, be the eigenvalues of Q and QS™1,
respectively. Then, it holds that \; - minj{S;jl} < <A - maxj{S;jl}.

Lemma 7.16. [Ste90, Corollary 4.10] Let A, E € R™*™ be arbitrary symmetric matrices. Then, their
eigenvalues satisfy |Ni(A+ E) — X\ (A)| < || E|l, for every i € {1,...,n}.

Using the preceding four lemmas, we establish a lower bound on the eigenvalue A\gy1(Lgr).
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Chapter 7. Analysis of Approximate Spectral Clustering

Theorem 7.17. (Ring of k Cliques) The (k + 1)-st smallest eigenvalue of the normalized Laplacian
matriz of graph G satisfies \y1(Lgr) = 1 —k/n.

def

Proof. Let Z'= D~!. (D + S). Note that Z is a positive diagonal matrix. By definition, we have

Lor=1—(D+8)""2(A+ Agp)(D+8)""/?
=1—-7'2.D7V2 (A4 Ag)D™V2. 271/,

It suffices to upper bound the (k+ 1)-st largest eigenvalue of matrix Z=1/2. D=V2(A+ Ag)D~1/2. 7-1/2,
Recall that A= D~Y/2AD~1/2? and thus

Z71/2 'D71/2 (A+AR) D71/2 . Z71/2 _ Z71/2A271/2 _’_271/2 . D*l/QARDfl/Q . 271/2.

By definition, HM||§ = max|,|,—1 ' M" Mz and since AgAg = S, we have

2k
Agl? = max 278z = max 22 <1 7.26
I4rlz = max, ||z\|2:1; K (7:26)
and
2
H(D—i—S)ilH2 = max 27 (D+95) %z < max{l} - max zlz < (k> (7.27)
2 llzll,=1 S s+ 8a)? S del= T T \n
In order to apply Lemma 7.16, we upper bound first the expression
—1/2 -1/2 -1/2  r>—1/2| Lem.7.14 —1m—1
HZ /2. D12 ARDV2. 77V H2 ST A - D2,
. 4| (7:26) and (7:27) k
=4z @+9)7| <4l [+ T <2 (7.28)

Since A is a symmetric positive semi-definite matrix and Z is a positive diagonal matrix, we have

Aot (Z*l/QAZ*W) em Ty (AZ7Y)

Lem. 7.15 Lem. 7.13

< A1 (A) max {Z;'} = Ng1 (A) 0. (7.29)

Therefore, the largest (k 4 1)-st eigenvalue

Ak—‘,—l (Z71/2 . D71/2 (A+AR) D71/2 . Z*l/?)
Lem. 7.16
< (Z—l/QAZ—l/Q) + HZ—l/z D YV2A,D /2. Z—l/zH
2

(7.28) and (7.29) k
< )

n

and thus the smallest (k4 1)-st eigenvalue of Lgr satisfies Ap11(Lgr) = 1 — k/n. O

84



Part 111

Two Results on Slime Mold Computations

Proceedings

This part is based on an article [BBK 18] that appeared at the journal of Theoretical
Computer Science, Series C (Theory of Natural Computing). The full ArXiv version is available
online [BBK17].

Acknowledgements

I would like to thank Kurt Mehlhorn for his guidance, support and fruitful collaboration,
Ruben Becker, Vincenzo Bonifaci and Andreas Karrenbauer for fruitful collaboration, and
anonymous reviewers of our journal submission for their helpful remarks.



86



Chapter 8

Introduction

We present two results on slime mold computations, one on the biologically-grounded model and one on
the biologically-inspired model. The former model was introduced by biologists to capture the slime’s
apparent ability to compute shortest paths. We show in Section 8.1 that the dynamics can actually
do more. It can solve a wide class of linear programs with nonnegative cost vectors. The latter model
was designed as an optimization technique inspired by the former model. We present in Section 8.2 an
improved convergence result for its discretization.

8.1 The Biologically-Grounded Model

Physarum polycephalum is a slime mold that apparently is able to solve shortest path problems. Nakagaki,
Yamada, and Téth [NYTO00] report about the following experiment; see Figure 8.1. They built a maze,
covered it by pieces of Physarum (the slime can be cut into pieces which will reunite if brought into
vicinity), and then fed the slime with oatmeal at two locations. After a few hours the slime retracted
to a path that follows the shortest path in the maze connecting the food sources. The authors report
that they repeated the experiment with different mazes; in all experiments, Physarum retracted to the
shortest path.

The paper [TKN07] proposes a mathematical model for the behavior of the slime and argues extensively
that the model is adequate. Physarum is modeled as an electrical network with time varying resistors.
We have a simple undirected graph G = (N, E) with distinguished nodes sg and s; modeling the food
sources. Each edge e € F has a positive length ¢, and a positive capacity x.(t); ce is fixed, but z.(t) is a
function of time. The resistance 7.(t) of e is 7. (t) = ce/xc(t). In the electrical network defined by these
resistances, a current of value 1 is forced from sy to s;. For an (arbitrarily oriented) edge e = (u,v), let
qe(t) be the resulting current over e. Then, the capacity of e evolves according to the differential equation

jf'e(t) = |Qe(t)| - xe(t)’ (81)

where &, is the derivative of z, with respect to time. In equilibrium (&, = 0 for all e), the flow through
any edge is equal to its capacity. In non-equilibrium, the capacity grows (shrinks) if the absolute value
of the flow is larger (smaller) than the capacity. In the sequel, we will mostly drop the argument ¢ as is
customary in the treatment of dynamical systems. We will also write ¢ for the vector with components
ge- It is well-known that the electrical flow ¢ is the feasible flow minimizing energy dissipation ), Teq?
(Thomson’s principle).

We refer to the dynamics above as biologically-grounded, as it was introduced by biologists to model
the behavior of a biological system. Miyaji and Ohnishi were the first to analyze convergence for special
graphs (parallel links and planar graphs with source and sink on the same face) in [MOO08]. In [BMV12]
convergence was proven for all graphs. We state the result from [BMV12] for the special case that the
shortest path is unique.

Theorem 8.1 ([BMV12]). Assume z.(0) > 0 and c. > 0 for all e, and that the undirected shortest path
P* from sg to s1 w.r.t. the cost vector c is unique. Then x(t) in (8.1) converges to P*. Namely, x.(t) — 1
foree P* and x. — 0 fore & P* ast — oc.

[BMV12] also proves an analogous result for the undirected transportation problem; [Bon13] simplified
the argument under additional assumptions. The paper [Bonl15] studies a more general dynamics and
proves convergence for parallel links.

In this paper, we extend this result to non-negative undirected linear programs

min{ctz : Af =b, |f| <z}, (8.2)
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Figure 8.1: The experiment in [NYT00] (reprinted from there): (a) shows the maze uniformly covered
by Physarum; yellow color indicates presence of Physarum. Food (oatmeal) is provided at the locations
labeled AG. After a while the mold retracts to the shortest path connecting the food sources as shown
in (b) and (¢). (d) shows the underlying abstract graph. The video [Phy10] shows the experiment.

where A € R"*™, b € R", z € R™, ¢ € RY;, and the absolute values are taken componentwise. Undirected
LPs can model a wide range of problems, e.g., optimization problems such as shortest path and min-cost
flow in undirected graphs, and the Basis Pursuit problem in signal processing [CDS98].

We use n for the number of rows of A and m for the number of columns, since this notation is
appropriate when A is the node-edge-incidence matrix of a graph. A vector f € R™ is feasible if Af = 0.
We assume that the system Af = b has a feasible solution and every nonzero vector f in the kernel ! of A
has positive cost Y, ¢e|fe| > 0. The vector ¢ € R™ in (8.1) is now the minimum energy feasible solution

q(t) = argmin Z Ce f2:Af =bA fo =0 whenever z, =0 » . (8.3)
Jer™ e:xe#0 {Ee(t)

We remark that ¢ is unique; see Section 9.2.1. If A is the incidence matrix of a graph (the column
corresponding to an edge e has one entry +1, one entry —1 and all other entries are equal to zero), (8.2)
is a transshipment problem with flow sources and sinks encoded by a demand vector b. The condition
that there is no solution in the kernel of A with c.f. = 0 for all e states that every cycle contains at
least one edge of positive cost. In that setting, ¢(t) as defined by (8.3) coincides with the electrical flow
induced by resistors of value ¢, /xz.(t). We now state our first main result, which is proved in Chapter 9.

Theorem 8.2. Let ¢ > 0 satisfy c*|f| > 0 for every non-zero f in the kernel of A. Let x* be an optimum
solution of (8.2) and let X, be the set of optimum solutions. Assume x(0) > 0. The following holds for
the dynamics (8.1) with q as in (8.3):

(i) The solution x(t) exists for all t > 0.

(ii) The cost cTx(t) converges to cta* ast goes to infinity.

(11i) The vector x(t) converges to X,, i.e., limy_,o inf { |x(t) — 2’| : 2’ € X, } — 0.

(iv) For all e with c. > 0, z.(t) — |qe(t)| converges to zero as t goes to infinity. * If x* is unique, x(t)

and q(t) converge to =* as t goes to infinity.

Ttem (i) was previously shown in [SV16a] for the case of a strictly positive cost vector. The result
in [SV16a] is actually stated only for the all-ones cost vector ¢ = 1. The case of a general positive cost
vector reduces to this special case by rescaling the solution vector x. Item (i) for the more general cost
vector and items (i7) to (iv) are new. We stress that the dynamics (8.1) is biologically-grounded. It was
proposed to model a biological system and not as an optimization method. Nevertheless, it can solve a
large class of non-negative LPs. Table 8.1 summarizes our first main result and puts it into context.

Sections 9.1 and 9.2 are devoted to the proof of our first main theorem. For ease of exposition, we
present the proof in two steps. In Section 9.1, we give a proof under the following simplifying assumptions:

(A) ¢>0,

(B) The basic feasible solutions of (8.2) have distinct cost,

(C) We start with a positive vector 2(0) € Xgom :={ € R™ : there is a feasible f with |f]| < z }.
Section 9.1 generalizes [Bonl13]. For the undirected shortest path problem, condition (B) states that all
simple undirected source-sink paths have distinct cost and condition (C) states that all source-sink cuts
have a capacity of at least one at time zero (and hence at all times). The existence of a solution with
domain [0, c0) was already shown in [SV16a]. We will show that Xqom s an invariant set, i.e., the solution

1 The kernel of a matrix A consists of all solutions to the system Az = 0.
2 We conjecture that this also holds for the indices e with c. = 0.

88



8.2. The Biologically-Inspired Model

Reference Problem Existence | Convergence Comments
(Undirected Case) | of Solution to OPT
[MOO08] Shortest Path Yes Yes parallel edges, planar graphs
[BMV12] Shortest Path Yes Yes all graphs
[SV16a] Positive LP Yes No c>0
Our . He>0
Result Nonnegative LP Yes Yes 2) Yo € kez(A) e >0

Table 8.1: Convergence results for the continuous undirected Physarum dynamics (8.1).

stays in Xqom for all times, and that E(z) =Y rex? = > cex. is a Lyapunov function ® [LaS706, Tes12]
for the dynamics (8.1), i.e., £ < 0 and E = 0 if and only if & = 0. It follows from general theorems about
dynamical systems that the dynamics converges to a fixed point of (8.1). The fixed points are precisely
the vectors |f| where f is a feasible solution of (8.2). A final argument establishes that the dynamics
converges to a fixed point of minimum cost.

In Section 9.2, we prove the general case of the first main theorem. We assume

(D) ¢>0,

(E) cost(z) = cT|z| > 0 for every non-zero vector z in the kernel of A,

(F) We start with a positive vector z(0) > 0.
Section 9.2 generalizes [BMV12] in two directions. First, we treat general undirected LPs and not just
the undirected shortest path problem, respectively, the transshipment problem. Second, we replace the
condition ¢ > 0 by the requirement ¢ > 0 and every non-zero vector in the kernel of A has positive cost.
For the undirected shortest path problem, the latter condition states that the underlying undirected
graph has no zero-cost cycle. Section 9.2 is technically considerably more difficult than Section 9.1. We
first establish the existence of a solution with domain [0, 00). To this end, we derive a closed formula for
the minimum energy feasible solution and prove that the mapping x — ¢ is locally Lipschitz. Existence
of a solution with domain [0, co) follows by standard arguments. We then show that Xgom is an attractor,
i.e., the solution z(t) converges to Xgom. We next characterize equilibrium points and exhibit a Lyapunov
function. The Lyapunov function is a normalized version of E(x). The normalization factor is equal to the
optimal value of the linear program max{«a : Af = ab, |f| < z} in the variables f and «. Convergence
to an equilibrium point follows from the existence of a Lyapunov function. A final argument establishes
that the dynamics converges to a fixed point of minimum cost.

8.2 The Biologically-Inspired Model

Ito et al. [IJNT11] initiated the study of the dynamics
#(t) = a(t) — w(t). (8.4)

We refer to this dynamics as the directed dynamics in contrast to the undirected dynamics (8.1). The
directed dynamics is biologically-inspired — the similarity to (8.1) is the inspiration. It was never claimed to
model the behavior of a biological system. Rather, it was introduced as a biologically-inspired optimization
method. The work in [IJNT11] shows convergence of this directed dynamics (8.4) for the directed shortest
path problem and [JZ12, SV16¢, Bon16] show convergence for general positive linear programs, i.e., linear
programs with positive cost vector ¢ > 0 of the form

min{c'z : Az = b, 2 > 0}. (8.5)
The discrete versions of both dynamics define sequences ), t = 0,1,2, ... through
2D = (1 — A)z® 4 O discrete directed dynamics; (8.6)
) = (1 = h®)z® 4 p®|g®)] discrete undirected dynamics,

where h®) is the step size and ¢ is the minimum energy feasible solution as in (8.3). For the discrete
dynamics, we can ask complexity questions. This is particularly relevant for the discrete directed dynamics
as it was designed as an biologically-inspired optimization method.

3 Lyapunov functions are a main tool for proving convergence of dynamical systems. It is a function L(t) mapping the
state z(t) of the system to a non-negative real such that L < 0 and L = 0 iff £ = 0. It is an “art” to find a Lyapunov
function for a concrete dynamical system.
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For completeness, we review the state-of-the-art results for the discrete undirected dynamics. For
the undirected shortest path problem, the convergence of the discrete undirected dynamics (8.7) was
shown in [BBD"13]. The convergence proof gives an upper bound on the step size and on the number
of steps required until an e-approximation of the optimum is obtained. [SV16b] extends the result
to the transshipment problem and [SV16a] further generalizes the result to the case of positive LPs.
The paper [SV16D] is related to our first result. It shows convergence of the discretized undirected
dynamics (8.7), we show convergence of the continuous undirected dynamics (8.1) for a more general cost
vector.

We come to the discrete directed Physarum-inspired dynamics (8.6). Similarly to the undirected setting,
Becchetti et al. [BBD " 13] showed the convergence of (8.6) for the shortest path problem. Straszak and
Vishnoi extended the analysis to the transshipment problem [SV16b] and positive LPs [SV16¢].

Theorem 8.3. [SV1(c, Theorem 1.3] Let A € Z™*™ have full row rank (n < m), b € Z", ¢ € ZZ,, and

let Dg % max{|det(M)| : M is a square sub-matriz of A}.* Suppose the Physarum-inspired dynamics

(8.6) is initialized with a feasible point (O of (8.5) such that M~ < 2 < M and ¢"2(®) < M - opt
for some M > 1, where opt denotes the optimum cost of (8.5). Then, for any ¢ > 0 and step size
h < e/(V6|c|iDs)?, after k = O((eh)~2In M) steps, %) is a feasible solution with cT2*) < (1 + £)opt.

Theorem 8.3 gives an algorithm that computes a (1 + ¢)-approximation to the optimal cost of (8.5).
In comparison to [BBDT13, SV16b], it has several shortcomings. First, it requires a feasible starting
point. Second, the step size depends linearly on e. Third, the number of steps required to reach an
g-approximation has a quartic dependence on opt/(e®). In contrast, the analysis in [BBD ™13, SV16b]
yields a step size independent of € and a number of steps that depends only logarithmically on 1/e, see
Table 8.2.

We overcome these shortcomings in Chapter 10. Before we can state our result, we need some notation.
Let X, be the set of optimal solutions to (8.5). The distance of a capacity vector x to X, is defined as

def

dist(z, X,) = inf{|r — 2’| : 2’ € X, }.

Let YA déf ng({A” : Aij 7é 0}) S Z>0 and

def |

D = max{|det (M)| : M is a square submatrix of A/y4 with dimension n — 1 or n}. (8.8)

Let N be the set of non-optimal basic feasible solutions of (8.5) and

& Y mincTg — opt > 1/(Dya)?, (8.9)
geEN
where the inequality is a well result in combinatorial optimization [PS82, Lemma 8.6]. For completeness,
we present a proof in Section 10.5. Informally, our second main result proves the following properties of
the Physarum-inspired dynamics (8.6):
(i) For any ¢ > 0 and any strongly dominating starting point ° 2 there is a fixed step size h(x(o))
such that the Physarum-inspired dynamics (8.6) initialized with () and h(z(®)) converges to X,
ie., dist(z™®, X,) < e/(Dva) for large enough k.
(ii) The step size can be chosen independently of .
(iii) The number of steps k depends logarithmically on 1/e and quadratically on opt/®.
(iv) The efficiency bounds depend on the scale-invariant determinant  D.

In Section 10.8, we establish a corresponding lower bound. We show that for the Physarum-inspired
dynamics (8.6) to compute a point z(*) such that dist(z*), X,) < &, the number of steps required for
computing an e-approximation has to grow linearly in opt/(h®) and In(1/¢), i.e. k > Q(opt - (h®)~* -
In(1/€)). Table 8.2 puts our results into context.

4 Using Lemma 9.10, the dependence on Dg can be improved to a scale-independent determinant D, defined in (8.8).
For further details, we refer the reader to Section 10.2.

5 We postpone the definition of strongly dominating capacity vector to Section 10.3. Every scaled feasible solution is
strongly dominating. In the shortest path problem, a capacity vector z is strongly dominating if every source-sink cut (S, S)
has positive directed capacity, i.e., ZaeE(sS) Tq — ZaeE(ES) zq > 0.

6 Note that (y4)" 'D < Dg < (v4)™D, and thus D yields an exponential improvement over Dg, whenever v4 > 2.
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Reference (Dil;);?:;eg; se) step size h number of steps k Guarantee
©
[BBD*13] Shortest Path indep. of € poly(m,ﬁ(ﬂlck,)”x ) dist(z®), X,) < e
©
[SV16b] Transshipment indep. of € poly(m. n. v [bl. =) dist(z™®), X,) < ¢
‘In(1/¢)
SV 16e it poly(cf1, Ds, In |z "™ < (1 + e)opt
[SV16¢] Positive LP depends on & 1)(Be) T2 < mingen ¢l
Our s : pOl}’(”C”h ”b”17D77A71n "'r(O)”l) : (k) e
Result Positive LP indep. of € D-2In(1/e) dist(2'", X,) < 55
Eg:ﬁg Positive LP indep. of € Q(opt - (h®)~11n(1/e)) dist(z™®), X,) < ¢

Table 8.2: Convergence results for the discrete directed Physarum-inspired dynamics (8.6).

We state now our second main result for the special case of a feasible starting point, and we provide
the full version in Theorem 10.2 which applies for arbitrary strongly dominating starting point, see

Section 10.1. We use the following constants in the statement of the bounds.

(i) ho % i/ (4Dclh), Where cmin 2 ming{c;};

(i) ¥ max{mD?[lb/yallr, |+ o }:

(it)) C1 = Dlo/yalllelr, C2 ™ 82m?nD™3 [ Aluoblly and Cs = D3yalbl el
Theorem 8.4. Suppose A € Z"*™ has full row rank (n < m), b€ Z", c € ZZ; and € € (0,1). Given a
feasible starting point (%) > 0 the Physarum-inspired dynamics (8.6) with step size h < (®/opt) - /2
outputs for any k > 4Cy /(h®) - In(Co¥® /(g -min{1, xfr?l)n})) a feasible %) > 0 such that dist(z*) | X,) <
6/(D’}/A) .

We stated the bounds on A in terms of the unknown quantities ® and opt. However, ®/opt > 1/C5 by
Lemma 9.10 and hence replacing ®/opt by 1/Cj5 yields constructive bounds for h. Note that the upper
bound on the step size does not depend on ¢ and that the bound on the number of iterations depends
logarithmically on 1/e and quadratically on opt/®.

What can be done if the initial point is not strongly dominating? For the transshipment problem it
suffices to add an edge of high capacity and high cost from every source node to every sink node [BBD 13,
SV16b]. This will make the instance strongly dominating and will not affect the optimal solution. We
generalize this observation to positive linear programs. We add an additional column equal to b and give it
sufficiently high capacity and cost. This guarantees that the resulting instance is strongly dominating and
the optimal solution remains unaffected. Moreover, our approach generalizes and improves upon [SV16h,
Theorem 1.2], see Section 10.7.

Proof Techniques: The crux of the analysis in [[JNT11, BBD™13, SV16b] is to show that for large
enough k, z(®) is close to a non-negative flow f*) and then to argue that f*) is close to an optimal flow
f*. This line of arguments yields a convergence of z(*) to X, with a step size h chosen independently of
E.

In Chapter 10, we extend the preceding approach to positive linear programs, by generalizing the con-
cept of non-negative cycle-free flows to non-negative feasible kernel-free vectors (Section 10.4). Although,
we use the same high level ideas as in [BBD ™13, SV16b], we stress that our analysis generalizes all relevant
lemmas in [BBD'13, SV16b] and it uses arguments from linear algebra and linear programming duality,
instead of combinatorial arguments. Further, our core efficiency bounds (Section 10.2) extend [SV16¢]
and yield a scale-invariant determinant dependence of the step size and are applicable for any strongly
dominating starting point (Section 10.3).
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Chapter 9

Biologically-Grounded Physarum Dynamics

9.1 Convergence: Simple Instances

In this section, we prove Theorem 8.2 under the simplifying assumptions (A) to (C), defined in page 88.

9.1.1 Preliminaries

Note that we may assume that A has full row-rank since any equation that is linearly dependent on
other equations can be deleted without changing the feasible set. We continue to use n and m for the
dimension of A. Thus, A has rank n. We continue by fixing some terms and notation. A basic feasible
solution of (8.2) is a pair of vectors x and f = (fp, fn), where fp = Aglb and Ap is a square n X n
non-singular sub-matrix of A and fy = 0 is the vector indexed by the coordinates not in B, and = = |f|.
Since f uniquely determines z, we may drop the latter for the sake of brevity and call f a basic feasible
solution of (8.2). A feasible solution f is kernel-free or non-circulatory if it is contained in the convex hull
of the basic feasible solutions. We say that a vector f’ is sign-compatible with a vector f (of the same
dimension) or f-sign-compatible if f/ # 0 implies f.f. > 0. In particular, supp(f’) C supp(f). For a given
capacity vector x and a vector f € R™ with supp(f) C supp(z), we use E(f) = > _(ce/z.)f? to denote
the energy of f. The energy of f is infinite, if supp(f) € supp(z). We use cost(f) = >, ce|fe| = cT|f]
to denote the cost of f. Note that E(z) = > _(cc/xe)x2 =Y, cewe = cost(z). We define the constants
Cmax = ||C||oo and Cmin = mine:cﬂ>0 Ce.
We use the following corollary of the finite basis theorem for polyhedra.

Lemma 9.1. Let f be a feasible solution of (8.2). Then f is the sum of a convex combination of at most
m basic feasible solutions plus a vector in the kernel of A. Moreover, all elements in this representation
are sign-compatible with f.

Proof. We may assume f > 0. Otherwise, we flip the sign of the appropriate columns of A. Thus, the
system Af = b, f > 0 is feasible and f is the sum of a convex combination of at most m basic feasible
solutions plus a vector in the kernel of A by the finite basis theorem [Sch99, Corollary 7.1b]. By definition,
the elements in this representation are non-negative vectors and hence sign-compatible with f. O

Lemma 9.2 (Gronwall’s Lemma). Let A, B,a, 8 € R, a £ 0, 8 # 0, and let g be a continuous differen-
tiable function on [0,00). If A+ ag(t) < g(t) < B+ Bg(t) for all t >0, then —A/a + (g(0) + A/a)e™ <
g(t) < —B/B+ (9(0) + B/B)est for all t > 0.

Proof. We show the upper bound. Assume first that B = 0. Then
d g gelt — pge’t
dt eft e2pt

If B # 0, define h(t) = g(¢t) + B/S. Then

h=§<B+pg=B+ph—B/B)=ph

and hence h(t) < h(0)e’t. Therefore g(t) < —B/B + (9(0) + B/B)e’. O

t
<0 implies —= < == = g(0).
e

An immediate consequence of Gronwall’s Lemma is that the undirected Physarum dynamics (8.1)
initialized with any positive starting vector x(0), generates a trajectory {z(¢)}:>0 such that each time
state x(t) is a positive vector. Indeed, since &, = |ge| — xe = —x., we have z.(t) = x.(0) - exp{—t} for
every index e with x.(0) > 0 and every time t. Further, by (8.1) and (8.3), it holds for indices e with
z.(0) = 0 that z.(t) = 0 for every time ¢. Hence, the trajectory {z(¢)}:>0 has a time-invariant support.

1 For the undirected shortest path problem, we drop the equation corresponding to the sink. Then b becomes the negative
indicator vector corresponding to the source node. Note that n is one less than the number of nodes of the graph. The basic
feasible solutions are the simple undirected source-sink paths. A circulatory solution contains a cycle on which there is flow.
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Lemma 9.3 ([JZ12]). Let R = diag(c./z.). Then ¢ = R~'ATp, where p = (AR71AT)~!

Proof. q minimizes ), req? subject to Aq = b. The Karush-Kuhn-Tucker (KKT) optimality conditions
for constrained optimization [Boy04] imply the existence of a vector p such that Rg = ATp. Substituting
into Aq = b yields p = (AR™1AT)~1p. O

Lemma 9.4. X, is an tnvariant set, i.e., if ©(0) € Xqom then x(t) € Xaom for all t.

Proof. Let q(t) be the minimum energy feasible solution with respect to R(t) = diag(c./z.(t)), and let f(t)
be such that f(0) is feasible, | f(0)| < z(0), and f() = q(t) — f(t). Then £ (Af —b) = A(q— f) =b— Af
and hence Af(t) —b= (Af(0) —b)e~* = 0. Thus f(¢) is feasible for all t. Moreover,

Clf-m=f—i=a—f—(ld-x)=a~ld - (f - 2) < ~(f 2.

Thus f(t) —z(t) < (f(0) —z(0))e~t < 0 by Gronwall’s Lemma applied with g(t) = f(t) —z(t) and 8 = —1,
and hence f(t) < z(t) for all ¢. Similarly,

%(fﬂ“)=f'+5c=q—f+(|q|—m)=q+|q\ (f+2)> ~(f +2).

Thus f(t)+z(t) = (f(0)+2(0))e~" > 0 by Gronwall’s Lemma applied with ¢(t) = f(¢t)+(t) and o = —1
and A =0, and hence f(t) > —z(t ) for all ¢.
We conclude that |f(¢)| < z(t) for all ¢. Thus, z(t) € Xgom for all ¢. O

9.1.2 The Convergence Proof

We will first characterize the equilibrium points. They are precisely the points |f|, where f is a basic
feasible solution; the proof uses assumption (B) in page 88. We then show that E(x) is a Lyapunov
function for (8.1), in particular, £ < 0 and E = 0 if and only if z is an equilibrium point. For this
argument, we need that the energy of ¢ is at most the energy of x with equality if and only if = is an
equilibrium point. This proof uses assumptions (A) and (C) in page 88. It follows from the general theory
of dynamical systems that x(¢) approaches an equilibrium point. Finally, we show that convergence to a
non-optimal equilibrium is impossible.

Lemma 9.5 (Generalization of Lemma 2.3 in [Bonl3]). Assume (A) to (C). If f is a basic feasible
solution of (8.2), then © = |f] is an equilibrium point. Conversely, if x is an equilibrium point, then
x = |f] for some basic feasible solution f.

Proof. Let f be a basic feasible solution, let x = |f], and let ¢ be the minimum energy feasible solution
with respect to the resistances c./z.. We have Ag = b and supp(q) C supp(x) by definition of ¢. Since
f is a basic feasible solution there is a subset B of size n of the columns of A such that Ap is non-
singular and f = (Aglb, 0). Since supp(q) C supp(z) C B, we have ¢ = (¢p,0) for some vector gp. Thus,
b= Aq = Apqp and hence qg = fp. Therefore & = |¢| — x = 0 and « is an equilibrium point.
Conversely, if x is an equilibrium point, |¢.| = z. for every e. By changing the signs of some columns
of A, we may assume ¢ > 0. Then ¢ = z. Since q. = x./c.AXp where A, is the e-th column of A by
Lemma 9.3, we have ¢, = Alp, whenever z, > 0. By Lemma 9.1, ¢q is a convex combination of basic
feasible solutions and a vector in the kernel of A that are sign-compatible with g. The vector in the kernel
must be zero as ¢ is a minimum energy feasible solution. For any basic feasible solution z contributing
to g, we have supp(z) C supp(z). Summing over the e € supp(z), we obtain cost(z) = 3. cqupp(s) CeZe
ZGESHPP(Z) 2¢ATp = bTp. Thus, the convex combination involves only a single basic feasible solution by
assumption (B) and hence z is a basic feasible solution. O

The vector z(t) dominates a feasible solution at all times. Since ¢(t) is the minimum energy feasible
solution at time ¢, this implies F(q(t)) < E(x(t)) at all times. A further argument shows that we have
equality if and only if z = |g|.

Lemma 9.6 (Generalization of Lemma 3.1 in [Bon13]). Assume (A) to (C). At all times, E(q) < E(x).
If E(q) = E(x), then z = |q].

94



9.1. Convergence: Simple Instances

Proof. Recall that z(t) € Xqom for all ¢. Thus, at all times, there is a feasible f such that |f| < z. Since
¢ is a minimum energy feasible solution, we have

E(q) < E(f) < E(x).

If E(q) = E(z) then E(q) = E(f) and hence ¢ = f since the minimum energy feasible solution is unique.
Also, |f| = x since |f] < x and |f.| < x. for some e implies E(f) < E(x). The last conclusion uses
c>0. O

Lyapunov functions are the main tool for proving convergence of dynamical systems. We show that
E(z) is a Lyapunov function for (8.1).

Lemma 9.7 (Generalization of Lemma 3.2 in [Bon13]). Assume (A) to (C). E(x) is a Lyapunov function
for (8.1), i.e., it is continuous as a function of x, E(z) > 0, E(z) <0 and E(z) =0 if and only if £ = 0.

Proof. E is clearly continuous and non-negative. Recall that E(z) = cost(z). Let R be the diagonal
matrix with entries ¢e/x.. Then

%cost(x) =cT(|q| — z) by (8.1)
=2"Rlq| — "Rz since ¢ = Rz
= xTR1/2R1/2|q| —zTRx
< (¢"Rq)'? (2" Rx)'/? — 2T Ra by Cauchy-Schwarz
< (T Rx)Y?(2"Ra)Y/? — 2T Rx by Lemma 9.6
=0.

Observe that %cost(x) = 0 implies that both inequalities above are equalities. This is only possible if
the vectors |¢q| and x are parallel and E(q) = E(x). Thus, z = |¢| by Lemma 9.6. O

It follows now from the general theory of dynamical systems that x(¢) converges to an equilibrium
point.

Corollary 9.8 (Generalization of Corollary 3.3. in [Bon13].). Assume (A) to (C). As t — oo, x(t)
approaches an equilibrium point and cTx(t) approaches the cost of the corresponding basic feasible solution.
Proof. The proof in [Bon13] carries over. We include it for completeness. The existence of a Lyapunov
function E implies by [LaS76, Corollary 2.6.5] that x(t) approaches the set {x €RY, : E=0 }, which

by Lemma 9.7 is the same as the set {x ERYy:2=0 } Since this set consists of isolated points
(Lemma 9.5), x(t) must approach one of those points, say the point xo. When = = x , one has E(q) =
E(x) = cost(z) = c'. O

It remains to exclude that x(¢) converges to a non-optimal equilibrium point.

Theorem 9.9 (Generalization of Theorem 3.4 in [Bonl3]). Assume (A) to (C). Ast — oo, cTa(t)
converges to the cost of the optimal solution and x(t) converges to the optimal solution.

Proof. By the corollary, it suffices to prove the second part of the claim. For the second part, assume that
x(t) converges to a non-optimal solution z. Let z* be the optimal solution and let W =" _x¥ccInz.. Let
§ = (cost(z)—cost(z*))/2. Note that for all sufficiently large ¢, we have E(q(t)) > cost(z)—3 > cost(x*)+4.
Further, by definition q. = (z./c.)ATp and thus

W= Z%%'elxiee = er\Azm — cost(z*) > erAEp — cost(z*) = 4,
e e €

where the last inequality follows by Y. 2fAYp = bTp = E(q) > cost(z*) + 5. Hence W — oo, a
contradiction to the fact that x is bounded. O
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9.2 Convergence: General Instances

In this section, we prove Theorem 8.2 under the more general assumptions (D) to (F), defined in page 89.

9.2.1 Existence of a Solution with Domain [0, c0)

In this subsection we show that a solution z(t) to (8.1) has domain [0, c0). We first derive an explicit
formula for the minimum energy feasible solution ¢ and then show that the mapping z + ¢ is Lipschitz
continuous; this implies existence of a solution with domain [0, c0) by standard arguments.

The Minimum Energy Solution
Recall that for y4 = gcd({4;; : Aij # 0}) € Z~¢, we defined by
D = max {|det (M)| : M is a square submatrix of A/y4 with dimension n — 1 or n}.

We derive now properties of the minimum energy solution. In particular, if every non-zero vector in
the kernel of A has positive cost,
(i) the minimum energy feasible solution is kernel-free and unique (Lemma 9.11),
(ii) |ge| < D|b/7val1 for every e € [m] (Lemma 9.12),
(iii) ¢ is defined by (9.3) (Lemma 9.13), and
(iv) E(q) = bTp, where p is defined by (9.3) (Lemma 9.14).
We note that for positive cost vector ¢ > 0, these results are known.
We proceed by establishing some useful properties on basic feasible solutions.

Lemma 9.10. Suppose A € Z™*™ is an integral matriz, and b € Z™ is an integral vector. Then, for
any basic feasible solutions f with Af =b and f > 0, it holds that | f|oc < D|b/val1 and f; # 0 implies
|fi1 2 1/(Dva)-

Proof. Since f is a basic feasible solution, it has the form f = (fp,0) such that Ag - fg = b where
Ap € Z™*™ is an invertible submatrix of A. We write M_; _; to denote the matrix M with deleted ¢-th
row and j-th column. Let ); be the matrix formed by replacing the j-th column of Ap by the column
vector b. Then, using the fact that det(tA) = ¢™ det(A) for every A € R™*" and ¢t € Z, Cramer’s rule
yields

1F5 ()] = 3 (1) *F by - det (43 [Ap)-5.—y)

det (v;'Ap)

det (QJ) ‘ _ 1

det (Ap)|  7a |~

By the choice of 74, the values det(y,*Ag) and det(y,'[Ap]_k ;) are integral for all k, it follows that
1

D < |fBU)l- O

[ < DJb/valy  and  fp(j) #0 =
Lemma 9.11. If every non-zero vector in the kernel of A has positive cost, the minimum enerqgy feasible
solution is kernel-free and unique.

Proof. Let ¢ be a minimum energy feasible solution. Since ¢ is feasible, it can be written as g, + ¢,
where ¢, is a convex combination of basic feasible solutions and ¢, lies in the kernel of A. Moreover, all
elements in this representation are sign-compatible with ¢ by Lemma 9.1. If ¢, # 0, the vector ¢ — ¢, is
feasible and has smaller energy, a contradiction. Thus ¢, = 0.

We next prove uniqueness. Assume for the sake of a contradiction that there are two distinct minimum
energy feasible solutions ¢") and ¢(®). We show that the solution (¢ +¢(®))/2 uses less energy than ¢(*)
and ¢(®. Since h — h? is a strictly convex function from R to R, the average of the two solutions will be
better than either solution if there is an index e with r. > 0 and qél) #+ q£2). The difference z = ¢(*) — ¢
lies in the kernel of A and hence cost(z) = Y__ cc|ze| > 0. Thus there is an e with ¢, > 0 and 2z, # 0. We
have now shown uniqueness. O

Lemma 9.12. Assume that every non-zero vector in the kernel of A has positive cost. Let q be the
minimum energy feasible solution. Then |qe| < D|b/~val|1 for every e.

Proof. Since ¢ is a convex combination of basic feasible solutions, |g.| < max, |z.| where z ranges over
basic feasible solutions of the form (zp,0), where zp = A5'b and Ag € R"*™ is a non-singular submatrix
of A. Thus, by Lemma 9.10 every component of z is bounded by D|b/va|1- O

96



9.2. Convergence: General Instances

In [SV16c], the bound |g.| < D?*m|b|; was shown. We will now derive explicit formulae for the
minimum energy solution g. We will express ¢ in terms of a vector p € R™, which we refer to as the
potential, by analogy with the network setting, in which p can be interpreted as the electric potential of
the nodes. The energy of the minimum energy solution is equal to b p. We show that the mapping x — ¢
is locally Lipschitz. Note that for ¢ > 0 these facts are well-known. Let us split the column indices [m] of
A into

Pdéf{ee[m]:ce>0} and Zdéf{ee[m]:ce:O}. (9.1)
Lemma 9.13. Assume that every non-zero vector in the kernel of A has positive cost. Let re = c./x.
and let R denote the corresponding diagonal matriz. Let us split A into Ap and Az, and q into qp and

qz. Since Az has linearly independent columns, we may assume that the first |Z| rows of Az form a
AT, AL

square non-singular matriz. We can thus write A = [A,, A,,] with invertible A'y. Then the minimum
P zZ

energy solution satisfies
Aip A/Z qp _ b/ and Rp 0 qp _
Allf—, A% qz b// 0 0 qz

for some vector p = [;’,/,]; here p' has dimension |Z|. The equation system (9.2) has a unique solution
given by

T T
A A
P P
A T A T
zZ A

H} (9.2

p

[QZ] _ {[A’Z]_l(b’ — A/pqp)] and {P'] _ { —[[A5]T] AL " ] ’ (9.3)

qp RI—JlA’Il;p p// MR—lMT(b// _ A%[A/Z]_lb/)

where M = AY, — A [A")] LA’ is the Schur complement of the block A', of the matriz A.

Proof. ¢ minimizes E(f) = fT Rf among all solutions of Af = b. The KKT conditions state that ¢ must
satisfy Rq = A"p for some p. Note that 2Rf is the gradient of the energy E(f) with respect to f and
that the —ATp is the gradient of p*(b — Af) with respect to f. We may absorb the factor —2 in p. Thus
q satisfies (9.2).
We show next that the linear system (9.2) has a unique solution. The top |Z| rows of the left system
in (9.2) give
az = [AZ]7' (V' — Apap). (9.4)

Substituting this expression for ¢z into the bottom n — |Z| rows of the left system in (9.2) yields
Magp =" — AL[AL] .
From the top |P| rows of the right system in (9.2) we infer gp = Rp' A} - p. Thus

MRp'AL -p=b"— AY[A,] 7L V. (9.5)
The bottom n — |Z| rows of the right system in (9.2) yield 0 = ALp = [A}]Tp' + [A%]"p” and hence
p = —[[AZ] ] AL Y (9-6)

Substituting (9.6) into (9.5) yields
' — AYAY] Y = MRG (4R + (A3
= MRp" ([AP]" — [Ap]T[[AZ]"] 7' AZ]T) p”
= MR,'MTp". (9.7)
It remains to show that the matrix M R;lM T is non-singular. We first observe that the rows of M

are linearly independent. Consider the left system in (9.2). Multiplying the first |Z| rows by [A}]~!
and then subtracting A% times the resulting rows from the last n — |Z| rows turns A into the matrix
Q= [ [Alz]]\;AlP é] . By assumption, A has independent rows. Moreover, the preceding operations guarantee
that rank(A) = rank(Q). Therefore, M has independent rows. Since Rp' is a positive diagonal matrix,
R;l/ ? exists and is a positive diagonal matrix. Let z be an arbitrary non-zero vector of dimension |P|.
Then zTMRp'MTz = (R;1/2MTZ)T(R;1/2MT2) > 0 and hence MR,' M7 is non-singular. It is even
positive semi-definite.

There is a shorter proof that the system (9.2) has a unique solution. However, the argument does
not give an explicit expression for the solution. In the case of a convex objective function and affine
constraints, the KKT conditions are sufficient for being a global minimum. Thus any solution to (9.2) is
a global optimum. We have already shown in Lemma 9.11 that the global minimum is unique. O
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We next observe that the energy of ¢ can be expressed in terms of the potential.
Lemma 9.14. Let g be the minimum energy feasible solution and let f be any feasible solution. Then
E(q) =b"p=f"ATp.
Proof. As in the proof of Lemma 9.13, we split ¢ into ¢p and ¢z, R into Rp and Rz, and A into Ap and
Az. Then

E(q) = ¢pRpqp by the definition of F(q) and since Rz =0
=pTApg, by the right system in (9.2)
=pT(b— Azqz) by the left system in (9.2)
=bTp by the right system in (9.2).
For any feasible solution f, we have fTATp = bTp. O

The Mapping x — ¢ is Locally Lipschitz

We show that the mapping = +— ¢ is locally Lipschitz continuous; this implies existence of a solution x(t)
with domain [0,00) by standard arguments. Our analysis builds upon Cramer’s rule and the Cauchy-
Binet formula. The Cauchy-Binet formula extends Kirchhoff’s spanning tree theorem which was used in
[BMV12] for the analysis of the undirected shortest path problem.

Lemma 9.15 (Local Lipschitz Condition). Assume ¢ > 0, no non-zero vector in the kernel of A has
cost zero, and that A, b, and ¢ are integral. Let a, 3 > 0. For any two vectors x and = in R™ with
~ def ~ ~
a < Te, Te < B for all e, define v = 2m™(B/a)"c? . D?|b/val1. Then ’|qe(x)| — \qe(m)|| < v|x = Z|| oo for

every e € [m].
Proof. First assume that ¢ > 0. By Cramer’s rule

1
—1 AT\—1 __
ARTAD ™ = GaR—TAT

where M_; _; is obtained from AR™'AT by deleting the i-th row and the j-th column. For a subset S
of [m] and an index i € [n], let Ag be the n x |S| matrix consisting of the columns selected by S and
let A_; s be the matrix obtained from Ag by deleting row ¢. If D is a diagonal matrix of size m, then
(AD)s = AsDg. The Cauchy-Binet theorem expresses the determinant of a product of two matrices (not
necessarily square) as a sum of determinants of square matrices. It yields

det(AR'AT) = 3 (det((AR"/?)5))’

SC[m]; |S|=n

= > ([ we/ce) - (det Ag)>.

SClml; |S|=n €S

(1) det(M_j,))ij

Similarly,
det(ART*AT) ; ;= > ([T we/ce) - (det A 5 -det A_j s).
SC[m]; |S|=n—1 e€S
Using p = (AR"1AT)~1b, we obtain
i = 2 et ("D X scpmy; is1=n—1(Ilees Te/ce) - (det Ay s - det A_j s)b; (©.8)
' ZSQ[M]% \S|=n(HeES Te/ce) - (det Ag)? . .

Substituting into ¢ = R~*ATp yields

X
e = - AeTp
C

€

_ T ZA' . D ietm T st 181=n1 [ eres Ter/cer) - (det A s - det A_j 5)b;
e 5 - 2scpm); sl=nIlees Ter/cer) - (det As)?

~ Yscimp 151en—1UTeesve @er/cer) 3 iep (1) Aiedet Ays - 30 ey (1) b det A

a 2oscim); 5)=nUleres Ter/cer) - (det Ag)?

B ng[m]; |S|=n—1(He’ESUe Ter[cer) - det(Ag|Ae) - det(As|b)

a >oscim); 5)=nUleres Ter/cer) - (det Ag)? ’

(9.9)
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where (Ag|A.), respectively (Ag|b), denotes the n x n matrix whose columns are selected from A by S
and whose last column is equal to A., respectively b.
We are now ready to estimate the derivative 9qg./0x;. Assume first that e # i. By the above, ¢. =

i—:%ﬁl//?, where F, G, H and I are given implicitly by (9.9). Then

Oge | _ |we FI/c; — GH/c¢; 2-(,")B"D?|b/yalr
ox;|  |ce (H + Iz;i/c;)? h (t/ Cmax)™ h
For e = i, we have ¢, = Iﬁ_’}eim/:/ece’ where G, H, and I are given implicitly by (9.9). Then
9q. | GH/c. (") B"D2|b/yalx
Oxe|  |(H+Izefce)?| (a/Cmax)™ b
Finally, consider z and T with « < z.,Z. < 8 for all e. Let Ty = (Z1,...,%¢, Tps1,- -, Tm). Then

lge(@)] = lge@)| < lge(®) = qe @) < D 1e(F2) = qe(@eq1)| < vl — Ta.-
o<l<m

In the general case where ¢ > 0, we first derive an expression for p” similar to (9.8). Then the equations
for p’ in (9.3) yield p/, the equations for gp in (9.3) yield gp, and finally the equations for gz in (9.3)
yield qz. O

We are now ready to establish the existence of a solution with domain [0, 00).

Lemma 9.16. The solution to the undirected dynamics in (8.1) has domain [0, 00). Moreover, for every
t >0 and e € [m], we have

2e(0) - exp{—t} < ze(t) < D[b/val1 + max(0,z.(0) = D[b/val1) - exp{—t}.

Proof. Consider any xg > 0 and any to > 0. We first show that there is a positive ¢’ (depending on xg)
such that a unique solution z(t) with x(tg) = xg exists for t € (to — &', tp + ¢'). By the Picard-Lindelof
Theorem [Tes12, Theorem 2.2], this holds true if the mapping x — |¢| —  is continuous and satisfies
a Lipschitz condition in a neighborhood of zy. Continuity clearly holds. Let e = min;(z¢);/2 and let
U={z:|r— 20| <&} Then for every z,Z € U and every e

|lge(@)] = lge(@)]| < vlz — F]h,

where 7y is as in Lemma 9.15. Local existence implies the existence of a solution which cannot be extended.
Since ¢ is bounded (Lemma 9.12), z is bounded at all finite times, and hence the solution exists for all ¢. The
lower bound z.(t) > x.(0)-exp{—t} > 0 for all e, holds by Lemma 9.2 with A = 0 and o = —1. Since |ge| <
DJo/vall, &e = |ge| —ze < D[b/val1—xe, we have zo(t) < D]b/va 1 +max(0, z.(0) = D[b/val1)-exp{—t}
by Lemma 9.2 with B = D|b/v4|1 and 8 = —1. O

9.2.2 LP Duality

The energy E(x) is no longer a Lyapunov function, e.g., if z(0) ~ 0, z(¢) and hence E(x(t)) will grow
initially. We will show that energy suitably scaled is a Lyapunov function. What is the appropriate scaling
factor? In the case of the undirected shortest path problem, [BMV12] used the minimum capacity of any
source-sink cut as a scaling factor. The proper generalization to our situation is to consider the linear
program max{«a : Af = ab, |f| < x}, where z is a fixed positive vector. Linear programming duality yields
the corresponding minimization problem which generalizes the minimum cut problem to our situation.

Lemma 9.17. Let x € R, and b # 0. The linear programs
max{a: Af = ab, |f| < z} and min{|yT Alz : b7y = —1} (9.10)

are feasible and have the same objective value. Moreover, there is a finite set Y4 = {d',...,d5} of
vectors d' € RTy that are independent of x such that the minimum above is equal to Cy = mingey, d¥z.

There is a feasible f with |f| < x/C,. >

2 In the undirected shortest path problem, the d’s are the incidence vectors of the undirected source-sink cuts. Let S
be any set of vertices containing so but not s1, and let 15 be its associated indicator vector. The cut corresponding to S
contains the edges having exactly one endpoint in S. Its indicator vector is d° = |AT15|. Then df = 1 iff |[SN{u,v}| =1,
where e = (u,v) or e = (v,u), and d = 0 otherwise. For a vector 2 > 0, (d°)Txz is the capacity of the source-sink cut
(S, V\S). In this setting, Cy is the value of a minimum cut.
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Proof. The pair («, f) = (0, 0) is a feasible solution for the maximization problem. Since b # 0, there exists
y with 8Ty = —1 and thus both problems are feasible. The dual of max{a : Af —ab =0, f < z,—f <z}
has unconstrained variables y € R™ and non-negative variables z*, 2~ € R™ and reads

min{zT(z" +27): by =1, ATy + 2" —27 =0, 27,27 > 0}. (9.11)
From 2~ = ATy + 2%, 27 >0, 27 > 0 and 2 > 0, we conclude min(z", 27) = 0 in an optimal solution.
Thus 2~ = max(0, ATy) and 2™ = max(0, —ATy) and hence 2T + 2~ = |ATy| in an optimal dual solution.

Therefore, (9.11) and the right LP in (9.10) have the same objective value.

We next show that the dual attains its minimum at a vertex of the feasible set. For this it suffices
to show that its feasible set contains no line. Assume it does. Then there are vectors d = (y1, zf“ ,21 ), d
non-zero, and p = (yo, 25, 25 ) such that (y, 2%,27) = p+Ad = (yo + Ay1, 25 + A27, 25 + A2y ) is feasible
for all A € R. Thus 2z = 2; = 0. Note that if either z;” or z; were non-zero then either z;j + Az; or
25 +Az7 would have a negative component for some A\. Then ATy + 2% + 2~ = 0 implies ATy; = 0. Since
A has full row rank, y; = 0. Thus the dual contains no line and the minimum is attained at a vertex of
its feasible region. The feasible region of the dual does not depend on z.

Let (y%, 21, 27) to (y¥, 2%, 25c) be the vertices of (9.11), and let Y4 = {|ATy!|,...,|ATy%|}. Then

;n%p d¥z =min{zT(zt +27): =bTy =1, ATy + 2" — 27 =0, 27,27 >0}
€Ya

= min{|yT A|z : Ty = —1}.
We finally show that there is a feasible f with |f| < x/C,. Let 2’ dof z/Cy. Then 2’ > 0 and
mingey, da’ = mingey, d¥2/C, = C,/C, = 1 and thus the right LP with 2 = 2/ (9.10) has objective
value 1. Hence, the left LP has objective value 1 and there is a feasible f with |f] < 2. O

9.2.3 Convergence to Dominance

In the network setting, an important role is played by the set of edge capacity vectors that support a
feasible flow. In the LP setting, we generalize this notion to the set of dominating states, which is defined

as

Xaom & {x € R™ : J feasible f : |f|] < z}.

An alternative characterization, using the set Y4 from Lemma 9.17, is

X def {z € RY, - d'z>1forallde Ya}.

We now prove that X4, = X7 and that the set X; is an attractor in the following sense.

Lemma 9.18. The following statements hold:
(i) Xdom = Xi. Moreover, lim;_, dist(z(t),X1) = 0, where dist(z, X;) is the Fuclidean distance
between x and X;.
(ii) If x(to) € X1, then x(t) € X1 for all t > to. For all sufficiently large t, x(t) € X /o o {r e RY,:
d¥z > 1/2 for alld € Ya}, and if x € Xy )2 then there is a feasible f with |f| < 2z.

Proof. (i) If x € A}, then dT2 > 1 for all d € Y4 and hence Lemma 9.17 implies the existence of a
feasible solution f with |f| < z. Conversely, if x € Xgom, then there is a feasible f with |f] < x.
Thus d¥x > 1 for all d € Y4 and hence x € X;. By the proof of Lemma 9.17, for any d € Y, there
is a y such that d = |[ATy| and bTy = —1. Let Y (t) = d*2. Then

YV =y Alz = |y"Al(lg| —2) > [yTAq| - Y = [y -V =1-Y.

Thus for any to and t > to, Y(t) > 1+ (Y(tg) — 1)e~ %) by Lemma 9.2 applied with A = 1
and « = —1. In particular, liminf; ,o Y(¢) > 1. Thus liminf; , mingey, dTz > 1 and hence
limy_, oo dist(z(t), X1) = 0.

(ii) Moreover, if Y (tg) > 1, then Y (¢) > 1 for all t > to. Hence z(tg) € X implies x(t) € X; for all
t > to. Since x(t) converges to &1, 2(t) € &, for all sufficiently large ¢. If x € &}/ there is f such
that Af = 1b and |f| < . Thus 2f is feasible and |2f| < 2x. O

The next lemma summarizes simple bounds on the values of resistors r, potentials p and states x that
hold for sufficiently large ¢. Recall that P ={e € [m]:c. >0} and Z ={e € [m]:c. =0}, see (9.1).
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Lemma 9.19. The following statements hold:
(i) For sufficiently large t, it holds that v > c./(2D|b/val1), b*p < 8D|b/val1lc|:1 and |ATp| <
8D2|b|1|c|y for all e.
(ii) For all e, it holds that @./z. > —1 and for all e € P, it holds that i./x. < 8D?|b|1|c|1/Cmin-
(iii) There is a positive constant C such that for all t > to, there is a feasible f (depending on t) such
that z.(t) = C for all indices e in the support of f.

Proof. (i) By Lemma 9.16, x.(t) < 2D|b/va|: for all sufficiently large ¢. It follows that r. = c./z. >
ce/(2D|b/val1). Due to Lemma 9.18, for large enough ¢, there is a feasible flow with |f| < 2z.
Together with x.(t) < 2D|b/val1, it follows that

b'p = E(q) < E(2x) = 4ctx < 8D[b/val1lc:-

Now, orient A according to ¢ and consider any index e’. Recall that for all indices e, we have ATp = 0
ife€ Z,and q. = (z./c.)- ATpife € P. Thus ATp > 0foralle. Ife’ € Zore’ € P and g = 0, the
claim is obvious. So assume e’ € P and g, > 0. Since ¢ is a convex combination of g-sign-compatible
basic feasible solutions, there is a basic feasible solution f with f > 0 and f., > 0. By Lemma 9.10,
fer =2 1/(D~vya). Therefore

foATp <Y feAlp = b"p < 8D|b/yalullch

for all sufficiently large ¢. The inequality follows from f. > 0 and ATp > 0 for all e. Thus ALp <
8D?2|b|1]c|1 for all sufficiently large .
(ii) We have &./xc = (|¢e| — xe)/xe = —1 for all e. For e with ¢, > 0

& _ |QE| — Ze < |A’erp|
- ~X
Te Te Ce

< 8D2”b”1||0||1/0min.

(iii) Let to be such that dTx(t) > 1/2 for all d € Y4 and t > to. Then for all ¢ > tg, there is f such that
Af = %b and |f| < z(t); f may depend on ¢. By Lemma 9.1, we can write 2f as convex combination
of f-sign-compatible basic feasible solutions (at most m of them) and a f-sign-compatible solution
in the kernel of A. Dropping the solution in the kernel of A leaves us with a solution which is still
dominated by x.

It holds that for every e € E with f. # 0, there is a basic feasible solution g used in the convex
decomposition such that 2|f.| > |ge| > 0. By Lemma 9.10, every non-zero component of g is at least
1/(Dva). We conclude that x. > 1/(2D~4), for every e in the support of g. O

9.2.4 The Equilibrium Points

We next characterize the equilibrium points
F={zeRx:|q=2}. (9.12)

Let us first elaborate on the special case of the undirected shortest path problem. Here the equilibria
are the flows of value one from source to sink in a network formed by undirected source-sink paths of
the same length. This can be seen as follows. Consider any = > 0 and assume supp(z) is a network of
undirected source-sink paths of the same length. Call this network N. Assign to each node u, a potential
Py, equal to the length of the shortest undirected path from the sink s; to u. These potentials are well-
defined as all paths from s; to u in A/ must have the same length. For an edge ¢ = (u,v) in N, we have
Ge = Te/Ce(Pu — Dy) = Xe/Ce * Ce = Te, 1., ¢ = x is the electrical flow with respect to the resistances
ce/x.. Conversely, if z is an equilibrium point and the network is oriented such that ¢ > 0, we have
ZTe = Qe = Te/Ce(Pu — Do) for all edges e = (u,v) € supp(x). Thus ¢, = p, — p, and this is only possible
if for every node wu, all paths from wu to the sink have the same length. Thus supp(z) must be a network
of undirected source-sink paths of the same length. We next generalize this reasoning.

Theorem 9.20. If z = |q| is an equilibrium point and the columns of A are oriented such that ¢ > 0, then
all feasible solutions f with supp(f) C supp(x) satisfy ¢t f = cTx. Conversely, if x = |q| for a feasible
q, A is oriented such that ¢ > 0, and all feasible solutions f with supp(f) C supp(z) satisfy ' f = 'z,
then x is an equilibrium point.
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Proof. Tf x is an equilibrium point, |¢.| = z. for every e. By changing the signs of some columns of A,
we may assume g > 0, i.e., ¢ = x. Let p be the potential with respect to x. For every index e € P in the
support of z, since ¢, > 0 we have g, = %:A;Fp and hence c, = ATp. Further, for the indices e € Z in the
support of x, we have ¢, = 0 = ATp due to the second block of equations on the right hand side in (9.2).
Let f be any feasible solution whose support is contained in the support of x. Then the first part follows
by

> cfe= Y. [fAp=b"p=E(q) = E(z) = cost(x).

eesupp(f) ecsupp(f)

For the second part, we misuse notation and use A to also denote the submatrix of the constraint
matrix indexed by the columns in the support of x. We may assume that the rows of A are independent.
Otherwise, we simply drop redundant constraints. We may assume g > 0; otherwise we simply change
the sign of some columns of A. Then x is feasible. Let Ap be a square non-singular submatrix of A and
let Ay consist of the remaining columns of A. The feasible solutions f with supp(f) C supp(x) satisfy
Apfp + Anfn = b and hence fg = Agl(b — Ay fn). Then

ch = c};fB + c%fN = cBATBlb—l— (c% — c};AglAN)fN.

Since, by assumption, ¢ f is constant for all feasible solutions whose support is contained in the support

T
of 2, we must have cx = A% [A5"Tep. Let p = [A5']Tcp. Then it follows that ATp = [QTB [[A5 T ep =
N
[¢2] and hence Rz = ATp. Thus the pair (z,p) satisfies the right hand side of (9.2). Since z is feasible,
it also satisfies the left hand side of (9.2). Therefore, x is the minimum energy solution with respect to

T. O
Corollary 9.21. Let g be a basic feasible solution. Then |g| is an equilibrium point.

Proof. Let g be a basic feasible solution. Orient A such that g > 0. Since g is basic, there is a B C [m)]
such that ¢ = (gg,gn) = (A5'b,0). Consider any feasible solution f with supp(f) C supp(g). Then
f = (fB,0) and hence b = Af = Apfp. Therefore, fp = gp and hence c'f = ¢Tg. Thus 2 = |g| is an
equilibrium point. O

This characterization of equilibria has an interesting consequence.

Lemma 9.22. The set [ {cTx 12 € F} of costs of equilibria is finite.

Proof. If x is an equilibrium, 2 = |g|, where ¢ is the minimum energy solution with respect to z. Orient
A such that ¢ > 0. Then by Theorem 9.20, ¢* f = ¢« for all feasible solutions f with supp(f) C supp(z).
In particular, this holds true for all such basic feasible solutions f. Thus L is a subset of the set of costs
of all basic feasible solutions, which is a finite set. O

We conclude this part by showing that the optimal solutions of the undirected linear program (8.2)
are equilibria.

Theorem 9.23. Let x be an optimal solution to (8.2). Then x is an equilibrium.

Proof. By definition, there is a feasible f with |f| = . Let us reorient the columns of A such that f >0
and let us delete all columns e of A with f. = 0. Consider any feasible g with supp(g) C supp(x). We
claim that ¢cTx = ¢Tg. Assume otherwise and consider the point y = z + A(g — ). If |A| is sufficiently
small, y > 0. Furthermore, y is feasible and ¢ty = c¢To + A(cTg — cT2). If ¢Tg # c¢Tx, x is not an optimal
solution to (8.2). The claim now follows from Theorem 9.20. O

9.2.5 Convergence

In order to show convergence, we construct a Lyapunov function. The following functions play a crucial
role in our analysis. Let Cy = d¥z for d € Y, and recall that C, = mingey, d*= denotes the optimum.
Moreover, we define

T
h(t) def Zre|qe|% -F <Cx) and V; ¥ % for every d € Y.

€

Theorem 9.24. (1) For every d € Y, Cq > 1— Cq. Thus, if Cq < 1 then Cq > 0.
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(2) If z(t) € Xy, then Zcost(xz(t)) < 0 with equality if and only if x = lq]-
(3) Let d € Y4 be such that C, = dx at time t. Then it holds that Vi < h(t).
(4) It holds that h(t) < 0 with equality if and only if |q| = &

Proof. (i) Recall that for d € Yy, there is a y such that bTy = —1 and d = |ATy|. Thus Cy =
d¥(lg| — =) > |yTAq| — Cq4 =1 — C4 and hence C, > 0, whenever C; < 1.
(ii) Remember that E(z) = cost(z) and that z(t) € X implies that there is a feasible f with |f| = «.
Thus E(q) < E(f) < E(z). Let R be the diagonal matrix of entries ¢./z.. Then

& cost() = (gl ) by (8.1
= 2TRY2RY?|q| — 2" Rz since ¢ = Rz
< (¢"Rq)V?(2TRx)Y? — 2T Ra by Cauchy-Schwarz
<0 since E(q) < E(z).

If the derivative is zero, both inequalities above have to be equalities. This is only possible if the
vectors |g| and z are parallel and F(q) = E(x). Let A be such that |¢| = Az. Then E(q) =), ;—qu =
N3 cewe = A2E(2). Since E(z) > 0, this implies A = 1.

(iii) By definition of d, C, = Cy. By the first two items, we have C, = dT|q| — C, and 4 cost(z) =
c%|q| — cost(x). Thus

d cost(z)  Cicost(r) — Cycost(x) _ C,(c%|q| — cost(x)) — (dT|q| — C)cost(z)

at C, (7] C2
C,-cllgl —dYq|-cTx Te Te\2
= o2 ggre|qe|o*—¥re(c*> = h(t),

where we used r, = c./x. and hence cT|q| = Y, rewelge|, cTx = E(z), and d*|q| > |yT Ag| = 1 since
d = |yT A| for some y with bTy = —1.
(iv) We have

1/2 1/2
Soregtlal = 2or gl < (M) (Ered) - = B() EW@)

by Cauchy-Schwarz. Since h(t) = >__rel|qe| &= — E(&-) by definition, it follows that

*

z \1/2 x z \1/2 z \1/2
ht) <E(&) B0V -E(E) = B(&)" (B@'2 - E(&) ") <0
since ©/C, dominates a feasible solution and hence E(q) < E(z/Cy). If h(t) = 0, we must have
equality in the application of Cauchy-Schwarz, i.e., the vectors x/C, and |g| must be parallel, and
we must have F(q) = E(x/C,) as in the proof of part ii. O

We show now convergence against the set of equilibrium points. We need the following technical
Lemma from [BMV12].

Lemma 9.25 (Lemma 9 in [BMV12]). Let f(t) = maxgey, fa(t), where each fq is continuous and
differentiable. If f(t) exists, then there is a d € Y4 such that f(t) = fq(t) and f(t) = fa(t).

Theorem 9.26. All trajectories converge to the set F of equilibrium points.

Proof. We distinguish cases according to whether the trajectory ever enters X; or not. If the trajectory
enters X7, say x(to) € A1, then %Cost(x) < 0 for all t > ¢y with equality only if = |g|. Thus the trajectory
converges to the set of fix points. If the trajectory never enters X;, consider V' = maxgey, (Vo + 1 — Cy).
We show that V exists for almost all t. Moreover, if V (t) exists, then V(¢) < 0 with equality if and only if
|ge| = z. for all e. It holds that V' is Lipschitz continuous as the maximum of a finite number of continuously
differentiable functions. Since V is Lipschitz continuous, the set of ¢’s where V(¢ ) does not exist has
zero Lebesgue measure (see for example [CLSWO98, Ch. 3]). If V() exists, we have V() = Vy(t) — Ca(t)
for some d € Y, according to Lemma 9.25. Then, it holds that V() < h(t) — (1 — Cy) < 0. Thus z(t)
converges to the set

{xeR;o:Vzo}:{xeR>0:|q\:x/CandC:1}:{x€R>0:|q|=;v}. O
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At this point, we know that all trajectories x(t) converge to F. Our next goal is to show that cTz(t)
converges to the cost of an optimum solution of (8.2) and that |q| — 2 converges to zero. We are only
able to show the latter for all indices e € P, i.e. with ¢, > 0.

9.2.6 Details of the Convergence Process

In the argument to follow, we will encounter the following situation several times. We have a non-negative
function f(t) > 0 and we know that [ f(t)d¢ is finite. We want to conclude that f(t) converges to zero
for ¢ — oo. This holds true if f is Llpschltz contlnuous. Note that the proof of the following lemma is very
similar to the proof in [BMV12, Lemma 11]. However, in our case we apply the local Lipschitz condition
that we showed in Lemma 9.15.

Lemma 9.27. Let f(t) > 0 for all t. If fo d(t) is finite and f(t) is locally Lipschitz continuous, i.e.,
for every e > 0, there is a 6 > 0 such that \f(t’) f@®)| <e forallt' €[t,t+ 9], then f(t) converges to
zero as t goes to infinity. The functions t — 2T R|q| — 2T Rz = ¢Tlq| — c¢Yx and t — h(t) are Lipschitz
continuous.

Proof. If f(t) does not converge to zero, there is € > 0 and an infinite unbounded sequence t1, ta, . ..such
that f(t;) > e for all 4. Since f is Llpschltz continuous there is § > 0 such that f(¢}) > e/2 for t] € [t;, t;+0]
and all . Hence, the integral fo t)dt is unbounded.

Since . is continuous and bounded (by Lemma 9.16), x. is Lipschitz continuous. Thus, it is enough
to show that ¢ is Lipschitz continuous for all e. Since gz (recall that Z ={e:c. =0} and P = [m]\ Z2)
is an affine function of gp, it suffices to establish the claim for e € P. So let e € P be such that ¢, > 0.
First, we claim that z.(t +¢) < (1 + 2Ke)z, for all ¢ < K/4, where K = 8D?|b|1c|1/cmin. Assume that
this is not the case. Let

e=1inf{d <1/4K : z.(t +9) > (1 + 2Kd)z.(t)},

then € > 0 (since Z.(t) < Kz(t) by Lemma 9.19) and, by continuity, z.(t + €) > (1 4+ 2K¢)z.(t). There
must be ¢’ € [t,t + £] such that i.(t') = 2Kxz.(¢). On the other hand,

T (') K Kxe(t') < K(1 4 2Ke)zo(t) < K(1 4+ 2K/4K)xo(t) < 2Kw,(t),

which is a contradiction. Thus, z.(t+¢) < (14+2Ke)x, for all e < 1/4K. Similarly, z.(t+¢) > (1—2Ke)x,
Now, let a = (1 — 2Ke¢)z, and § = (1 + 2Ke)x.. Then

llge(t + ) = lae (D] < Mz(t +6) — x(t)|s < Mm(4Ke)z. < 8eMmKD[b/valy,

since z, < 2D|b/v4|1 for sufficiently large ¢t and where M is as in Lemma 9.15. Since C, is at least 1/2
for all sufficiently large ¢, the division by C, and C? in the definition of h(t) does not affect the claim. [

Lemma 9.28. For all e € [m] of positive cost, it holds that |z, — |g.|| — 0 as t goes to infinity.

Proof. For a trajectory ultimately running in Xj, we showed cost( ) < 2TR|q| — 2T Rz < 0 with
equality if and only if x = |gq|. Also, E(q) < E(z), since z dommates a feasible solution. Furthermore,
2T R|g| — 27 Rx goes to zero using Lemma 9.27. Thus

> re(we — lge]) Zrex + Zreqe - 2Zrexe|qe < 2(27"696 - Zrewelqe )
e

goes to zero. Next observe that there is a constant C' such that x.(¢) < C for all e and ¢ as a result of
Lemma 9.16. Also ¢y > 0 and hence 7. > ¢pmin/C. Thus Y re(ze — lge])? < C? o e(Te — lge|)? and
hence |ze — |ge|| — O for every e with positive cost. For trajectories outside A, we argue about ||ge[ — &-|

and use C, — 1, namely
Zre(z |qg \ (Zre *Zre%‘(ho %0 D

Note that the above does not say anything about the indices e € Z (with ¢, = 0). Recall that
Apgp + Azqz = b and that the columns of Az are independent. Thus, gz is uniquely determined by
gp. For the undirected shortest path problem, the potential difference pTb between source and sink
converges to the length of a shortest source-sink path. If an edge with positive cost is used by some
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shortest undirected path, then no shortest undirected path uses it with the opposite direction. We prove
the natural generalizations.

Let Sopt be the set of optimal solutions to (8.2) and let Eopr = Ugzesopr supp(x) be the set of columns
used in some optimal solution. The columns of positive cost in EopT can be consistently oriented as the
following Lemma, shows.

Lemma 9.29. Let 27 and x5 be optimal solutions to (8.2) and let f and g be feasible solutions with
|f| = 27 and |g| = x5. Then there is no e such that fege <0 and c. > 0.

Proof. Assume otherwise. Then |g. — fe| = |ge| + |fe| > 0. Consider h = (g9.f — fe9)/(ge — fe). Then
Ah = (9. Af — feAg)/(ge — fe) = b and h is feasible. Also, h, = % = 0 and for every index €, it

holds that |he’ _ lgefor—feg.r] < \ge|\fe/|+}fe}\ge/| and hence

[ge—fe)l |gel|+]fe
cost(h) < cost(f) + cost(g) = ﬂcost(x*{) + Lcost(mé) = cost(x7),
|9e| + |/l |9el + [ el
a contradiction to the optimality of x7 and z3. O

By the preceding lemma, we can orient A such that f, > 0 whenever | f| is an optimal solution to (8.2)
and c. > 0. We then call A positively oriented.

Lemma 9.30. It holds that pTb converges to the cost of an optimum solution of (8.2). If A is positively
oriented, then liminf, Agp > 0 for all e.

Proof. Let z* be an optimal solution of (8.2). We first show convergence to a point in L and then
convergence to cTx*. Let € > 0 be arbitrary. Consider any time ¢ > t(, where ¢y and C as in Lemma 9.19
and moreover ||g.| — .| < -£5 for every e € P. Then z, > C for all indices e in the support of some basic

Cmax

feasible solution f. For every e € P, we have ¢, = %:A;rp. We also assume g > 0 by possibly reorienting
columns of A. Hence

Te — (e
Te

cmax

*Ce X C

’cE—A3p|:‘1—qe-c |ge — x| < e.

jee =
Ze

For indices e € Z, we have ATp = 0 = c,. Since |f|e < D[b/ya]1 (Lemma 9.10), we conclude

Ff=po=" > (ce—p"A)fe <) _|fel <e-mDJb/vals-

e€supp(f)

Since the set L is finite, we can let € > 0 be smaller than half the minimal distance between elements in
L. By the preceding paragraph, there is for all sufficiently large ¢, a basic feasible solution f such that
|cTf —bTp| < e. Since bTp is a continuous function of time, ¢* f must become constant. We have now
shown that bTp converges to an element in L. We will next show that bTp converges to the optimum cost.
Let * be an optimum solution to (8.2) and let W =" _ x}cc Inz.. Since z(t) is bounded, W is bounded.
We assume that A is positively oriented, thus there is a feasible f* with |f*| = * and f > 0 whenever
ce > 0. By reorienting zero cost columns, we may assume fr > 0 for all e. Then Az* = b. We have

W:Zx:ce|QG|_xe
€

Te

= Z xh |Arerp| — cost(z") since g. = £= A} p whenever ¢, > 0
e; ce>0

_ *
=D
e

= ( |ATp| - Afp) +b"p — cost(z")

A;Fp‘ — cost(z") since ATp = 0 whenever ¢, = 0

and hence bTp — cost(x*) must converge to zero; note that bTp is Lipschitz continuous in .

Similarly, |ATp| — ATp must converge to zero whenever z* > 0. This implies liminf ATp > 0. Assume
otherwise, i.e., for every ¢ > 0, we have ATp < —¢ for arbitrarily large . Since p is Lipschitz continuous
in ¢, there is a § > 0 such that ATp < —&/2 for infinitely many disjoint intervals of length §. In these
intervals, |[ATp| — ATp > & and hence W must grow beyond any bound, a contradiction. O
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Corollary 9.31. E(z) and cost(z) converge to c*x*, whereas x and |q| converge to Sopr. If the optimum
solution is unique, x and |q| converge to it. Moreover, if e ¢ Eqpr, x. and |q.| converge to zero.

Proof. The first part follows from E(z) = cost(z) = bTp and the preceding Lemma. Thus x and q
converge to the set F' of equilibrium points, see (9.12), that are optimum solutions to (8.2). Since every
optimum solution is an equilibrium point by Theorem 9.23, z and ¢ converge to Sopr. For e € Fopr,
fe =0 for every f € FNSopr. Since z and |q| converge to F' N SopT, z. and |g.| converge to zero for
every e € Fopr. O]
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Chapter 10

Physarum-Inspired Dynamics

In this chapter, we present in its full generality our main technical result on the Physarum-inspired
dynamics (8.6).

10.1 Overview

Inspired by the max-flow min-cut theorem, we consider the following primal-dual pair of linear programs:
the primal LP is given by max{t: Af =t-b; 0 < f <z} in variables f € R™ and t € R, and its dual
LP reads min { 27z : 2 > 0; 2 > ATy; bTy =1} in variables = € R™ and y € R". Since the dual feasible
region does not contain a line and the minimum is bounded, the optimum is attained at a vertex, and in
an optimum solution we have z = max{0, ATy}. Let V be the set of vertices of the dual feasible region,

and let YV & {y : (z,y) € V' } be the set of their projections on y-space. Then, the dual optimum is given
by min{ max{0,yTA} -z : y € Y }. The set of strongly dominating capacity vectors x is defined as

Xdﬁf{xERL”O:yTA:c>0f0rally€Y}.1

Note that X contains the set of all scaled feasible solutions {x =tf : Af =b, f >0, t > 0}.

We next discuss the choice of step size. For y € Y and capacity vector z, let a(y, x) def yT Az. Further,
let o(x) ' min {a(y,z) :y €Y } and oy of a(z®). Then, for any x € X there is a feasible f such that
0 < f < z/a(z), see Lemma 10.8. In particular, if = is feasible then a(z) = 1, since a(y,x) = 1 for all
y € Y. We partition the Physarum-inspired dynamics (8.6) into the following five regimes and define for
each regime a fixed step size, see Section 10.3.

Corollary 10.1. The Physarum-inspired dynamics (8.6) initialized with °) € X and a step size h
satisfies:

(i) If a© =1, we work with h < hg and have ap = 1 for all £.

(ii) If1/2 < a9 < 1, we work with h < ho/2 and have 1 —§ < ap < 1 for £ > h~='log(1/258) and § > 0.
(iii) If 1 < a© < 1/hg, we work with h < hg and have 1 < ay < 1+ 6 for £ > h™' -log(1/6hg) and

d>0.
(iv) If 0 < a9 < 1/2, we work with h < aDhg and have 1/2 < ap < 1 for £ > 1/h.
(v) }Ilf)lJ/ho < a9 we work with h < 1/4 and have 1 < oy < 1/hg for £ = [1og1 /(1-n) ho(a® —1)/(1 -
0)]-

In each regime, we have 1 — o™ = (1 — h)(1 — ay).

We give now the full version of Theorem 8.4 which applies for any strongly dominating starting point.

Theorem 10.2. Suppose A € Z"*™ has full row rank (n < m), b€ Z", ¢ € ZZ, and € € (0,1). Given
20 € X and its corresponding oy, the Physarum-inspired dynamics (8.6) initialized with ) runs in
two regimes:

(i) The first regime is executed when o®) & [1/2,1/ho] and it computes a point ) € X such that
ot € [1/2,1/hg). In particular, if (%) < 1/2 then h < (®/opt) - (agho)? and t = 1/h. Otherwise, if
a® > 1/hg then h < ®/opt and t = [1081 /(1-n) [ho(a® —1)/(1 — ho)]].

(i) The second regime starts from a point ) € X with oy € [1/2,1/he], it has a step size h <
(®/opt) - h3/2 and outputs for any k = 4C /(h®) - In(Co¥® /(e -min{1, $$3n})) a vector x"tR) ¢ X
such that dist(z%) X,) < e/(Dya).

We stated the bounds on h in terms of the unknown quantities ® and opt. However, ®/opt > 1/C3
by Lemma 9.10 and hence replacing ®/opt by 1/Cj5 yields constructive bounds for h.

! In the shortest path problem (recall that b = e; — en) the set Y consists of all y € {—1,+1}" such that y; =
1 = —yn, i.e., y encodes a cut with S = {i:y; = -1} and S = {4 : y; = +1}. The condition yT Az > 0 translates into
ZaeE(S 5) Ta — ZaEE(§ 5)Ta > 0, i.e., every source-sink cut must have positive directed capacity.
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Organization: This chapter is devoted to proving Theorem 10.2. It is organized as follows: Section 10.2
establishes core efficiency bounds that extend [SV16¢] and yield a scale-invariant determinant dependence
of the step size and are applicable to strongly dominating points. Section 10.3 gives the definition of
strongly dominating points and shows that the Physarum-inspired dynamics (8.6) initialized with such
a point is well defined. Section 10.4 extends the analysis in [BBD 13, SV16b, SV16¢] to positive linear
programs, by generalizing the concept of non-negative flows to non-negative feasible kernel-free vectors.
Section 10.5 shows that z(©) converges to X, for large enough ¢. Section 10.6 concludes the proof of
Theorem 10.2.

10.2 Useful Lemmas

Recall that R = diag(c) - (X©)~1! is a positive diagonal matrix and L) Lef A(R®)~1AT is invertible.
Let p® be the unique solution of LOp) = h. We improve the dependence on Dg in [SV16¢c, Lemma

5.2] to D.

Lemma 10.3. [SV10c, extension of Lemma 5.2] Suppose z® >0, RY is a positive diagonal matriz
and L = A(RYW)"YAT. Then for every e € [m)], it holds that ||AT(L®)) "' A, ||le < D - ce/xg).

Proof. The statement follows by combining the proof in [SV16¢, Lemma 5.2] with Lemma 9.10. O

We show next that [SV16b, Corollary 5.3] holds for z-capacitated vectors, which extends the class of
feasible starting points, and further yields a bound in terms of D.

Lemma 10.4. [SV16b, extension of Corollary 5.3 Let p¥) be the unique solution of L'Yp®) = b and
assume z9) is a positive vector with corresponding positive scalar cp such that there is a vector f satisfying
Af =ay-band 0 < f <20, Then |ATp® || < D|c|1/ae.

Proof. By assumption, f satisfies ayb=Af =3 feA. and 0 < f < 2. This yields
el |ATp oo = [|AT(LD) - agblloo = 1D fAT (L) T Aclloo

(Lem. 10.3) Ce
< AIATEO) A T DY 1 < Dl o
e e Te

We note that applying Lemma 10.3 and Lemma 10.4 into the analysis of [SV16¢, Theorem 1.3] yields
an improved result that depends on the scale-invariant determinant D. Moreover, we show in the next
Section 10.3 that the Physarum-inspired dynamics (8.6) can be initialized with any strongly dominating
point.

We establish now an upper bound on ¢ that does not depend on x. We then use this upper bound on
q to establish a uniform upper bound on x.

Lemma 10.5. For any 9 >0, ||¢'9 0 < mD?||b/yall:.

Proof. Let f be a basic feasible solution of Af = b. By definition, ¢\ = (xg)/ce)Ag(L(e))_lb and thus

X
qt? <

20
= | ==Y AT Ayt
Ce ”

(0
= YUl [ATEO) A < DI,

C

where the last inequality follows by

(Lem. 10.3)
AT(LO) 1A = [AT L) A < JATEO) Al < D /ol

By Cramer’s rule and Lemma 9.10, we have |qg)\ < D||fllx < mD?||b/yal|1- O

Let k,t € N. We denote by

) t+k—1 h (1 _ h)t—i-k—l—i 0 0) t+k—1 ©
—(t.k 7 —=(t,k i
) = E _ d W= E . 10.1
e ~ 1-(1-h* @omer — P (10-1)

108



10.3. Strongly Dominating Capacity Vectors

Straightforward checking shows that Ag(**) = b. Further, for C def diag(c), t > 0 and k > 1, we have
t+k—1 _
2O T B+me AT — 1)) = 2 = (1= h)F2® + [1 - (1 - h)*jg"».
i=t
We give next an upper bound on z*) that is independent of k.

Lemma 10.6. Let () = max{mD?||b/vyall1, |=?|sc}. Then ||z*)| < ¥©, Vk € N.

Proof. We prove the statement by induction. The base case ||2(?||o, < ¥ is clear. Suppose the statement
holds for some k£ > 0. Then, triangle inequality and Lemma 10.5 yield

25 oo < (1= R) |2 loo + hlg™ |0 < (1= R)T® + nTO < WO O
We show now convergence to feasibility.
Lemma 10.7. Let r*) = b — Az®). Then r*+1) = (1 — h)r®) and hence r*) = (1 — h)*(b — Az(©).
Proof. By definition 2+ = (1 — h)z® + hg(*) | and thus the statement follows by

rFD = p — AzHD = — (1 — h)Az® —hb = (1 — h)r®. O

10.3 Strongly Dominating Capacity Vectors

For the shortest path problem, it is known that one can start from any capacity vector x for which the
directed capacity of every source-sink cut is positive, where the directed capacity of a cut is the total
capacity of the edges crossing the cut in source-sink direction minus the total capacity of the edges
crossing the cut in the sink-source direction. We generalize this result. We start with the max-flow like
LP

max{t: Af =t-b; 0< f<z} (10.2)

in variables f € R™ and ¢ € R and its dual
min { 2T2:2>0; 2> ATy; BTy =1 } (10.3)

in variables z € R™ and y € R™. The feasible region of the dual contains no line. Assume otherwise;
say it contains (z,y) = (2(9, @) + A(zM),yV) for all A € R. Then, z > 0 implies z() = 0 and further
2z > ATy implies 20 > ATy + XATy(D) and hence ATy = 0. Since A has full row rank, we have
y() = 0. The optimum of the dual is therefore attained at a vertex. In an optimum solution, we have
z = max{0, ATy}. Let V be the set of vertices of the feasible region of the dual (10.3), and let

Y {y:(zy) eV}

be the set of their projections on y-space. Then, the optimum of the dual (10.3) is given by
i 0,y A} -z}. 10.4
Zr}rg}r/l {max{0,y" A} -z} (10.4)
The set of strongly dominating capacity vectors x is defined by
XY eR : yT Az >0forallyey }. (10.5)

We next show that for all z(?) € X and sufficiently small step size, the sequence {z(®)} ey stays in X.
Moreover, yT Az®) converges to 1 for every y € Y. We define by

a(y,x) &ef yTAz and a(z) def min{a(y,z) :yeY}.

Let ay def a(x®). Then, () € X iff ay > 0. We summarize the discussion in the following Lemma.

Lemma 10.8. Suppose ') € X. Then, there is a vector f such that Af = oy -b and 0 < f < z©.
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Proof. By the strong duality theorem applied on (10.2) and (10.3), it holds by (10.4) that
t = mi { 0,yTA}- (@)}2 inuT Azr® = .
min max{0,y" A} - x miny” Az ay

The statement follows by the definition of (10.2). O
We demonstrate now that oy, converges to 1.
Lemma 10.9. Assume z¥) € X. Then, for any ) < min{1/4, asho} we have z**1) € X and
11— = (1 =00 (1—ay).

Proof. By applying Lemma 10.4 and Lemma 10.8 with () € X, we have ||ATp(e)HOO < D)1/ and

hence for every index e it holds —h() - ¢! ([)ATp(e (h(e)xg))/(Qagh ) > —z!f /2 Thus,

SF) — (1= hO)al0 4 1O RO AT > 200 Lo Lo s,
Let y € Y be arbitrary. Then yTb = 1 and hence yTr®) = yT(b —Az®) =1 —yTAz® =1 — a(y,z®).
The second claim now follows from Lemma 10.7. O

We note that the convergence speed crucially depends on the initial point (?) € X, and in particular to
its corresponding value ag. Further, this dependence naturally partitions the Physarum-inspired dynamics
(8.6) into the five regimes given in Corollary 10.1.

10.4 =z is Close to a Non-Negative Kernel-Free Vector

In this section, we generalize [SV16b, Lemma 5.4] to positive linear programs. We achieve this in two
steps. First, we generalize a result by Ito et al. [[JNT11, Lemma 2| to positive linear programs and then
we substitute the notion of a non-negative cycle-free flow with a non-negative feasible kernel-free vector.

Throughout this and the consecutive section, we denote by pa 2 hax {Dv4, nD?*|A] s}

Lemma 10.10. Suppose a matriz A € Z™*™ has full row rank and vector b € Z™. Let g be a feasible
solution to Ag =b and S C [n] be a subset of row indices of A such that ;.o |g:| < 1/pa. Then, there
is a feasible solution f such that g; - f; > 0 for alli € [n], f; =0 for alli € S and ||f — gllco < 1/(Dv4).

Proof. W.l.o.g. we can assume that g > 0 as we could change the signs of the columns of A accordingly.
Let 1g be the indicator vector of S. We consider the linear program

min{1iz : Az =b, = >0}

and let opt be its optimum value. Notice that 0 < opt < lgg < 1/pa. Since the feasible region does not
contain a line and the minimum is bounded, the optimum is attained at a basic feasible solution, say
f. Suppose that there is an index i € S with f; > 0. By Lemma 9.10, we have f; > 1/(D~4). This is a
contradiction to the optimality of f and hence f; =0 for all ¢ € S.

Among the feasible solutions f such that f;g; > 0 for all ¢ and f; = 0 for all i € S, we choose the one
that minimizes |f — g|oo. For simplicity, we also denote it by f. Note that f satisfies supp(f) C S, where
S = [m]\S. Further, since fs = 0 and

Asgs + Aggg =Ag=b=Af = Asfs + Agfg = Agfs

we have Az (fg — gg) = Asgs. Let Ap be a linearly independent column subset of Ag with maximal
cardinality, i.e. the column subset Ay, where N = S\ B, is linearly dependent on Ag. Hence, there is
an invertible square submatrix Ay € ZIBIXIBl of Ap and a vector v = (vB,0n) such that

Al
( A,[,g ) v = ABUB = ASQS-
B

Let r = (Asgs) g- Since Ay is invertible, there is a unique vector vp such that Azvp = r. Observe that

[ Alloo 1
|r;| = ZAihjgj < ”AHooZ 9] < nD2| Al = nD2’
jes Jjes
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By Cramer’s rule vg(e) is quotient of two determinants. The denominator is det(A’;) and hence at least
one in absolute value. For the numerator, the e-th column is replaced by r. Expansion according to this
column shows that the absolute value of the numerator is bounded by

D Sl < D Bl _ 1
S < 2 <
A i€B A nD? DFYA

Therefore, ||f — g|loo < 1/(D7v4) and the statement follows. O

Lemma 10.11. Let ¢ € R™, p € R" and N = {e € [m] : q. < 0 or pT A, < 0}, where Aq = b and
p = L™'b. Suppose Y een @l < 1/pa. Then there is a non-negative feasible kernel-free vector f such
that supp(f) € EAN and || f — qllsc <1/(D7ya).

Proof. We apply Lemma 10.10 to ¢ with S = IN. Then, there is a non-negative feasible vector f such
that supp(f) € E\N and ||f — ¢|lcoc < 1/(Dv4). By Lemma 9.1, f can be expressed as a sum of a convex
combination of basic feasible solutions plus a vector w in the kernel of A. Moreover, all vectors in this
representation are sign compatible with f, and in particular w is non-negative too.

Suppose for contradiction that w # 0. By definition, 0 = pT Aw = Zee[m] pT A w, and since w > 0
and w # 0, it follows that there is an index e € [m] satisfying w. > 0 and pT A, < 0. Since f and w are
sign compatible, w, > 0 implies f. > 0. On the other hand, as pT A, < 0 we have e € N and thus f. = 0.
This is a contradiction, hence w = 0. [

Using Corollary 10.1, for any point 2(°) € X there is a point 2(*) € X such that oy € [1/2,1/hg]. Thus,
we can assume that oy € [1/2,1/hg] and work with h < hg/2, where hg = ¢min/(2D|c|1). We generalize
next [SV16b, Lemma 5.4].

Lemma 10.12. Suppose ) € X such that oy € [1/2,1/hg], h < ho/2 and € € (0,1). Then, for any
k> h 1 In(8mpa¥© /e) there is a non-negative feasible kernel-free vector f such that [|z*+F) — f|| o <
E/(D’}/A) .

Proof. Let g defy (1 —h)*. By (10.1), vector ") satisfies Ag"*) = b and thus Lemma 10.6 yields
2+ = pWGER | o = (1= h)* - W]l < exp{—hk}- U < e/(8mpa). (10.6)

Using Corollary 10.1, we have z(**) € X such that o***) € (1/2,1/hy) for every k € N,. Let F}, =
Qr U Py, where Q) = {e € [m)] gt < 0} and P, = {e € [m] : ATp**) < 0}. Then, for every e € Qy it
holds

eI < [P [ = BN < e/ (Tmpa). (10.7)

By Lemma 10.6, [|z0)|| < ¥(). Moreover, by (10.1) for every e € P}, we have

ktt—1
ngk) = :L'((f) H [1 +h (cglAgp(i) — 1)}
i=t
< 2z exp {—hk + (h/ce) - A;Fﬁ(t’k)}
< exp{—hk}-w©
< ¢/(8mpa),

and by combining the triangle inequality with (10.6), it follows for every e € P} that

@M < BO [l — BRI 4 [

<
< [BW]TN e/ (4mpa)
< €/(3mpa). (10.8)

Therefore, (10.7) and (10.8) yields that

Do [@M I <m-e/(Bmpa) < 2/Bpa). (10.9)
ecFy,
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By Lemma 10.11 applied with @(f’k) and N = Fy, it follows by (10.9) that there is a non-negative
feasible kernel-free vector f such that supp(f) € E\N and

1 =7 oo < &/(3D7a).
By Lemma 10.5, we have ||g**)||oo < mD?||b/va|: and since ¥ > mD?||b/y4||1, it follows that
Hx(t+k) _ f”oo — ||.7J(t+k) _ B(k)f(t-i-k) + B(k)q(t+k) _ f”oo
< a0 = BG4 (I f =7 o + (1 = 1) (7)o

© e e mDul _ e

< < .
8mpa + 3Dy 8mpa - 0O Drya

10.5 z® is e-Close to an Optimal Solution

Recall that NV denotes the set of non-optimal basic feasible solutions of (8.5) and ® = mingen c''g — opt.
For completeness, we prove next a well known inequality [PS82, Lemma 8.6] that lower bounds the value
of .

Lemma 10.13. Suppose A € R™™ ™ has full row rank, b € R™ and ¢ € R™ are integral. Then, ® >
1/(Dva)?.

Proof. Let g = (¢p,0) be an arbitrary basic feasible solution with basis matrix Ag, where gg(e) # 0 and
|supp(gg)| = n. We write M_, _; to denote the matrix M with deleted i-th row and j-th column. Let
Q. be the matrix formed by replacing the e-th column of Ag by the column vector b. Then, by Cramer’s
rule, we have

1
YA

det(Qc)

(1) by - det (v [Ap] -k —)) -
det(AB)

k=1 det (VZlAB) " Dy’

lgp(e)| =

Note that all components of vector gg have denominator with equal value, i.e. det(Ap). Consider an
arbitrary non-optimal basic feasible solution g and an optimal basic feasible solution f*. Then, g. = G./G
and fr = F,/F arerationals such that G, G, F,., F < D4 for every e. Further, let r. = ¢, (G.F — F.F) €
Z for every e € [m], and observe that

g f* Zce Je 5 FZTG/ DVA ;

where the last inequality follows by ¢ (g — f*) > 0 implies >_r. > 1. O

Lemma 10.14. Let f be a non-negative feasible kernel-free vector and ¢ € (0,1) a parameter. Suppose
for every non-optimal basic feasible solution g, there exists an index e € [m] such that go > 0 and
fe <e/(2mD3*ya|b|1). Then, ||f — f*|loc < &/(Dva) for some optimal f*.

Proof. Let C' = 2D?|b|;. Since f is kernel-free, by Lemma 9.1 it can be expressed as a convex combination
of sign-compatible basic feasible solutions f = Zle a; fO + Z;’;“_l a; f, where fM, ..., f® denote

the optimal solutions. By Lemma 9.10, fei) > 0 implies féi) > 1/(D~a4). By the hypothesis, for every
non-optimal f(9, i.e. i > £ + 1, there exists an index e(i) € [m] such that

1/(Dva) < fe(zz) and  fey < e/(mDvya-C).

Therefore, we have

m

Oll/(D’}/A alf = Zajfe( i) fe(i) < E/(mD’}/A : C)a

and hence Z;ié-u a; < ¢/C. Further, by Lemma 9.10, for every j we have
1D )lce < DIIb/vallt = C/(2D7).
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Let 8 > 0 be an arbitrary vector satisfying Zf L Bi =01k @i Let vy = o + B; for every i € [(] and

let f* = Z 1 v; f. Then, f* is an optimal solution and we have

1f* = flloo = O — Z a; - fO
i=0+1 -
< max Hf(l (Zﬁz Z z>
i€[1:m] i1
< 2e c ¢ -

S C 2Dya Dya’

In the following lemma, we extend the analysis in [SV16b, Lemma 5.6] from the transshipment
problem to positive linear programs. Our result crucially relies on an argument that uses the parameter
® = mingen cTg — opt. It is here, where our analysis incurs the linear step size dependence on ®/opt
and the quadratic dependence on opt/® for the number of steps.

An important technical detail is that the first regime incurs an extra (®/opt)-factor dependence. At
first glance, this might seem unnecessary due to Corollary 10.1, however it is crucial for an inductive

argument in our analysis to hold, see (10.11) and (10.12). Further, we note that the undirected Physarum
dynamics (8.7) satisfies x(t?n > (1-h)t- xfgi)m whereas the directed Physarum-inspired dynamics (8.6)
O

might yield a value z;, Which decreases with faster than exponential rate. As our analysis incurs a
logarlthmlc dependence on 1 / x

of log(1/x

it is prohibitive to decouple the two regimes and give bounds in terms

l’l’llIl ’

mm) which would be necessary as z® is the initial point of the second regime.

Lemma 10.15. Let g be an arbitrary non-optimal basic feasible solution. Given (9 € X and its
corresponding g, the Physarum-inspired dynamics (8.6) initialized with 2O runs in two regimes:

1. The first regime is executed when o®) ¢ [1/2,1/ho] and computes a point 2 € X such that
a; € [1/2,1/hg). In particular, if o®) < 1/2 then h < (®/opt) - (aho)? and t = 1/h. Otherwise, if
al® > 1/hg then h < ®/opt and t = [log, 1y [ho(a!® —1)/(1 — hg)]].

2. The second regime starts from a point ) € X such that oy € [1/2,1/hg], it has step size h <
(opt/®) - h2/2 and for any k > 4-cTg/(h®) - ln(\I'(O)/sx
e € [m] such that g. > 0 and 1'(t+ ) <.

mm) guarantees the existence of an index

Proof. Similar to the work of [BBD 713, SV16b], we use a potential function that takes as input a basic
feasible solution g and a step number ¢, and is defined by

By) = z geCe In xg).
e€[m]
Since z{™Y) = 2“(1 +hBOet - ATp®) —1]), we have
2D

AT
By - “)—deceln =2 geceln (1+h(f>[ ot 1])

(3

AT
< A dece [ ecp - 1] =h® [chg + [p(g)]TAg} =h® [—ch + pr(Z)} . (10.10)

€

Let f* be an optimal solution to (8.5). In order to lower bound Bgffl) B;{), we use the inequality

In(1+4z) >z — 22, for all v € [—3 Then, we have

2 2]
(Z+1)

ATp®)
B B = o1 eoln (14A0 |22
! ! Zf M Zf Celn | 1+ c

e

T () 2
> free <h<’v’) {Aep - 1} — [p9)2 [Aep —~ 1} )
Ce Ce

ht) (pr(g) —opt — B9 - (1/20h)? -0pt> , (10.11)

WV

WV

113



Chapter 10. Physarum-Inspired Dynamics

where the last inequality follows by combining

3 frel(es P ATpO) = 1] = [pO)TAf* — opt = bTp®) — opt,

1ATpY) | < D|c|1/ae (by Lemma 10.4 and Lemma 10.8 applied with 29 € X), hg = cmin/(4D]|c|1)
and
WO free- (e ATPY — 1)? < b9 (2D| el /apcmin)®opt = ) (1/204h) opt.

Further, by combining (10.10), (10 11), T g —opt > @ for every non-optimal basic feasible solution g and
provided that the inequality h(“)(1/2ashg)?opt < ®/2 holds, we obtain

hOP
o

¢ ¢ o
B}*H) — BS”*) > p) (pr(é) — ch> + h (ch — opt — 2) > Bg”l) — By) + (10.12)
Using Corollary 10.1, we partition the Physarum-inspired dynamics (8.6) execution into three regimes,
based on «y. For every i € {1,2,3}, we show next that the i-th regime has a fixed step size h® = h; such
that h()(1/2ashg)?opt < ®/2, for every step £ in this regime.
By Lemma 10.9, for every i € {1,2,3} it holds for every step £ in the i-th regime that

ar=1—(1—=hy)"(1-ag). (10.13)

Case 1: Suppose ap > 1/hg. Notice that h'®) = ®/opt suffices, since 1/(2ashg) < 1/2 for every
oy > 1/hg. Further, by applying (10.13) with oy dof 1/hg, we have t = Llogl/(l_h(;z))[ho(a(o) -1)/(1 -
ho)]] < (opt/®)-log(cho). Note that by (10.13) the sequence { v }o<t is decreasing, and by Corollary 10.1
we have 1 < oy < 1/hg.

Case 2: Suppose g € (0,1/2). By (10.13) the sequence {ay}sen is increasing and by Corollary 10.1
the regime is terminated once ay € [1/2,1). Observe that h() = (®/opt) - (apho)? suffices, since ag < ay.
Then, by (10.13) applied with a4 e 1/2, this regime has at most ¢ = (opt/®) - (1/agho)? steps.

Case 3: Suppose ag € [1/2,1/hg]. By (10.13) the sequence {ay}sen converges to 1 (decreases if
oo € (1,1/ho] and increases when ag € [1/2,1). Notice that k() = (®/opt) - h3/2 suffices, since 1/2 <
ay < 1/hg for every £ € N. We note that the number of steps in this regime is to be determined soon.

Hence, we conclude that inequality (10.12) holds. Further, using Case 1 and Case 2 there is an integer

t € N such that ay € [1/2,1/ho]. Let k € N be the number of steps in Case 3, and let h def (®/opt) - h3/2.
Then, for every £ € {t,...,t+k — 1} it holds that () = h and thus

t+k—1

h(Z LS h®
B}tjk) _ B;O*) > B§t+k) (o) + Z (t+k) Bgo) +k- - (10.14)

By Lemma 10.6, B(E) < cTg-In O for every basic feasible solution ¢ and every £ € N, and thus

h®
() R o) | pR)  p(0)
Bg < k’ 2 +Bg +Bf* Bf*
P
< k. % +¢Tg - m¥® 4 opt - ¥ —opt - lnal?),
h® \I/(O)
< —k- 74-20 g-In—5- ©

min

(t+k)

Suppose for the sake of a contradiction that for every e € [m] with g. > 0 it holds z¢ > ¢. Then,
BE,Hk) > clg-Ine yields k <4-cTg/(h®) - ln(\IJ(O)/(exfgi)n)), a contradiction to the choice of k. O

10.6 Proof of Theorem 10.2

By Corollary 10.1 and Lemma 10.15, if 2(®) € X such that a(©) > 1/hg, we work with h < ®/opt and
after t = [logy,1_p) [ho(a® —1)/(1 — ho)]| < (opt/®) - log(apho) steps, we obtain (¥ € X such that
a; € (1,1/hg]. Otherwise, if a® € (0,1/2) we work with h < (®/opt) - (aghg)? and after t = 1/h
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steps, we obtain () € X such that a; € [1/2,1). Hence, we can assume that oy € [1/2,1/hg] and set
h < (®/opt) - h3. Then, the Lemmas in Section 10.4 and 10.5 are applicable.

Let By % DIb/vall1lel1, B2 dof 8mpa P Es e 2mD3v4|b||1 and Ey4 e 8mD?(|b||;. Consider an
arbitrary non-optimal basic feasible solution g.

By Lemma 9.10, we have ¢'g < E; and thus both Lemma 10.12 and Lemma 10.15 are applicable
with h, e & ¢/Ey and any k > ko def 4E,/(h®) - ln[(Eg/min{l,xSSi)n}) - (Dvya/e*)]. Hence, by Lemma
10.15, the Physarum-inspired dynamics (8.6) guarantees the existence of an index e € [m] such that
ge > 0 and 20T < e /(D~4). Moreover, by Lemma 10.12 there is a non-negative feasible kernel-
free vector f such that [|2(*t%) — f||. < €*/(D~va). Thus, for the index e it follows that g. > 0 and
fe <2*/Dvya = (£/2) - (4/E4Dva) = £/(2E3). Then Lemma 10.14, yields || f — f*||cc < /(2D74) and
by triangle inequality we have ||2(®) — f*||o < e/(Dvya).

By construction, p4 = max{Dya, nD?|A|} < nD?*ya|A|oo. Let By = 8mnD?*y4| A ¥ and

Es = E{Ey - Dya = 82m?nD%y%| Alo||b]l1. Further, let C; = Ey and Cy = Es. Then, the statement

follows for any k > k; < 4C1/(h®) - In(Co ¥ @) /(e - min{l,x(o) ))- O

min

10.7 Preconditioning

In this section, we generalize the preconditioning technique developed in [BBD™13, SV16b] for flow
problems, to the setting of positive linear programs.

Theorem 10.16. Given an integral LP (A, b, ¢ > 0), a positive (0 € R™ and a parameter £ € (0,1).

Let ([A|b], b, (¢, ¢')) be an extended LP with ¢/ = 2C, and z(*) def 1+ Dg|z|oc|Al1[b]1 .2 Then, (z(0);2(©)
is a strongly dominating starting point of the extended problem such that y*[A|b](z(©), 2(0) > 1, for all
y € Y. In particular, the Physarum-inspired dynamics (8.6) initialized with (z(9), 2(0) and a step size
h < h3/Cs, outputs for any k > 4Cy - (Dy4)?/h - In(Co Y@ /(e - min{l,xggi)n})) a vector (z®), 2(F)) > 0

such that dist(z™®), X,) < ¢/(Dya) and %) < &/(Dvya4), where T(©) o max{W(® 20},

Theorem 10.16 subsumes [SV16b, Theorem 1.2] for flow problems by giving a tighter asymptotic
convergence rate, since for the transshipment problem A is a totally unimodular matrix and satisfies
D =Ds=1,v =1, |A]sc = 1 and ® = 1. We note that the scalar z(%) depends on the scaled
determinant Dg, see Theorem 8.3.

10.7.1 Proof of Theorem 10.16

In the extended problem, we concatenate to matrix A a column equal to b such that the resulting
constraint matrix becomes [A | b]. Let ¢/ be the cost and let a’ be the initial capacity of the newly inserted
constraint column. We will determine ¢’ and z’ in the course of the discussion. Consider the dual of the
max-flow like LP for the extended problem. It has an additional variable 2’ and reads

min{xTer:c'z/ 2220, 220, 22 Ay 2 > 0Ty by = 1}.
In any optimal solution, 2/ = bTy = 1 and hence the dual is equivalent to
min{zTz+2" 1 2>0; 2> ATy; by=1}. (10.15)
The strongly dominating set of the extended problem is therefore equal to
X = { ( j ) e R - yT[A 0] ( ;’ ) > 0 for allyEY}. (10.16)
The defining condition translates into 2’ > —yT Az for all ¥y € Y. We summarize the discussion in the

following Lemma.

Lemma 10.17. Given a positive x € R™, let p o |bl1Ds and «’ ey 4 plA|1)%]co, where |A|1 def

> 1Ai ] and Dg def max{|det(A")| : A’ is a square sub-matriz of A}. Then, (x; z') is a strongly
dominating starting point of the extended problem such that y*[A|b](z; 2') = yTAx + 2’ > 1, for all
yevyY.

2 We denote by |A|1 dof 2=i,5 145, i.e. we interpret matrix A as a vector and apply to it the standard £ norm.
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Proof. We show first that maxycy |y < p implies the statement. Let y € Y be arbitrary. Since
ly" Az| < JA|z]oc|yloc, we have maxyey |y* Az| < p[Af1]|2] = 2" — 1 and hence y'[A|](z; ') > L.

It remains to show that max,cy |y]|oo < p. The constraint polyhedron of the dual (10.15) is given in
matrix notation as

Im><m _AT 2 Om
P(ext) déf ( z ) c R™tn . ot pT ( z > — 1
Y Lnxem Omxn | N7 7 >\ O

Let us denote the resulting constraint matrix and vector by M € R2m+T1xXm+n and d € R?™*1 respectively.

Note that if b = 0 then the primal LP (10.2) is either unbounded or infeasible. Hence, we consider
the non-trivial case when b # 0. Observe that the polyhedron P is not empty, since for any y such
that b7y = 1 there is z = max{0, ATy} satisfying (z; y) € P, Further, P(®*) does not contain a line
(see Section 10.3) and thus P(***) has at least one extreme point p’ € P(**). As the dual LP (10.3) has
a bounded value (the target function is lower bounded by 0) and an extreme point exists (p’ € P(*%)),
the optimum is attained at an extreme point p € P(X*) Moreover, as every extreme point is a basic
feasible solution and matrix M has linearly independent columns (A has full row rank), it follows that p
has m + n tight linearly independent constraints.

Let Mp(,) € R™F™X™*" be the basis submatrix of M satisfying Mp,)p = dp(y). Since A,b are
integral and Mp,) is invertible, using Laplace expansion we have 1 < |det(Mp(;,))| < [b|1Ds = p. Let
Qi denotes the matrix formed by replacing the i-th column of Mp,) by the column vector dp,). Then,
by Cramer’s rule, it follows that |y;| = | det(Q;)/ det(Mpp))| < |det(Mp(,)| < p, for all i € [n]. O

It remains to fix the cost of the new column. Using Lemma 9.10, opt < ¢Tz(*) < €, for every k € N,

and thus we set ¢/ 20].

10.8 A Simple Lower Bound

Building on [SV16b, Lemma B.1], we give a lower bound on the number of steps required for computing
an e-approximation to the optimum shortest path. In particular, we show that for the Physarum-inspired
dynamics (8.6) to compute a point z(¥) such that dist(z(®), X,) < ¢, the required number of steps k has
to grow linearly in opt/(h®) and In(1/e).

Theorem 10.18. Let (A, b, c) be a positive LP instance such that A = [1 1],b =1 and ¢ = (opt, opt+®)T,
where opt > 0 and ® > 0. Then, for any e € (0,1) the discrete directed Physarum-inspired dynamics (8.6)
initialized with ©) = (1/2,1/2) and any step size h € (0,1/2], requires at least k = (1/2h)-max{opt/®, 1}-
In(2/¢) steps to guarantee ;vgk) >1-—c¢, scgk) < e. Moreover, if e < ®/(20pt) then cT2®) > (14 )opt as
long as k < (1/2h) - max{opt/®,1} - In(2® /(e - opt)).

Proof. Let ¢; = opt and ¢a = ~yopt, where v = 1 + ®/opt. We first derive closed-form expressions
for a:gk), acgk), and xgk) + xgk). Let s*) = wﬁ’“) + xgk). For any k£ € N, we have qgk) + qék) = 1 and
q%k)/qgk) = (:cgk)/cl)/(xék)/@) = 'yxgk)/xék)‘ Therefore, q%k) = 'yxgk)/s(k) and qék) = xék)/s(k), and hence

xgk) =(1+h(-1+ 7/8(16_1)))36971) and a:(Qk) =(14+h(-1+ 1/5(’“_1)))30(2]671). (10.17)

Further, x(lk) + x(zk) =(1- h)(xgk_l) + xék_l)) + h, and thus by induction ng) + ng) =1forall ke N.

Therefore, s*) < ~ for all k£ € N and hence x:(tk) > x%kil), i.e. the sequence {xgk)}keN is increasing and
the sequence {xék)}keN is decreasing. Moreover, since h(—1 +1/s%~D) > h(1 — ~)/y = —h®/(opt + ®)
and using the inequality 1 — z > e~2* for every z € [0,1/2], it follows by (10.17) and induction on k that

k
2 (1t g) o e 22}
op op

Thus, xék) > ¢ whenever k < (1/2h) - (opt/® + 1) - In(2/e). This proves the first claim.
For the second claim, observe that ¢T2® = opt - ¥ + yopt - 25 = opt - (1 + (v — 1)a{¥). This is
greater than (1 4+ ¢)opt iff xgk) > ¢ - opt/®. Thus, cTz®) > (1 + ¢)opt as long as k < (1/2h) - (opt/® +
O

1) -In(2/(e - opt/®)).
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