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Abstract

In this paper we introduce a notion of spectral approximation for directed graphs. While
there are many potential ways one might define approximation for directed graphs, most of
them are too strong to allow sparse approximations in general. In contrast, we prove that for
our notion of approximation, such sparsifiers do exist, and we show how to compute them in
almost linear time.

Using this notion of approximation, we provide a general framework for solving asymmetric
linear systems that is broadly inspired by the work of [Peng-Spielman, STOC‘14|. Applying
this framework in conjunction with our sparsification algorithm, we obtain an almost-linear-
time algorithm for solving directed Laplacian systems associated with Eulerian Graphs. Using
this solver in the recent framework of [Cohen-Kelner-Peebles-Peng-Sidford-Vladu, FOCS‘16], we
obtain almost linear time algorithms for solving a directed Laplacian linear system, computing
the stationary distribution of a Markov chain, computing expected commute times in a directed
graph, and more.

For each of these problems, our algorithms improves the previous best running times of
O((nm3/* + n2/3m) 10g®M (nke1)) to O((m + n20Wlenloglogn)) 16600 (1)) where n is
the number of vertices in the graph, m is the number of edges, « is a natural condition number
associated with the problem, and ¢ is the desired accuracy. We hope these results open the door
for further studies into directed spectral graph theory, and that they will serve as a stepping
stone for designing a new generation of fast algorithms for directed graphs.
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1 Introduction

In the analysis of Markov chains, there has been a longstanding algorithmic gap between the general
case, corresponding to random walks on directed graphs, and the special case of reversible chains,
for which the corresponding graph can be taken to be undirected. This gap begins with the most
basic computational task—computing the stationary distribution—and persists for many of the
fundamental problems associated with random walks, such as computing hitting and commute
times, escape probabilities, and personalized PageRank vectors. In the undirected case, there are
algorithms for all of these problems that run in linear or nearly-linear time. In the directed case,
however, the best algorithms have historically been much slower. Specifically, the best running times
were given by a recent precursor to the present paper [12], which showed that one could solve these
problems on a graph with n vertices and m edges in time O(nmg/ 4y n?/ 3m).! Prior to that work, it
was unknown whether one could solve any of them faster than the time needed to solve an arbitrary
linear system with the given size and sparsity, i.e. ©(min(mn,n®)) time, where w < 2.3729 is the
exponent for matrix multiplication.

This gap has its origins in a broader discrepancy between the state of algorithmic spectral graph
theory in undirected and directed settings. While the undirected case has a richly developed theory
and a powerful collection of algorithmic tools, similar results have remained somewhat elusive for
directed graphs. In particular, the problems mentioned above can be expressed in terms of the linear
algebraic properties of the Laplacian matrix of a graph, and it was shown in [12| how to reduce all
these problems to the solution of a small number of Laplacian linear systems. In the undirected
case, there has been a tremendously successful line of research on how to use the combinatorial
properties of graphs to accelerate the solution of such systems, culminating in algorithms that can
solve them in nearly-linear time [37, 23, 24, 22, 27, 13, 33, 25, 26]. Unfortunately, these solvers
relied heavily on several features that seemed intrinsic to the undirected case and did not appear
to be available for directed graphs, thereby precluding an analogous solver for directed Laplacians.
In particular, the undirected solvers relied on:

Knowledge of the kernel /stationary distribution: Up to a simple rescaling by the vertex de-
grees, vectors in the kernel of a Laplacian correspond to stationary distributions of the correspond-
ing random walk. For undirected graphs, the kernel is spanned by the all-ones vector on each of
the connected components, so it and the space of stationary distributions can be easily computed
in linear time. For directed graphs, however, this is no longer the case, and finding the stationary
distribution does not seem to be any easier than the original problem of solving Laplacian linear
systems. In fact, while stationary distributions of random walks on directed graphs have been
studied for over 100 years [3], and computing them has been extensively investigated in both the-
ory and practice (see e.g. [38, 34]), the O(nm?/* + n?/3m) result in [12] was the first to find them
in less time than is required to find the kernel of a general matrix.

Symmetry and positive semidefiniteness: Undirected Laplacians are symmetric and positive
semidefinite. Essentially every aspect of algorithmic spectral graph theory uses this symmetry
to treat the Laplacian as a quadratic form and relies on its expression as a sum of positive
semidefinite contributions from each of the edges to analyze its properties. This includes the
Laplacians’ connection to the graph’s cut structure, their relationship to electrical circuits and
effective resistances, the notion of graph inequalities and spectral approximation, the combinatorial

1 We use O notation to suppress terms that are polylogarithmic in n, the natural condition number of the
problem &, and the desired accuracy e. We use the term “nearly linear” to refer to algorithms whose running time
is O(m) = mlog®™ (nre™!) and “almost linear” to refer to algorithms that are linear up to sub-polynomial (but
possibly super-logarithmic) factors, i.e., whose running time is O(m(nre 1)),



construction of preconditioners, and the iterative methods used to solve Laplacian systems. On
the other hand, directed Laplacians are asymmetric matrices, and their naive symmetrizations are
not typically positive semidefinite.

Sparsification One of the most powerful algorithmic tools in the undirected setting is the ability
to construct sparsifiers |6, 36, 5|. These allow one to approximate an arbitrarily dense graph by
a sparse graph that has only a slightly super-linear number of edges. The classical notion of cut
sparsification requires that the value of every cut in the original graph be approximately preserved
in the sparsifier; the more recent notion of spectral sparsification is stronger, and also implies
the former property. For directed graphs, it can be shown that, even for the weaker notion of cut
sparsification, such sparsifiers do not generally exist. One simple example is the complete bipartite
graph. (See Section 1.1.2.) In fact, it was not known how to define any other useful notion of
sparsification for which this would not be the case.

In this paper, we show how to cope with these fundamental differences, and begin to address
the algorithmic gap between general and reversible Markov chains. Our core technical result is the
first almost-linear-time solver for directed Laplacian systems. Using the work from [12], this yields
the first almost-linear-time algorithms for computing a host of fundamental objects and quantities
associated with a random walk on a directed graph, including the stationary distribution, hitting
and commute times, escape probabilities, and personalized PageRank vectors.

More broadly, constructing our solver required the development of directed versions of several
foundational tools and techniques from undirected algorithmic spectral graph theory. Most notably,
and perhaps surprisingly, we show that it is possible to develop a useful notion of spectral approxi-
mation and sparsification of directed graphs, and that sparsifiers under this definition exist and can
be constructed efficiently.

In addition to their direct application to the analysis of Markov chains, we hope that both the
solver itself and the sparsification machinery will prove to be useful tools in the further development
of fast graph algorithms. In the undirected case, sparsifiers have been a core algorithmic tool since
the early 1990s |6, 19, 20, 16, 1], and fast solvers for undirected Laplacian solvers have recently
led to an explosion of algorithms operating in the so-called “Laplacian Paradigm” [39], in both
cases leading to asymptotic improvements for many of the core algorithmic problems for undirected
graphs. Given the success these methods have enjoyed in the case of undirected graphs, we hope
that their directed analogues will spark similar progress in the directed setting.

1.1 Previous Work

In this section, we briefly review some of the previous work related to our results and techniques.
Given the extensive prior research on Markov chains, spectral graph theory, sparsification, solving
general and Laplacian linear systems, and computing PageRank, we do not attempt to give a
comprehensive overview of the literature; instead we simply describe the work that most directly
relates to or motivates this paper.

1.1.1 Directed Laplacian Systems, Stationary Distributions, and PageRanks

The most direct precursor to this work is a recent paper by a subset of the authors [12]. As
mentioned above, it showed that, by exploiting linear algebraic properties of directed Laplacians,
one could obtain faster algorithms for a wide range of problems involving directed random walks.
Prior to this paper, it seemed quite possible that the similarities between directed and undirected
Laplacians were largely syntactic, and that there was no way to use the structure of directed



Laplacians or random walks to obtain asymptotically faster algorithms. In particular, despite
extensive theoretical and applied work in computer science, mathematics, statistics, and numerical
scientific computing, all algorithms that we are aware of prior to [12] for obtaining high-quality”
solutions for directed Laplacian systems, stationary distributions, or personalized PageRank vectors
either have a polynomial dependence on a condition number or related parameter (such as a random
walk’s mixing time or PageRank’s restart probability), or they apply a general-purpose linear algebra
routine and thus run in at least the Q(min(mn,n*)) time currently required to solve arbitrary linear
systems.

By showing that this was not the case, [12]| provided the first indication that one could actually
use the structure of directed Laplacian systems to accelerate their solution, which provided a strong
motivation to see how much of an improvement was possible. It also created hope that the re-
cently successful research program in building and applying fast algorithms for solving (symmetric)
Laplacian systems (37, 23, 24, 22, 27, 33, 25| could be applied to give more direct improvements to
running times for solving combinatorial optimization problems on directed graphs.

In addition to motivating the search for faster Laplacian solvers, [12] provided a set of reductions
that we will directly apply in this paper. In order to prove its results, [12] showed how to reduce a
range of algorithmic questions about directed walks, such as computing the stationary distribution,
hitting and commute times, escape probabilities, and personalized PageRank vectors, to solving a
small number of linear systems in directed Laplacians.

It turns out that it is easier to work with such systems in the special case where the graph is
Eulerian. One of the main technical tools in [12] is a reduction to this special case. They did this
by giving an iterative method that solved a general Laplacian system by solving a small number
of systems in which the graph is Eulerian. Together, this showed that to solve the aforementioned
problems, it suffices to give a solver for Eulerian graphs, and that this only incurs a factor of O(1)
overhead. It then obtained all of its results by constructing an Eulerian solver that runs in time
5(m3/ 4n 4+ mn?/3). In this paper we construct an BEulerian solver that runs in time m!*°(1) and
then just directly apply these reductions to obtain our other results.

However, while [12] opened the door for further algorithmic improvements in analyzing Markov
chains, the arguments in it provided little evidence that the running time could be improved to
anything approaching what was known in the undirected case. Indeed, while the techniques in
it suggested that it might be possible to obtain further improvements, even the most optimistic
interpretations of the structural results in [12] only gave hope for achieving running times of roughly
O(m+/n). This would make it no faster than some of the existing algorithms that use undirected
Laplacian solvers to solve problems on directed graphs, such as the O(mm/ ") algorithms for unit
cost maximum flow [30, 31] and shortest path with negative edge lengths [14], or the O(m+/n)
type bounds for minimum cost flow [28]. As such, while this would provide better results for the
applications to Markov chains, it would rule out the hope of obtaining improved results for these
directed problems by replacing the undirected solver with a directed one.

Intuitively, the solver in [12] worked by showing how one could use the existence of a fast
undirected solver to solve directed Laplacians. For a directed Eulerian Laplacian £, it showed that
the symmetrized matrix U = (£ + £7)/2 is the Laplacian of an undirected graph, and that the
symmetric matrix £' UtL was, in a certain sense, reasonably well approximated by U. Given a
linear system £Z = b, one could then form the equivalent system £TUT L = £TU%b and use a fast
undirected Laplacian solver to apply UT. One could then hope that the fact that the matrix on the
left is somewhat well-approximated by U would imply that U™ is a sufficiently good preconditioner

2By high-quality, we mean that the algorithm should be able to find a solution with error € in time that is sub-
polynomial in 1/e, ie. (1/ e)’)(l). For PageRank there were some known techniques for achieving better dependence
on n and m at the expense of a polynomial dependence on 1/¢ [2, 11, 9, 10].



for it to yield an improved running time. It turned out that, while this would actually be the case
in exact arithmetic, numerical issues provided a legitimate obstruction. This necessitated a more
involved scheme, which gave a slightly slower running time of O(m3/ 4n 4+ mn?/ 3), rather than the
roughly 6(112/ 3m) running time that what would have been achieved by exact arithmetic.

The way this algorithm works provides a good intuitive explanation for why one would not
expect it to give a solver yielding substantial improvements for combinatorial “Laplacian Paradigm”
algorithms that rely on undirected solvers. At its root, the solver from [12] works by trying to find
the right way to ignore the directed structure and solve the system with an undirected solver; thus
it is on essentially the same footing as the algorithms it would hope to improve. The obstructions it
faces are rooted in the fact that directed Laplacians are fundamentally not very well-approximated
by undirected ones. In essence, the difference between the solver in this paper and the one presented
in [12] is that, instead of figuring out how to properly neglect the directed structure, the solver we
present here intrinsically works with asymmetric (directed) objects, and redevelops the theory from
the ground up to properly capture them.

1.1.2 Directed Graph Sparsification and Approximation

While sparsification of undirected graphs has been extensively studied [6, 36, 16, 35, 4, 5, 42, 29],
there has been very little success extending the notion to directed graphs. In fact, it was not even
clear that there should exist a useful definition under which directed graphs should have sparsifiers
with a subquadratic number of edges, and for many of the natural definitions one would propose,
sparsification is provably impossible.

For instance, a natural first attempt would be to try to generalize the classical notion of cut
sparsification for undirected graphs [18, 6]. Given any weighted undirected graph G, Benczur and
Karger showed that one could construct a new graph H with at most O(nlogn/e?) edges such that
the value of every cut in G is within a multiplicative factor of 1 + € of its value in H. While this
definition makes sense for directed graphs as well, there is no analogous existence result. Indeed it
is not hard to construct directed graphs for which any such approximation must have Q(n?) edges.

For example, consider the directed complete bipartite graph K on the vertex set AU B with all
edges directed from A to B. For each pair of a € A and b € B, the directed cut

E({aj UB\{b},{b} UA\{a}) (1.1)

contains only the edge a — b. (See Figure 1.1.) Removing this edge from the graph would change
the value of this cut from 1 to 0, resulting in an infinite multiplicative error.

Any graph that multiplicatively approximates the cuts in K must have |E(B, A)| = 0, so it
must be supported on a subset of the edges of K, and the above then shows that such a graph must
contain the edge a — b for every a € A and b € B. It thus follows that any graph that approximately
preserves every cut in K must contain all |A||B]| potential edges, so K has no nontrivial sparsifier
under this definition.

It would therefore seem that any attempt at reducing the number of edges in a directed graph
while preserving the combinatorial structure is doomed to fail. However, Eulerian graphs present
a natural setting that circumvents this because cuts in Eulerian graphs have the same amount
of edge weight going in each direction, the bipartite graph counterexamples above are precluded.
This balancedness allows one to incorporate sparsification based tools for flows and routings in this
setting to solve combinatorial flow and cut problems quickly on Eulerian graphs [15].

Most closely related to our notion of sparsification of directed graphs is the work by Chung on
Cheeger’s inequality for directed graphs [8]. This result transforms the graph into an Eulerian graph
G in a way identical to how we obtain Eulerian graphs [12]: by rescaling each edge weight by the



probability of its source vertex in a stationary distribution. It then relates the convergence rate of
random walks on GG to the eigenvalues of the undirected graph obtained by removing directions on
all edges. Specifically if the Eulerian directed Laplaican is £, this symmetrization is (E + ﬁT) /2.
Since the eigenvalues of the symmetrization of an
Eulerian graph give information about random walks
on the original graph, it might be tempting to define
approximation for Eulerian graphs in terms of whether
their symmetrizations approximate each other in the
conventional positive semidefinite sense. For our pur-
poses, we require (and obtain) a substantially stronger
notion of approximation that preserves much of the
directed structure that would be erased by symmetriz-
ing. The reason why we need a stronger notion of ap-
proximation is that we want graphs that approximate
each other under this notion to be good precondition-
ers of one another. In contrast, if one defines approxi-
mation according to whether the symmetrizations ap-
proximate one another, one would have to say that the
length n undirected cycle and the length n directed
cycle approximate each other, since they are both Eu-
lerian and have the same undirected symmetrization.
However, they are not good preconditioners of one an-
other, and using one as a substitute for the other would
incur very large losses in our applications. Under the

notion of approximation we introduce in this paper,

these graphs differ by a factor of Q(n2). so any sparsifier that omits it will fail to
approximate the corresponding cut.

Figure 1.1: An example of the family of
cuts described in Equation (1.1). The only
edge leaving the highlighted set is a — b,

1.1.3 Laplacian System Solvers

Our algorithms build heavily on the literature for solv-

ing undirected Laplacians systems. Since undirected Laplacians are special cases of directed Lapla-
cians, any directed solver will yield an undirected solver when given a symmetric input. It is thus
helpful to consider what undirected solver we would like our method to resemble in this case.

There are now a fairly large number of reasonably distinct algorithms for solving such systems,
and we believe that several of them provide a template that could be turned into a working directed
solver. Of these, the one that our solver most closely resembles is the parallel solver by Peng and
Spielman [33], which we will briefly summarize here.

To simplify the notation and avoid having to keep track of degree normalizations, we only
consider regular graphs when giving the intuition behind the algorithm. Suppose that we are given
a d-regular undirected graph G with Laplacian £ = dI — A = d(I — A), where A = A/d has
|.A|| < 1 on ker(£)*. For simplicity, in the equations that follow, we restrict our attention to the
space perpendicular to the kernel of £. With this convention, the algorithm of [33] is then motivated

by the series expansion
T-A) =Y A =] (1+4%), (1.2)

i>0 k>0

which is a matrix version of the standard scalar identity 1/(1 —z) = 1+ 2z + 22 + 2% + --- =
114 2)(1 4+ 22)(1 4+ 2%) ---. If X is the smallest nonzero eigenvalue of I — A, then truncating this
product at k = ©(log1/)) yields a constant relative error, which can be made arbitrarily small



by further increasing k. Hence if A > 1/poly(n), we obtain a small error by multiplying the first
O(logn) terms of the product. This seems to suggest a good algorithm for solving a system L& = b:
simply compute I+ 42" for k =0,...,t = O(logn) and then return L@+ A (14 AT

Unfortunately, this algorithm (implemented naively) would be too slow. As k grows, A" quickly
becomes dense, so computing it requires repeatedly squaring dense matrices, which takes time
O(n¥). To deal with this, their algorithm instead replaces these matrices with sparse approximations
of them. Peng and Spielman showed that given a graph with n vertices and m edges, one can
compute a sparse approximation of the requisite squared matrix in nearly-linear-time.

Making this idea work requires care, since in general it is not true that the product of two
matrices will be well approximated by the product of their approximations. For positive semidef-
inite matrices, however, there is a variant of this statement that holds if one takes the products
symmetrically: if A and B are PSD and A is a good approximation of B, then for any matrix V,
VAV is a good approximation of VBV . This led the authors of [33] to work with a more stable
symmetric version of the series described above, which allowed them to obtain their result.

This turns out to be a reasonably convenient template for our directed solver. In particular,
it has fewer moving parts than many of the other methods, and it does not require constructing
combinatorial objects, like low-stretch spanning trees. Instead it directly relies on sparsification,
which is our main new technical tool for directed graphs.

Unfortunately, we cannot directly apply the methods described above, since the symmetric
product constructions that are used to control the error are no longer available for the (asymmetric)
Laplacians of directed graphs. Moreover, the strong notions of graph approximation and positive
semidefinite inequalities that facilitate the analysis for the undirected solver are unavailable in the
directed setting. As such, we end up having to work with weaker error guarantees, and correct the
extra error they introduce using a more involved iterative method.

1.2 Our Results

In this paper, we show that, in spite of these seemingly fundamental differences between the directed
and undirected settings, we can develop directed analogues of several of the core spectral primitives
that have been deployed to great effect on undirected graphs, and we use them to obtain the first
almost-linear-time algorithms for many of the central problems in the analysis of non-reversible
Markov chains. The main new theoretical tools and algorithmic primitives we introduce are:

e Directed graph approximation: We develop a well-behaved notion of spectral approximation
for directed graphs, despite the fact that the corresponding Laplacians lack the symmetry and
positive semidefiniteness properties that the undirected version crucially relies on. Our definition
specializes to the standard version based on PSD matrix inequalities when applied to undirected
graphs, and it retains many of the useful features of the undirected definition. For example,
our notion of graph approximations roughly preserve the behavior of random walks, behave well
under composition and change of basis, retain certain key aspects of the combinatorial structure,
and provide good preconditioners for iterative methods.

e Directed sparsification: We show that, under our notion of approximation, any strongly-
connected directed graph can be approximated by a sparsifier with only 5(n /€?) edges, and we
give an algorithm to compute such a sparsifier in almost-linear time. To our knowledge, this
is the first time that directed sparsifiers with o(n?) edges have been proven to exist, even non-
algorithmically, for any computationally useful definition that retains the directed structure of a
graph.



e Almost-linear-time solvers for directed Laplacian systems: Given the Laplacian £ =
D —ma' of a directed graph with n vertices and m edges, we provide an algorithm that leverages
our sparsifier construction to solve the linear system £& = b in time

T=0 <m + n20W log”k’glog")> log®W (nke !y =0 (m + nHO(l)) log®W (nre™l),  (1.3)

where k = max(k(L), k(D)) is the maximum of the condition numbers of £ and D, improving
on the best previous running time of O (nm3/4 + n2/3m) log®™M) (n/iefl). (See Theorem 4.1.)
To do so, we introduce a novel iterative scheme and analysis that allows us to mitigate the
accumulation of errors from multiplying sparse approximations without having access to the
more stable constructions and bounds available for symmetric matrices.

In [12], we provided a suite of reductions that used a solver for directed Laplacians to solve a
variety other problems. Plugging our new solver’s running time into these reductions immediately
gives the following almost-linear-time algorithms:*

¢ Computing stationary distributions: We can compute a vector within £y distance € of the
stationary distribution of a random walk on a strongly connected directed graph in time 7.

e Computing Personalized PageRank vectors: We can compute a vector within /o dis-
tance € of the Personalized PageRank vector with restart probability S for a directed graph
in time 7 log®(1/3).

e Simulating random walks: We can compute the escape probabilities, commute times, and
hitting times for a random walk on a directed graph and estimate the mixing time of a lazy
random walk up to a polynomial factor in time 7.

e Estimating all-pairs commute times: We can build a data structure of size 6(716_2 logn)
in time 7 /€? that, when queried with any two vertices a and b, outputs a 1 + ¢ multiplicative
approximation to the expected commute time between a and b.

e Solving row- and column-diagonally dominant linear systems: We can solve linear sys-
tems that are row- or column-diagonally dominant in time 7 log K, where K denotes the ratio of
the largest and smallest diagonal entries.

This gives the first almost-linear-time algorithm for each of these problems. For all of them, the
best previous running time for obtaining high-quality solutions was what is obtained by replacing
T with O (nm?/* + n?3m) log@®) (nke™!) and was proven in [12].

1.3 Paper Overview

The rest of this paper is organized as follows.

e Section 2 — we cover preliminaries such as notation, facts about directed Laplacians that we use
throughout the paper, and an overview of our approach.

3We use T to denote anything of the form given in equation 1.3, not the time required for one call to the solver.
Some of the reductions call the solver a logarithmic number of times, so precise value of the log®™® (nke 1) term varies
among the applications. Also, note that in this paper we give solving running times in terms of the condition number
of symmetric Laplacian whereas in [12] they are often given in terms of the condition number of the corresponding
diagonal matrix. However it is well-known that these differ only by a O(poly(n)) factor and as they are in the
logarithmic terms, this does not affect the running times.



e Section 3 — we introduce a notion of asymmetric approximation, and prove that we can, in nearly
linear time, produce sparsifiers which are good approximations under this notion.

e Section 4 — we show how to employ the sparsification routines from the previous section in order
to obtain our fast Eulerian Laplacian system solver.

e Appendix A — we prove a matrix concentration result concerning entrywise sampling, which is
the basic building block for the results from Section 3.

e Appendix B — we provide various general linear algebra facts used throughout the paper.

e Appendix C — we show how to obtain the graph decompositions required for sparsifying arbitrary
Eulerian Laplacians using a decomposition of undirected graphs into expanders.

e Appendix D — we provide some details on the full algorithm for computing stationary distributions
and solving directed Laplacians using a Eulerian Laplacian system solver.

e Appendix E — we relate our sparsification results to certain systems considered in [12].

e Appendix F — we provide a general reduction that improves the dependence of our Eulerian solver
on the condition number from exp(/log k) to log k.

2 Preliminaries

First we give notation in Section 2.1 and then we give basic information about directed Laplacians
in Section 2.2. Much of this is inherited from [12]. With this notation in place we give an overview
of our approach in Section 2.3.

2.1 Notation

Matrices: We use bold to denote matrices and let T,0 € R™*™ denote the identity matrix and zero
matrix respectively. For a matrix A we use nnz(A) to denote the number of non-zero entries in A.
When A € R™*"™ we use supp(A) to denote the subset of [n] corresponding to the indices for which
at least one of the corresponding row or column in A is non-zero.

Vectors: We use the vector notation when we wish to highlight that we are representing a vector.
We let 0,1 € R™ denote the all zeros and ones vectors, respectively. We use 1; € R™ to denote
the 4-th basis vector, i.e. (I;); = 0 for j # i and (1;); = 1. Occasionally, when it is obvious from
the context, we apply scalar operations to vectors with the interpretation that they be applied
coordinate-wise. As with matrices, we use supp(Z) to denote the indices of & with non-zero entries.

Positive Semidefinite Ordering: For symmetric matrices A, B € R™*" we use A < B to denote
the condition that T Az < 2"Buz, for all z. We define >, <, and > analogously. We call a symmet-
ric matrix A € R™ " positive semidefinite (PSD) if A = 0. For vectors z, we let ||z]|a = VT Az.
For asymmetric A € R™*" we let Uy < (A + A7) and note that 2" Az = 2"AT2 = 2" Upx for
all x € R™.

Operator Norms: For any norm || - || defined on vectors in R™ we define the seminorm it in-
duces on R™*" by ||A| = max,+o H‘ifcgﬁ“ for all A € R™"™. When we wish to make clear that we
are considering such a ratio we use the — symbol; e.g., ||A|lp—H = max,-g ”ﬁ,ﬂﬁ‘l‘{ﬂ, but we may



also simply write |A|g < |A|g_g in this case. For symmetric positive definite H we have that

|A|l_m can be equivalently expressed in terms of || - ||z as ||Al|g_m = |HY2AH"/2||5. Also
note that ||A||; is the is the maximum ¢; norm of a column of A, and ||A|s is the maximum ¢;
norm of a row of A.

Diagonals For z € R™ we let diag(z) € R"*" denote the diagonal matrix with diag(z);; = z; and
typically use X < diag(z). For A € R™" we let diag(A) € R™ denote the vector corresponding to
the diagonal of A, i.e. diag(A); = A;; and we let diag(A) denote the diagonal matrix having the
same diagonal as A.

Linear Algebra For a matrix A, we let AT denote the (Moore-Penrose) pseudoinverse of A.
For a symmetric positive semidefinite matrix B, we let B1/2 denote the square root of B, that is the
unique symmetric positive semidefinite matrix such that BY/2B'/2 = B. Furthermore, we let B*/2
denote the pseudoinverse of the square root of B. We use ker(A) to denote nullspace (kernel) of
A. We use span(z, x2, ..., Tx) to denote the subspace spanned by 1, ..., zx. For a symmetric PSD
matrix A we let A\,(A) denote the smallest non-zero eigenvalue of A.

Misc: Welet [n] < {1,...,n}. For A € R™*" let K(A) = ||A|l2-| A2 denote the condition number
of A. For symmetric PSD matrices A and B with the same kernel, let x(A, B) = x(AT/2BA*/2)
denote their relative condition number (e.g. if aB < A < B then (A, B) < /a). Note that our
use of pseudoinverse rather than inverse in these definitions is non-standard but convenient.

2.2 Directed Laplacians

Here we provide notation regarding directed Laplacians and review basic facts regarding these matri-
ces that were proved in [12]. We begin with some basic definitions and notation regarding Laplacians:

Directed Laplacian: A matrix £ € R™*" is called a directed Laplacian if (1) its off diagonal entries
are non-positive, i.e. £;; < 0foralli # j, and (2) it satisfies 17 £ = 0, i.e. Ly = — Z#i Lj; for all 4.

Associated Graph: To every directed Laplacian £ € R™*" we associate a graph Gy = (V, E, w)
with vertices V' = [n], and edges (i,j) of weight w;; = —Lj;, for all i # j € [n] with Lj # 0.
Occasionally we write £ = D — AT to denote that we decompose £ into the diagonal matrix D
(where D;; = L;; is the out degree of vertex i in G2) and non-negative matrix A (which is weighted
adjacency matrix of G, with A;; = w;; if (4,7) € E, and A;; = 0 otherwise).

Eulerian Laplacian: A matrix £ is called an FEulerian Laplacian if it is a directed Laplacian
with £1 = 0. Note that £ is an Fulerian Laplacian if and only if its associated graph is Eulerian.

(Symmetric) Laplacian: A matrix U € R™" is called a symmetric or undirected Laplacian
or just a Laplacian if it is symmetric and a directed Laplacian. Note that the graph associ-
ated with an undirected Laplacian is undirected, i.e. for every forward edge there is a back-
ward edge of the same weight. Given a symmetric Laplacian U = D — A, we let its spectral
gap be defined as the smallest nonzero eigenvalue of D Y2UD /2 je. Ag(Dfl/QUDfl/Q) =
minkaer(Dfl/QUDfl/Q),||xH:1 ¢ D1/2UD Y2,

Running Times: Our central object is almost always a directed Laplacian £L =D — A € R™*"

where m = nnz(A), U < max; j |Az;]/ min; j.a, 20 [Asj|. We use O(-) notation to suppress factors
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polylogarithmic in n, m, U, and &, the natural condition number of the particular problem.

2.3 Overview of Approach

Here we provide an overview of our approach for solving linear systems in directed Laplacians. We
split it into three parts. In the first part, Section 2.3.1, we describe how to reduce the problem to
the special case of solving Eulerian Laplacians with polynomial condition number. In the second
part, Section 2.3.2 we cover the efficient construction of sparsifiers. Finally, and in the third part,
Section 2.3.3, we discuss how to use the sparsifier construction to build an almost-linear-time solver
for polynomially well-conditioned Eulerian Laplacian systems.

2.3.1 Reductions

We begin by applying two reductions. The first is a result from [12], which states that one can solve
row- and column-diagonally dominant linear systems, which include general directed Laplacian
systems, by solving a small number of Laplacian systems in which the graphs are Eulerian:

Theorem 2.1 (Theorem 42 from [12]). Let M be an arbitrary n X n column-diagonally-dominant
or row-diagonally-dominant matriz with diagonal D. Let b € im(M). Then for any 0 < € <1, one
can compute, with high probability and in time

0 (’fsolVe log? (n : “(Dz ' MM)))

a vector &' satisfying |Max' — b||2 < €||b]|2.
Furthermore, all the intermediate Eulerian Laplacian solves required to produce the approximate
solution involve only matrices R, for which k(R +RT), x(diag(R)) < (nk(D)x(M) /€)W,

If we were to combine this directly with the algorithm from Section 4, it would give a running
time of O ((m+ nexpO (Vlogk - loglog k) ) log (1/€)) to solve linear systems in a directed Laplacian
L =D — AT where & is the condition number of the normalized Laplacian D~/2£D~1/2. While
K is typically polynomial in n, it is possible for it to be exponential, so we would like our running
time to depend on it logarithmically, instead of just sub-polynomially. We show how to do this in
Appendix F, where we give an algorithm to solve an arbitrarily ill-conditioned Eulerian Laplacian
systems by solving O(log(nk)) Eulerian Laplacians whose condition numbers are polynomial in n.
This allows us to restrict our attention for the rest of the paper to the case where & is polynomial in
n and, when applied to the algorithm from Section 4, gives our final running time of log®(") (nre™1)).

2.3.2 Sparsification

Our primary new graph theoretic tool is a directed notion of spectral sparsifiers, along with efficient
techniques for constructing them for an Eulerian graph and its square. As discussed in the intro-
duction, there are seemingly intrinsic problems with many of the notions of directed sparsification
that one would propose based on analogies to the undirected case. In particular, both the cut-based
and spectral notions have seemingly fatal issues that preclude their use in directed graphs. For the
cut-based notion, as shown in Section 1.1.2; good sparsifiers provably don’t exist for some graphs.

If one instead seeks to generalize the undirected definition of spectral sparsifiers, which requires
a sparsifier H of a graph G to obey (1 — €)@ Lyz < T Lo7 < (1 + €)#T Ly Z, the problems are
perhaps even more severe. For instance, when G is directed Lg is no longer symmetric, so it’s not
clear that it makes sense to use it as a quadratic form #' Lo, and doing so essentially symmetrizes
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.
it and discards the directed structure, since ' Lo = :E’Tﬁga':' =T (%) Z. In addition, the

resulting quadratic form is not typically PSD, i.e. there often exist & for which Z'Lg# < 0, in
which case G would not approximate itself under the definition given for ¢ > 0.

One also has to deal with the fact that, unlike in the undirected case, the kernels of directed graph
Laplacians are rather subtle objects: for a strongly-connected graph G, the kernel of Lo =D — AT
is given by D~'¢, where ¢ is the stationary distribution of the random walk on G. This carries
various problematic consequences, including the fact that £ and £ typically have different kernels,
and even small changes in the graph can change whether £Z = 0 for a given vector .

Our approach to this is based on the fact that many of these problems do not occur for Eulerian
graphs. In particular, if £ is the Laplacian of an Eulerian directed graph G, Uy = (£ + £7)/2 is
the Laplacian of an undirected graph and thus positive semidefinite, and cuts in the corresponding
undirected graph are the same as those in G. In addition, the kernel of L is spanned by the all-ones
vector and is the same as the kernel of £. In addition, the following was shown in [12], which says
that the Laplacian of any strongly connected graph can be turned into an Eulerian Laplacian by
applying a diagonal scaling:

Lemma 2.2 (Lemma 1 from [12], abridged). Given a directed Laplacian L = D — AT € R™"
whose associated graph is strongly connected, there exists a positive vector ¥ € RZy (unique up

to scaling) such that L - diag(¥) is an Eulerian Laplacian. Furthermore, ker(L) = span(Z), and
ker(L") = span(1).

Moreover, it was shown in [12] that one could find a high-precision approximation to this scaling
efficiently given access to an Eulerian solver.

Intuitively, we define our notion of sparsification and approximation for Eulerian graphs, and we
show that this notion induces a well-behaved definition for other strongly-connected graphs through
the Eulerian scaling. As we do not want to neglect the directed structure, we will think of Laplacians
as linear operators, not quadratic forms, and we study their sizes through various operator norms.

For Laplacians of Eulerian graphs, we use the fact that their symmetrizations are PSD, and
our definition of approximation will demand that the difference between the two operators be small
relative to the corresponding quadratic form. More precisely, we say that an Eulerian Laplacian
L e-approximates another Eulerian Laplacian Lg if HUZC/f (Ly — EG)UZ?HQ < e. We note that
this use of Ug,, is closely related to the ﬁgUZGEG matrix that appeared in [12]. The difference,
however, is that we are not trying to directly use this matrix as a symmetric stand-in for our
Laplacian; we are working directly with the original (asymmetric) Laplacians and are just using it
to help define a matrix norm.

To construct sparsifiers of Eulerian graphs with respect to this notion, we follow a similar ap-
proach to the one originally used by Spielman and Teng for spectral sparsification, but carefully
tailored to the directed setting. The idea is to first partition our graph into well-connected compo-
nents. Because the cuts in an Eulerian graph match those in its symmetrization, it makes sense to
do this partitioning by simply partitioning the corresponding undirected graph into clusters with
good expansion. We use existing decomposition techniques to argue that one can find such a parti-
tion with a significant fraction of the edges contained in the clusters. We then show a concentration
result for asymmetric matrices that says that appropriately sub-sampling within these clusters pre-
serves the relevant structure reasonably well while only keeping a small number of edges relative to
the cluster size.

In the undirected case, one would just repeat this procedure until the graph is sparse. Where
our procedure differs, however, is that we keep track of the directed structure along the way, and
“patch” the subsampled object to keep it from diverging from what it should be. In particular,
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the sampling procedure, when applied to an Eulerian graph will produce a non-Eulerian graph.
However, we add additional edges to fix this after every sampling step and use our concentration
bounds to show that the patches we add are sufficiently small to not decrease the quality of our
approximation.

Carefully, analyzing this procedure allows us to produce a sparsifier in nearly linear time. How-
ever, in order to use our sparsification routine to produce a solver, we also need to sparsify the
Laplacian of the square of a graph. To do this, we could just explicitly form the square and then
sparsify it. However, we would like to perform this procedure in time that is nearly-linear in the
number of edges of the original graph, whereas explicitly forming the square would cause the run-
ning time to grow with the number of edges of the square, which could be substantially larger. To
prevent this, we instead show how to work with an implicit representation of the square that we
can manipulate more efficiently, similar to [33].

2.3.3 Linear System Solving

In Section 4, we describe our algorithm for solving Eulerian Laplacian systems of equations. It
begins with a similar template to the Peng-Spielman solver [33] described in Section 1.1.3, but with
modifications to accommodate our non-symmetric setting. Given a linear system in an Eulerian
Laplacian £ =D — AT, we write £ = D'/2 (I — A) D'/?, where A = D~Y/2ATD~!/2. This reduces
the problem to solving linear systems in L = I — A where we can show that ||.A||2 = 1. We then
apply the expansion in Equation (1.2), but with some slight modifications:

e We find it convenient to build up the product expansion in Equation (1.2) recursively. We do so
using the identity

I-At=1-AH"1+A), (2.1)
which can be thought of as a matrix analogue of the rational function identity
1 142

1—2 1-—22

Applying this identity repeatedly gives
I-A)" =1I-A)HT1I+A) = I-AHYT I+ A T+A) = I-AHT T+ AHT+AHIT+A) = ...

After k applications of the identity, this yields the first k& terms of the product expansion in (1.2)
times (I— AQk)+, which converges to the identity as k gets large if ||.Al|2 < 1. Some advantages of
this compared to the infinite product expansion are that it gives an exact expression rather than
an asymptotic result, which will be more convenient to work with when analyzing the growth of
errors, and that the pseudoinverses in the expression gives a correct answer when ||.A|| = 1, which
decreases the extent to which we need to explicitly handle the kernel of £ as a special case.

o If 2 # 1 is a complex number with |z| = 1, 1/(1—z) exists but the series 1/(1—2) = 1+z+22+...
does not converge, and our matrix expansion will exhibit similar behavior. Graph theoretically,
this case corresponds periodic behavior in the random walk, and we deal with it, as usual, by
adding self-loops and working with a lazy random walk. Algebraically, we work with a convex
combination with the identity,

AW =al+(1-a)A,

and we note that I — A = (1 —a)(I—.A). We then replace the identity in Equation (2.1) with
the modified identity

(1) =(1-a) (1 A<a>)+ —(-a)(1- A(“)2)+ (1+.4@), (2.2)
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which leads to better convergence behavior. This step insures that each application of the identity
causes a change that is more gradual than squaring. Moreover, our analysis takes advantage of

the fact that taking a linear combination with the identity makes it easier to relate I — Agi)l to

I- Ag-a). While it may not be necessary to do at every step, it is used to simplify the current
analysis. Note, that this algebraic simplification through ‘lazy’ random walks is also present in
other works involving squaring |7, 17].

Similarly to the approach in [33], our strategy is to repeatedly apply (2.2), but to replace (.A(O‘))2

with a sparsifier in each step to allow us to decrease the computational costs. More precisely, we
show how to efficiently construct a sequence of matrices Ag, A4, ..., Aq and associated matrices
AZ(-Q) = ol + (1 — a).A; such that each matrix in the sequence has O(n/e2) nonzero entries, I — Ay
is an e-approximation of I — A, and I — A; is an e-approximation of I — (.Az(f)l)2 for each i > 1 (note
that we set A by sparsifying the original Laplacian). We call this a square-sparsification chain. In
Section 4.2, we show how to compute all of the matrices in such a chain in time O(nnz(£) +ne2d),
which we note is within logarithmic factors of the total number of nonzero entries.

The length of the chain is then dictated by the condition number x = k(Ur_4), the con-
dition number of the symmetric Laplacian associated with the input Eulerian Laplacian. Note
that x = O(poly(nU)) where U = max; ; |Ajj|/ min; j.A,; 0 |Aij| and may be smaller. If we set

d = Q(log k), we show that I — A((ja) well-conditioned. We can thus stop our recursion at this point

and (approximately) apply (I — A&a)ﬁ using a small number of iterations of a standard iterative
method, Richardson iteration.
Expanding the recurrence in (2.2) gives

(- )~ (1) (1= A (14 A0 (T A1) (T4 A) . (23)

If we have already computed the matrices in the chain, we can apply the right-hand side to a vector
b by performing (j — i) matrix-vector multiplications and solving a linear system in I — Aé@_ It is

useful to think of this as an approximate reduction from applying (I—.4;)" to applying (I— .A;a))f

The matrices in (2.3) have at most O(n/e?) nonzero entries, so the total time for the matrix vector
multiplications is then at most O ((j — i)ne?).

Because of the errors introduced by the sparsification steps, the right-hand side of (2.3) is
only an approximation of (I — .A;)", so applying it directly to b only yields a (typically somewhat
crude) approximation to solution to (I — 4;)Z = b. To obtain a better solution, we instead use
it as a preconditioner inside an iterative method for the linear system. This allows us to obtain
an arbitrarily good solution to the system, and the quality of the approximation in (2.3) then
determines the number of iterations required.

This suggests that we quantify the error in our approximations using a notion that directly
bounds the convergence rate of such a preconditioned iterative method. We do so with the notion
of an e-approximate pseudoinverse (defined with respect to some PSD matrix U), which we introduce
in Section 4.1. Roughly speaking, solving a linear system with an appropriate iterative method using
such a matrix as a preconditioner will guarantee the U-norm of the error to decrease by a factor of
€ in each iteration. We note that this is only useful for ¢ < 1. For technical reasons, we measure
the quality of approximate pseudoinverses with respect to different U matrices at different stages
of the algorithm and translate between them. For simplicity, we just refer to an “e-approximate
pseudoinverse” in this overview, but in our algorithm we set the value of € in our sparsification
routines and apply iterative methods, again Richardson iterations, to appropriately pay for the
costs of translating between norms.
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To analyze the errors introduced by sparsification, we therefore need to:
1. Relate our notion of graph approximation to approximate pseudoinverses, and

2. Bound the rate at which the quality of the approximate pseudoinverse we produce decreases
as we increase the number of terms in (2.3). We use (2.3) recursively, so it is also be useful
to bound how this is affected if we use an approximate pseudoinverse instead of the exact

operator (I — A;a))+.

For the former, we show in Theorem 4.11 that our notion of an e-sparsifier leads to an O(e)-
approximate pseudoinverse. For the latter, we show in Lemma 4.13 that using a square-sparsifier

chain of length d with some given ¢, and using an ¢-approximate pseudoinverse of (I — .Ag-a)) in

place of (I — .Ag-a))Jr, produces an (e + ¢) - 29(d_approximate pseudoinverse for I — .Ag-a).

The exponential dependence of the error on length of the chain is a key difference between
our analysis and the undirected case, and it is what prevents us from having a simpler and more
efficient algorithm. If the dependence on the chain length were polynomial, applying (2.3) with
i = 0 and j = d would provide an ¢ - polylog(n)-approximate pseudoinverse. We could thus set
€ = 1/polylog(k) in our sparsifier chain and get an O(1)-approximate pseudoinverse in O(n) time.
An iterative method could then call this log(1/6) times to obtain a solution with error §. However,
because of the exponential dependence on the chain length, we would only get an € - poly(k)-
approximate pseudoinverse. We would thus need to set ¢ = 1/poly(x) to get a value less than 1,
which would lead to “sparsifiers” with Q(n - poly(k)) edges. In the typical case where k = poly(n),
simply writing these down would exceed the desired almost-linear time bound.

To prevent this, we do not wait until the end to apply an iterative method to reduce the error.
Instead, we break our sparsification and squaring steps into [d/A] blocks of size A < d, each of
which we will wrap in several steps of Richardson iteration (which we review in Section 4.1), in
order to keep the error under control.

Our algorithm first computes (once, not recursively) a square-sparsifier chain of length d =
O(log k) in which the sparsifiers are espa,-approximations. It then recursively combines two types
of steps that are suggested by the discussion above:

e High error (I — .AECY))Jr from low error (I — .Agi)A)Jr: Given a routine to apply an €),-

approximate pseudoinverse of T — Az(i)A in time TiyA ., we can use the expansion in (2.3) to
apply an ep;-approximate pseudoinverse of I — Aga) in time T e, = TitA,q, + 5(Anes_pir), where
€hi = (Espar + 610)2O(A)~

e Low error (I — Aga))+ from high error (I — Aga))+: By running Richardson iteration for
O(log €1/ log ep;) steps, we can turn an ep;-approximate pseudoinverse of I — AZ(»a) into a €,-
approximate pseudoinverse. This applies the former once in each iteration, so it takes time

| o 1 o ~ _
Tie, = O < 0g € > Tir. = O ( 0g €], > (7§+A,qo + O (Anespir)) . (2.4)

log en; log €n;

a)

If we set epj to be a constant (say, 1/10), we get €spar+€1o = 2-2A) g0 we set Espar = €lo = 2-0(8)

and (2.4) simplifies to

Toan = O(8) (Tisae, + 0(An2°@)) = 0(8) Tiva g, + O (n2°®).
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For the base case of our recurrence, I — Aéa) is well-conditioned, so we can approximately ap-
ply its pseudoinverse using a standard iterative method in time Tg. = 5(nnz(A((ia))log €l by =
6(”€s_;>2ar loge!) = 5(n2@(A)). This can be folded into the additive 5(n2®(A)) term in the recur-
rence, so it does not significantly affect the time bound.

To estimate the solution to the recurrence, we note that depth of the recursion is [d/A], and at
each stage we multiply by O(A). We can think of this as producing a recursion tree with O(A) [d/A]
nodes, and we add 5(n2®(A)) at each, so we get that

dloAgA)'

To,, = O(A)w/A16(n20(A)) = nO(A)O(d/A)QO(A) _ n2O(A+

Setting A = /dlogd = /log rloglog k approximately balances the two terms in the exponent.
Plugging this in and adding the O(m) for the overhead from the non-recursive parts of the algorithm

gives our running time bound of O(m) + n20(Vlegrloglogr),

3 Sparsification of Directed Laplacians

In this section, we define what it means for one strongly connected directed graph to approximate
another, and we use this to define directed sparsifiers. We show that such sparsifiers exist for
any directed graph and give efficient algorithms to construct them. For our almost linear time
directed Laplacian system solver (Section 4), we only need to be able to sparsify Eulerian graphs.
However, we have included the more general case of non-Eulerian graphs because we believe it is of
independent interest and may be useful in other settings.

As discussed in Section 2.3.2, we define our notion of graph approximation by first giving a
notion of approximation for matrices and then applying it to (possibly rescaled versions of) directed
graph Laplacians. This notion will be qualitatively better-behaved for Laplacians of Eulerian graphs
than for general directed Laplacians. As such, our definition will make use of the existence of a
scaling that makes any strongly connected graph Eulerian.

Our notion of approximation for asymmetric matrices is defined as follows:

Definition 3.1 (Asymmetric Matrix Approximation). A (possibly asymmetric) matrix A is said
to be an e-approzimation of A if:

1. Uy is a symmetric PSD matrix, with ker(Up) C ker(A — A) Nker((A — A)T), and
2. [URAA - AU < e
When these properties hold for some constant € € (0,1) we simply say A approximates A.

In Section 3.1 we provide an equivalent definition and several facts which justify this choice of
matrix approximation. In particular, we prove the following facts regarding Definition 3.1

e it generalizes spectral approximation (ie., small relative condition number) of symmetric matrices,
and behaves predictably under perturbations;

e it implies the symmetrizations Ua and Uz of A and A, spectrally approximate each other;
e its behavior under composition is natural.

Furthermore, in Appendix E we show that our notion of approximation also yields approximations
of the symmetric systems solved in [12], known as harmonic symmetrizations.
We extend this notion of approximation from asymmetric matrices to directed graphs as follows:
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Definition 3.2 (Directed Graph Approximation). Let L, L € R™" be the Laplacians of strongly—
connected directed graphs G and G respectively, and let X = diag(¥) and X = diag(z ) be the
diagonal matrices for which £X and L£X are Eulerian Laplacians that are guaranteed to exist by
Lemma 2.2, normalized to have Tr(X) = Tr(X) = n.

We say that G is an e-approximation of G if:

1L (1-X<X<(1+6eX,and
2. LX is an e-approximation of £X.
If X = X, we say that G is a strict e-approzimation of G.

In words, we say that a graph approximates another graph if their Eulerian scalings are within
small multiplicative factors of one another and the resulting Eulerian graphs obey our definition of
asymmetric matrix approximation. We call the approximation “strict” if their Eulerian scalings are
not just within small multiplicative factors of one another but are actually identical.

Our main use of this notion is to define sparsifiers, which are approximations that have a small
number of nonzero entries.

Definition 3.3. (Graph Sparsifier) Let L, L e R™™™ be the Laplacians of strongly-connected di-
rected graphs G and G, respectively. We say that Gisa (strict) e-sparsifier of G if:

1. Gisa (strict) e-approximation of G, and
2. nnz(L) < O(ne2), where n is the number of vertices in G.

We note that, if we show that strict sparsifiers exist for Eulerian graphs, this will imply that
they exist for general strongly connected graphs as well. One can simply apply the graph’s Eulerian
scaling, find a sparsifier for the resulting Eulerian graph, and then “unscale” the graph by applying
the inverse of the Eulerian scaling. The results of this paper allow us to compute an Eulerian scaling
for any graph in almost-linear time. Thus, the almost linear time sparsification procedure we will
give for Eulerian graphs will imply an almost linear time sparsification procedure for all graphs.*
As such, we will focus on the Eulerian case. In this case, graph approximation will be the same as
matrix sparsification, and it will often be convenient to refer directly to the Laplacian, instead of
to the graph. Moreover, we will seek to exactly preserve the fact that the graph is Eulerian, so we
will exclusively consider strict approximations. We thus define:’

Definition 3.4 (Eulerian Sparsifier). £ € R™" is an e-sparsifier of an Eulerian Laplacian L if
1. £ is a strict e-approximation of £
2. mz(£) < O(ne2).

In the remainder of the section, we show how to produce such sparsifiers of Eulerian Laplacians.
LLE., given an Eulerian Laplacian, we will obtain an Eulerian Laplacian that approximates the
original and has a small number of nonzero entries.

4One has to exercise some care with the numerics here, since we will only be able to compute a finite precision
estimate of the Eulerian scaling of a graph. So, if we apply this scaling and then want to sparsify, the graph we want
to sparsify will not be perfectly Eulerian. However, it is straightforward to show that—as long as the approximate
FEulerian scaling being used is fairly precise—one can “patch” the rescaled graph to become Eulerian while only
incurring a very small loss in the approximation quality.

5We could ask for sparsifiers under other notions of approximation, such as the weaker conditions required to
obtain a preconditioner (see Section 4.1); as our algorithms always give this notion we use this terminology.
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Moreover, we show how to construct these sparsifiers in nearly linear time. Specifically, we
give an algorithm that produces an e-sparsifier of an Eulerian Laplacian £ with high probability
in O(nnz(£)/€?) time. Even without any additional work, this result alone immediately implies
some improvement in the runtime for solving arbitrary directed Laplacian systems. Specifically, one
can write down the harmonic symmetrization of the original matrix, the harmonic symmetrization
of the sparsify, and solve the original harmonic symmeterization preconditioned by the harmonic
symmetrization of the sparsifier. We prove in Appendix E that the these Harmonic symmetrizations
have small relative condition number, so the runtime of this solver will be dominated by the time
it takes to solve systems in the sparsified matrix plust the time to apply the unsparsified matrix
to a vector. Using the solver in [12], this comes out to an O(m 4 n'/*) time algorithm for solving
directed Laplacian systems.

In order to construct a better, almost linear time solver, we’ll also need to be able to sparsify
a normalized version of the Laplacian of the square of graph. Specifically, we also show how to
sparsify any matrix of the form D — ATD 'AT, where we are given the adjacency matrix A of
some Eulerian graph G and the degrees D of G. Note that if G is regular and has all (weighted)
degrees equal to one, this formula simplifies to I — (AT)Q. Thus, it corresponds to the Laplacian
of the square of the graph in this special case, and to a normalized version of it in general. Our
algorithm for sparsifying matrices of this form takes outputs a strict e-sparsifier in O(nnz(£)e2)
time. Combining these results, and using our properties regarding asymmetric approximations, we
show that we can use this e-approximation to efficiently obtain an e-sparsifier of D — ATD 1AT.
Applying a closely related routine recursively we obtain a faster, almost linear time algorithm for
solving Eulerian Laplacian systems in Section 4.

The remainder of this section is structured as follows. First, in Section 3.1, we provide various
facts regarding our notion of asymmetric approximation. Then, in Section 3.2, we provide one of our
main technical tools: an algorithm for crudely sparsifying an arbitrary (not necessarily Eulerian)
directed Laplacian by randomly sampling its adjacency matrix. On its own, this algorithm achieves
relatively weak guarantees. In Section 3.3 we then combine this tool with known decomposition
results for undirected graphs to sparsify any Eulerian Laplacian. In Section 3.4, we build on this to
sparsify the normalized square of any Eulerian Laplacian.

3.1 Approximation Facts

Here we provide various basic facts regarding the notion of approximation for asymmetric matrices
given in Definition 3.4. These facts both motivate and justify our choice of definition and are used
extensively throughout this section.

First we provide the following lemma, giving alternative definitions of approximation in terms
of a quantity reminiscent of Rayleigh quotients.

Lemma 3.5 (Equivalent Approximation Definitions). Let A € R™ " be such that Ua PSD. A
matriz A € R™™ is an e-approximation of A if and only if
ZT(A - Ay

a < jvalentl al fT(A —A)y
max <€ or equivalently max = — -
TG40 /TTUAZ - T UAY 7570 TTUAT + ¢ UAY

IN

€
2 )
under the convention that 0/0 = 0.

Proof. This lemma follows from a more general result, Lemma B.2, which we prove in Appendix C,
and by noting that if ker(Ua ) is not a subset of both A — A and its transpose then the maximization
problems are infinite in value. O
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This lemma will allow us to show that our notion of e-approximation does coincide with the
standard notion in the case of symmetric matrices, and is therefore a stronger notion. More generally,
we prove that e-approximation of asymmetric matrices implies that their symmetrizations are e-
approximations in the traditional spectral (small relative condition number) sense.

Lemma 3.6. Suppose A is an e-approrimation of A. Then
(1-6)Ua 2 Uz 2(14+¢)Ujx .

Proof. Suppose A is an e-approximation of A, and let & € R™ with & # 0 be arbitrary. Applying
Lemma 3.5 twice with ¢ = +& we have

7' (A - A)7 +/2,% +/2
TTUAT SO (A=A U/ 2 < €.

The desired result follows from the fact that 2T AZ = 2T U Z and TAZ = ZTUgg forall z. O

Next we use Lemma 3.5 to show that just as in the symmetric case, asymmetric approximation
is preserved when taking symmetric products.

Lemma 3.7. If Kg R™ ™ s an e-approzimation of A € R™™ and M € R™ " satisfies ker(M ') C
ker(Up) then MT AM is an e-approzimation of MT AM.

Proof. Define B ' MTAM and B & MTAM. We first wish to show ker(Ug) C ker(B — B) N
ker((B — B)T). Suppose we have any = € ker(Ug). Then,

Mz € ker(M ' Up) = ker(Up) C ker(A—A)Nker((A—A)") C ker(M' (A—A))Nker(M ' (A—A)T)

which implies the portion of the definition of approximation concerning kernels.
Then we have, using the convention that 0/0 = 0 and by applying Lemma B.2 and Lemma 3.5,
that

- #T(B — B)j FTMT (A — A)My
U328~ B)UR = max — OO T DB RRT
2540 \/ZTURZ - T Uy 570 \/ZTTMTUAMZ - §T M T UMy
T A—A — .
< max —— ( W _ IULA - AU <e

2540 \/ZTUAZ - i UpY

Finally, we provide a transitivity result for strong-approximation.

Lemma 3.8 (Approximation Transitivity). If C is an e-approximation of B and B is an e-
approzimation of A then C is an €(2 + €)-approzimation of A.

Proof. Note that by triangle inequality
2 2 2 2 2 2
IURA(C = MUR ) < [URA(C - BIUR s + [UF(B - AU
Now, Ug = (1+¢)Ua by Lemma 3.6 and therefore U} < (1+¢)Uy. Applying Lemma B.3 yields
IUR*(C - B)UR 2 < (14 - [UF(C - B)UE .

The result follows as [UL/*(B — A)UL/?||2 < € and |UL/*(C — B)UL/?|2 < € by assumption. O

19



3.2 Sampling a Directed Laplacian

Here we show how to compute a crude, sparse approximation to an arbitrary directed Laplacian
by randomly sampling its entries. We provide both a general bound on the effect of such sampling
for a directed Laplacian as well as a more specific result in the case where the directed Laplacian
can be related to the symmetric Laplacian of an expander. The latter result (Lemma 3.13) and
the terminology relevant to it, is all we use from this subsection in order to obtain and analyze our
sparsification algorithms.

The main tool for our analysis is Theorem 3.9, a general bound on concentration when sampling
the entries of an asymmetric matrix. Its proof follows directly from standard matrix concentration
inequalities, so we defer its proof to Appendix A.

Theorem 3.9. Let A € Ril[)XdQ be a matriz where no row or column is all zeros. Let e,p € (0,1),

s=di+ds, 7=Al, = AT1, and D be a distribution over R"*% sych that X ~ D takes value

A\ - = ) .
X — < J) LI} with probability p;; =

1 1
[_, + _,] for all A;; #0 .
Dij

T3 Cj

If Ay, .., Ay are sampled independently from D for k > 128- 5 log %, R = diag(7), and C = diag(?)
then the average AY % iclk] A;, satisfies

Pr[IRY2(A-A)C2y > ] <,
Pr[|R7YA ~ Al > €| <p, and
Pr [||C*1(2A; A 1| > e} <p.

Theorem 3.9 shows that by sampling the entries of a rectangular matrix we can compute a new
matrix such that spectral norm of the differences is bounded and the row sums and column sums
are approximately preserved. In the next lemma we should how we can use this procedure to obtain
a matrix with the same bound on the difference in spectral norm, but the row and column norms
preserved ezactly. In short, we show how to add a matrix to the result of Theorem 3.9 preserving
its properties while fixing the row norms, we call this procedure patching.

Lemma 3.10 (Sparsifying Non-negative Matrices). Let A € RLG"™ be a matriz with non-negative

entries and having no all zeros row or column. Let €,p € (0,1). In O(nnz(A)+ne=2log(n/p)) time

we can compute a matric A€ RY5™ with non-negative entries such that for R © diag(Al) and
C =< diag(A 1) we have

1. mz(A) = O(ne2log(n/p)),°
2. the row and column sums of A and A are the same, i.e. Al = Al and AT1=AT1.
3. fori € [n], if Ay =0 then A= 0, and

4. with probability at least 1 — p, |R™Y2(A — A)C1/2||y <.

SNote that it is possible to remove the dependence in p from the sparsifier simply by increasing the running time
by a constant factor and making it an expected running time. This can be achieved by using the power method to
approximately compute the value of ||R*1/2 (A - A)Cfl/2|\2 and resampling when this is large.
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Proof. We prove this using Theorem 3.9. Let ¢ = ¢/4. By sampling as in Theorem 3.9 we can
compute A € R™" such that nnz(A) = O(ne2log(n/p)), |[R"Y2(A — A)C™1/2||, < ¢,

IR"(A — AL < € and [C1(A — A) 1o < €.

Note that the latter two conditions imply that entrywise the row sums and column sums of A are
approximately the same as A. Formally, it implies that entrywise the following inequalities hold

(1-)AL<AL1<(1+€¢)Aland (1—€)ATI<ATI<(1+€)ATL. (3.1)

Therefore (14 ¢)~1 - A has row and column sums that are less than or equal to those of A.
Next, we compute a matrix to make the row and column sums the same as in A. Formally, we
let E € RY;" be a matrix with nnz(E) = O(n) such that

(1+)TA+E)L =Al, and (1+€)'"A+E)  =A"1

and the /1 norm of the entries of E is at most ne. R

We can compute such a matrix E in O(nnz(A)) time by greedily adding in values to A to make
one of the row or column sums as large as that of A, while maintaining the invariant that no row
or column sum is larger than it is in A. Note that if A;; = 0 for all ¢ € [n], then K” = 0 for all
i € [n], and it can be ensured that E;; = 0 for all i € [n].

Finally, we output A=(1+¢) 1A +E. By construction nnz(A) O(ne 2log(n/p)) and A
and A have the same row and column sums, i.e. Al = Al, AT1 = AT1. All that remains, is
to show that the last property holds, ie., that A is still a good approximation of A. The previous
conditions, together with (3.1) imply that

~ 1—¢€
IR'E|oo = |[R'El|lec = [RHA - (14 €)TA) || < (1 -7 +€,> < 2.
€

and similarly,

. 1-¢
ICElL = IETC 1] = (A — (14+¢)'A)TC 1 < (1 - ) <2,

Applying Lemma B.4 then yields:

IR™2(A — A)CV/?|2
1

< IRA - R+ (1

>HR 1/2AC 1/2H +HR 1/2EC 1/2H2

/

§6/+1iel+26/§46,:6.

O

This lemma immediately implies the following fact on providing sparse approximations to di-
rected (not necessarily Eulerian) Laplacians.

Corollary 3.11 (Crude Sparsification of Directed Laplacian). Let £L = D — AT € R™™" pe q
directed Laplacian associated with a (not necessarily Fulerian) graph G that has edges incident to at
most v vertices and let €,p € (0,1). The routine SPARSIFYSUBGRAPH(L, p,€) computes a directed
Laplacian £ =D — AT in time O(nnz(L) + ve 2log(v/p)) such that
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1. L is sparse, i.e. nz(L) = O(ve 2log(v/p)),

2. the in and out degrees of the graphs associated with £ and L are the same, i.e. Al = A1l and
AT1=AT1,
HD 1/2(£ L£)D 1/2”2 < € with probability at least 1 — p where Dy, = diag(AT1) and

out
Do = diag(A1l) are the diagonal matrices associated with the in and out degrees of G.

Proof. This follows by applying the sampling result from Lemma 3.10 to A, after removing the
rows and columns corresponding to isolated vertices. The guarantees still hold on the larger matrix
after inserting the zero rows and columns back. We can then substitute the corresponding directed
Laplacians matrices into the formulas, since the diagonal terms will cancel (note that this follows
again from Lemma 3.10, since the sparsified Laplacian has the same out degrees as the original

one). O

Using this, we prove the main result of this section, how to sparsify a subgraph that is con-
tained in an expander, or more formally a particular undirected graph with large spectral gap. For
notational convenience, we first formally define the type of graph symmetrization we consider for
these subgraph arguments. Using this notation we then provide the main result of this subsection,
Lemma 3.13. Pseudocode of this routine is in Figure 3.1.

Definition 3.12 (Graph Symmetrization). For a directed Laplacian, £ = D — AT, its graph
symmetrization Sy is the symmetric Laplacian given by S, < diag(Ual) — Ua. Equivalently, if
we considering the graph associated with £ and replace every directed edge with an undirected edge
of half the weight, then S, is the symmetric Laplacian associated with this undirected graph.

Lemma 3.13 (Subgraph Sparsification). Let £ be a directed Laplacian and U be an undirected
Laplacian with spectral gap at least «, support size v, and diag(Sz) =< diag(U). For § < ae/2 the
routine SPARSIFYSUBGRAPH(L,p,8) in time O(nnz(L) + v6~2log(v/p)) computes a Laplacian L
with the same in and out degrees as £, nmz(L) = O(v6~2log(v/p))), and |UT/2(L — LYUT/2|3 < ¢
with probability at least 1 — p

Proof. Without loss of generality let £ = Dy, — AT. Furthermore, let D = diag(U), D;, =
diag(Al), and Dy = diag(AT1). By Corollary 3.11, we can compute a directed Laplacian
L = Doy — A with in and out degrees being the same as those of £, nnz(£) = O(vd2log(v/p)),
and with probability at least 1 —

1D, (L~ Z)D‘% = |D;,*(A ~ A)D,,/* 2 < 5.

out out

If this happens, then since £ and £ have the ~same in and out degrees and diag(S,) < diag(U) we
have that U has larger support than £ and £, and therefore ker(U) C ker(£ — £) Nker((£L—£)").
Consequently, by Lemma 3.5 we have

ST L _E —
(U/2(2 — YU = max —EZLW
2340 \/FTUT - Uy
Now, clearly, i imizing T,y ¥ = Hdl‘ﬁ]l and ¢ = i — ||d1||]l are

nonzero and satisfy (/) Td = 0 and (7' )Td = 0. The spectral gap of U being at least a implies

Uta(D—HeH dd”r> ,
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L = SPARSIFYSUBGRAPH(L, p, €)
Input: A directed Laplacian £ =D — AT € R™*" and parameters p, e € (0, 1).

1.
2.

. Independently sample AM) ... A®) from D where k = 128 - ne~2log(n/p) and compute

Implicitly restrict to the coordinates in supp(A).

Compute ¥ = AT1, = AL, and let s = nnz(¥) + nnz(¢) denote the total number of rows
and column which are non-zero.

Let D be a distribution over R™*" such that X ~ D takes value

Al - - Al 11 1
X = Y 17;1;»r with probability p;; = Y= 4+ = | for all A;; #0.
Dij s |15 Cj

~ k
A= % ZZ:l A®,

Compute patching matrix E € Rgé by greedily setting O(n) entries in order to make the
row and columns sums of (1 + ¢/4) ' A + E equal to those in AT,

Let A < (1+¢/4)'A+E.
Implicitly extend A back to the full support.
Return £ = diag(AT1) — A.

Figure 3.1: Pseudocode of the subgraph sparsification routine

which then gives

V@) U7 7)07 ~a @) DF 7) Dj

U2(e - But = EE-LF 1 (@) (L E)zz

Since Dy, <2-D and Dy, < 2- D, applying Lemma 3.5 again yields

_ 2 SNT(pr P\ 2 B " 3 2
ot - pur < 2. EET 2 i s - Ryp )Y, < 2
- \/(f/)TDznf/ : (gV)TDoutgv @ &
and the result follows by our restriction on 4. O

3.3

Sparsifying an Eulerian Laplacian

Here we show how to produce an e-sparsifier of an Eulerian Laplacian in nearly linear time. We
achieve this by applying our result on sparsifying subgraphs (Lemma 3.13) proved in Section 3.2
on a decomposition of the Eulerian graph into well-connected pieces on an associated undirected

graph.

The decomposition we use is essentially identical to the expander decomposition used in Spielman
and Teng’s work on graph sparsification [36]. Interestingly, the quality of our decomposition is
measured only in terms of properties of the symmetrized graph, rather than of the original directed
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graph. Ultimately, only the sampling probabilities that we use on the decomposition take into
account edge direction.”

Below we formally define the type of decomposition we need, and provide a theorem about
computing such decompositions. Finding these decompositions has been done in prior works [37,
21, 33, 32|, and we defer the discussion of it to Appendix C.

Definition 3.14. An (s, «, )-decomposition of a directed Laplacian £ is a decomposition of £ into
directed Laplacians £, ..., £L*) € R™" je. £ = Y ick L£® | such that 2 iclk] ‘supp(ﬁ(i))} < s and
such that there exists undirected Laplacians UM, ..., U®) such that:

1. diag(S, ) = diag(U®), for all i € [K],
2. U has spectral gap at least a, for all i € [k], and
3. Y e UY = 5UL.
We call the UM, ..., U®) with these properties an (v, B) undirected cover of £ k),

Theorem 3.15. Given a directed Laplacian, £ € R™ ", the routine FINDDECOMPOSITION(L)
returns an (O(n),1/a, B)-decomposition, with «, 8 = O(1), in O(nnz(L)) time.

We produce our sparsifiers by computing the decomposition using Theorem 3.15 and then ap-
plying Lemma 3.13 repeatedly to obtain the sparsifier. Pseudocode of this algorithm is given in
Figure 3.2. and the analysis of this algorithm is given in the following theorem.

L= SPARSIFYEULERIAN(L, p, €)
Input: £ an n x n directed Laplacian, parameters p,e € (0, 1).

L (D, ..., %) a, ) + FINDDECOMPOSITION(L).
2. Fori=1,...,k

(a) £ + SPARSIFYSUBGRAPH(L® p/n2, e/ (203)).

3. Return £ = Zle L0,

Figure 3.2: Pseudocode of the Eulerian graph sparsification routine

Theorem 3.16. For Eulerian Laplacian £ € R™ " and ¢, p € (0,1) with probability at least 1 — p
the routine SPARSIFYEULERIAN(L, p,€) computes in O(nnz(L) + ne *log(1/p)) time an Eulerian
Laplacian £ € R™ "™ such that

1. L is an e-sparsifier of L,

2. the in and out degrees of the graphs associated with L and L are identical.

"Even this can possibly be overcome by choosing different sampling probabilities. It is the patching of the graph,
i.e. adding edges to preserve degree imbalance, where we truly use the directed structure of the graph.
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Proof. Using the FINDDECOMPOSITION routine (Theorem 3.15) we compute Laplacians £O Lk e
R™ ™ that are a (s, a, 3) partition of £ with (a,3) undirected cover U, U® for s = 5(n),
a=1/0(1), and 8 = O(1).

We then apply the SPARSIFYSUBGRAPH routine (Lemma 3.13) to each £ to compute L£O
in O(nnz(L) —|— se2372a2log(n/p)) time such that each L£® has the same in and out degree as
E @) and || ( )H/2 (L@ — £ (U( )+/2 |2 < €/B. The running time follows from the fact that

ze {supp £l ))’ < s and thats happens with probability at least 1 — p by union bounding over
the Success probability of each call to SPARSIFYSUBGRAPH.

Finally, considering L= > <[] L0 i), Lemma 3.5 yields that for all &, 7 # 0 it is the case that

(L - Ey—z[] (£ — ~'))zi’SZ;B{TU()ery U()ﬁ} Qg[fTU£f+§TUL§
iclk

The result follows from Lemma 3.5 applied above and the the bounds on s,«, and 5. Note that the
fact that in and out degrees are preserved is guaranteed by the fact that for each component in the
decomposition the degrees are preserved, according to Lemma 3.13. O

3.4 Sparsifying a Squared Eulerian Laplacian

Here we build upon Section 3.3 and show how to sparsify certain implicitly represented Eulerian
Laplacians. In particular, given an Eulerian Laplacian £ = D — AT associated with a strongly con-
nected graph we show how to compute a sparsifier for the Eulerian Laplacian M =D —-ATD TAT
in nearly-linear time with respect to £, i.e. without explicitly constructing M. Note that running
time we achieve may be sublinear in size of the matrix we are sparsifying, i.e M.

Our approach is a natural directed extension of the approach taken by Peng and Spielman [33]
for solving the same problem in the case when £ is symmetric. Broadly speaking, we decompose
M into a directed Laplacian for each vertex. KEach of these directed Laplacians may be dense
but we show that they have a compact representation that allows us to efficiently implement a
sampling scheme analogous to SPARSIFYSUBGRAPH for each of these Laplacians such that adding
these approximation yields an Eulerian approximation to M that has nnz(L) non-zero entries.
Applying SPARSIFYEULERIAN from Section 3.3 to the result then yields our desired sparsifier.

Formally, we consider the slightly more general setting where we have a square matrix with
non-negative entries, A € RZj", that has the same same row and column sums, i.e. Al = ATl
We show how to compute a sparsifier of M = D — AD A for D = diag(.A1) in time nearly lincar
in nnz(A). This setting is more general as we allow entries on the diagonal of the squared matrix.
We consider this case as it simplifies our analysis in Section 4.

As discussed, we first decompose M into a directed Laplacian for each vertex. For i € [n] we let

L9 = diag(A;.) — A. .«4T

DZZ

where A; ., A.; € R" are the vectors corresponding to the row and column ¢ of A respectively. In
Theorem 3.19 we show that M and each £ are directed Laplacians such that M = Zie[n] £O,

Note that while M may be dense and forming each of the £ explicitly maybe expensive, we
have a compact representation of each £ in terms of a single row and column of \A. Moreover, if
we look at the total support of £ then since each row and column only appears once we see that
the total support is just O(nnz(.A)). Furthermore, we show that due to the low rank structure of the
graph symmetrization, S, of each L) has spectral gap of at least a constant (See Lemma 3.17).

25



Consequently, if we apply SPARSIFYSUBGRAPH to each L@ and sum the results, the analysis in
Section 3.3 would imply that this matrix would be an approximation to M with O(nnz(.A)) non-zero
entries.

The only difficulty in following this approach is to show that we can apply SPARSIFYSUBGRAPH
to each £® efficiently. We show that we can perform this operation in time proportional to the
number of non-zeros in each row and column of \A, rather than the naive O(nnz(£®)) running
time which could be much larger. To do this, as in Peng and Spielman [33], we exploit the simple
product structure of £). Since A has the same row and column sums this means that ||.A.;||; =
|A4;..|l1 = D;;. Consequently, each £ is of the form N = diag(7) — Wff for some &,y € RZ,
with ||Z||1 = ||#]l1 that depend on i. Since, the off-diagonals and their row and column sums have
simple closed form expressions we can show that with O(nnz(Z) + nnz(y)) preprocessing time, we
can sample from the distribution required to apply SPARSIFYSUBGRAPH on this matrix in O(1)
time. Consequently, we can implement the approach in our desired running time.

In the remainder of this section we provide pseudocode for these routines and prove their cor-
rectness. First, in Figure 3.3 we provide SPARSIFYPRODUCT the pseudocode for sparsifying ma-
trices of the form N given above. In Lemma 3.17 we prove that the graph symmetrizations, Sn,
of these matrices have spectral gap of at least 1 and using this fact in Lemma 3.18 we prove that
SPARSIFYPRODUCT does provide sparse approximations to these matrices. In Figure 3.4 we provide
SPARSIFYSQUARE the pseudocode for producing sparsifiers of M by invoking SPARSIFYPRODUCT on
each £ and then invoking SPARSIFYEULERIAN on the result. Finally, we conclude the section with
Theorem 3.19 which proves the correctness and analyzes the running time of SPARSIFYPRODUCT.

Lemma 3.17. For Z,§ € Ry with v = [|Z||y = ||g]i > 0 and Y = diag(y), the matriz L =
Y — %fgfr s a directed Laplacian and the spectral gap of its symmetrization Sy is at least 1.

Proof. Note that L;; = —%xiyj <Ofori#jand1'L =1TY — %]leg’T =g —y" =0".
Consequently, £ is a directed Laplacian. All that remains is to lower bound the spectral gap of S..
Letting X = diag(Z), we see that the graph symmetrization Sy of £ is the undirected Laplacian

1 1
s£:2<X+Y—(ng+ng)> .
T

Furthermore, the diagonal entries of S, denoted d= diag(S.), are given by

o 1. . 1., 1
di = [Scly; = i(mi'i-yi) - ;% i <

Now recall that the spectral gap of S, is defined to be the smallest nonzero eigenvalue of the
normalized Laplacian D~1/28,D~1/2, where D = diag(d). Since d; < (% + 4;), we have

1

1 —1/2 —1/2
D 1/25,D"1/2 » <2 (X + Y)> Sc <2 (X + Y)) —2(X+Y)?S,(X+Y) V2= M.

This implies that the eigenvalues of D~ Y/2S,D~1/2 dominate those of M. The multiplicity of zero
as an eigenvalue is the same for the two matrices, so it thus suffices to show that the smallest
nonzero eigenvalue of M is at least 1. Plugging the definition of Sy in our expression for M gives

M=2(X+Y)"2s,(X+Y) /2

= (X+Y)? <X ty-1 (fgf + ng)) (X+Y) Y2=1-N,
T
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L= SPARSIFYPRODUCT(Z, ¥/, p, €)
Input: nonnegative vectors Z and ¢ with r = ||Z]|; = ||¥]/1 that implicitly represent
the Laplacian diag(y) — %fgf and parameters p,e € (0,1).

1. Let s = nnz(Z) + nnz(y) be the total number of non-zero entries in & and .
2. If nnz(Z) < 1 or nnz(§) < 1 return diag(y) — 127" .

3. Let D be a distribution over R™*™ such that X ~ D takes value

1 [ z; Uj

X = <%y]> TZT]T with probability p;; = — — + _,] for i # j and Z;y; # 0.
T'pi]’ S r—a:j r—Y

4. Independently sample AM ... A® from D where k = 128 - se 2log(s/p). Implement
sampling 4, j € [n] with probability p;; as follows. First set 7 or j with probability propor-
tional to r — gj; for ¢ with ¢; # 0 and r — &; for j with &; # 0. If ¢ is chosen pick j # ¢ with
probability proportional i;. If j is chosen pick ¢ # j with probability proportional to Z;.

5. Compute A = i Zif:l AO),

6. Compute patching matrix E € RZj by greedily setting O(s) entries in order to make the

row and columns sums of (1 + ¢/4)"'A + E equal to those in 1zyT.
7. Let A« (1+¢/4)'A+E.

8. Return £ = diag(AT1) — A.

Figure 3.3: Pseudocode for sparsifying a single product graph

A = SPARSIFYSQUARE(A, p, €)
Input: Ac Rgé" with A1 = A"1 that implicitly represents the Laplacian
M =D — AD!' A for D = diag(.Al) and parameters p,e € (0,1).

1. Foralli=1,...,n,

(a) Let A;., A.; € R" denote row and column i of A respectively.
(b) £ « SPARSIFYPRODUCT(A. ;, A;.., p/2n, €/6)

2. Let M =YY" £0).
3. M« SPARSIFYEULERIAN(M\, p/2,€/3).

4. Return D — .K/lv

Figure 3.4: Pseudocode for producing an e-sparsifier of M =D — A'D 14T,
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where N = 1 (X + Y)71/2 (Zg" +97") (X + Y)71/2. The matrix N has rank 2, so I — N has at
most 2 eigenvalues that are not equal to 1. Furthermore, we know that M has a nontrivial kernel,
so at least one of these eigenvalues is 0. Let A be the one remaining eigenvalue. Since tr(M) equals
the sum of these eigenvalues, we have tr(M) = (n —2)-14+0+A=n—24 X, so

A=tr(M) —n+2=tr(I) —tr(N) —n+ 2 =2 — tr(N).

The inequality 31% < a+b between the harmonic and arithmetic means then gives
1 2% Y; 1 i + Ui
D
: e o TR 2
i€[n] i€[n] i€[n]
so A =2 —tr(N) > 1. The nonzero eigenvalues of M are thus all at least 1, as desired. O
Lemma 3.18 (Product Sparsification). Let Z,§ € RY be non-negative vectors with ||Z||1 = |||l =7

and let e,p € (0,1). Furthermore let s denote the total number of non-zero entries in & and i, i.e.
s = nnz() + nnz(f) and let £ = diag(y) — 12y". The routine SPARSIFYPRODUCT(Z, ¥/, p, €/2) in
time O(se~2log(s/p)) computes with probability at least 1 — p a Laplacian L with the same in and
out degrees as £, nz(L) = O(se2log(s/p))), and ||SZ/2([, - Z)SZ/2||2 <e.

Proof. Note that if nnz(¥) < 1 or nnz(%) < 1. Then clearly 17" has at most s non-zero entries and
L has O(s) non-zero entries. Furthermore, we can clearly compute £ in O(s) time and therefore the
result follows. In the remainder of the proof we therefore assume that nnz(Z) > 2 and nnz(y) > 2.

First, we show that £ is precisely the output of an execution of SPARSIFYSUBGRAPH(L, p,€/2).
Let X = diag(7), Y = diag(y), AT = 1[#yT — XY],and D=Y — 1XY. Clearly, L=D - AT.
Furthermore, we see that AT is non—negatlve with a zero-diagonal diag(A") = 0 and therefore D
is diagonal and this is the standard decomposition of L.

Now as in SPARSIFYSUBGRAPH(L,p,€) let ¥ = ATl = 7 — 1XY1 and ¢ = Al = j — 1XY1.
Furthermore, since nnz(#) > 2 and nnz(f) > 2 we see that a row or column of 1Zj' is non-
zero if and only if the corresponding row and column in AT is non-zero and thus s is the same
in SPARSIFYSUBGRAPH(L, p, €) and SPARSIFYPRODUCT(Z, ¥/, p,€). Now, for all i # j with AZTj =
Z;; # 0 we have

ALT1 1] &g 1 1 1]z J;
ZJ [_,‘1'_,]: i = - = :[ — + yj_,]-
S T Cj r-s Ty — 2 T43Y; Yj — 7 T5Y; S|\ =% r—1Y;

Consequently, we see that Lis precisely the output of an execution of SPARSIFYSUBGRAPH(L, p, €/2).
Furthermore, since Sz has spectral gap at least 1 by Lemma 3.17 we have by Lemma 3.13 which
analyzed SPARSIFYSUBGRAPH that £ has the desired properties.

All the remains is to bound the running time of SPARSIFYPRODUCT(Z, ¥, p,€/2). Note that
computing s takes O(s) time and computing all the r — ¢; and r — Z; can be done in O(s) time.
Consequently, with O(s) preprocessing we can build a table so that each sample from D takes O(1)
time and computing A takes O(s + k) = O(se 2log(s/p) time. Furthermore, since computing the
patching E also takes O(s + k) time we have that the total running time is as desired. O

Theorem 3.19 (Sparsifying Squares). Let A € RZ§™ have the same row and column sums,
ie. Al = A'1, and let e,p € (0,1). Let D = :iiag(A]l), L=D-A and M = D —
AD L A. Both £ and M are Eulerian Laplacians and in O(nnz(L)e 2 log(n/p)) time the routine
SPARSIFYSQUARE(L, p, €) computes A such that with probability at least 1—p the matric M = D—A
is an e-sparsifier of M.
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Proof. Clearly, both A and AD~! A are entrywise non-negative and therefore the off diagonals of £
and M are non-positive. Furthermore, since clearly A1 = A"1 = AD' A1 = [AD ' A]"1 = D1
we have that £1 = £71 = M1 =M"1 =0 and both £ and M are Eulerian Laplacians.

Next, for all i € [n] let s; = nnz(\A. ;) + nnz(.A;.) and

AGA]L

£ = diag(A; ) - D

Note that since Al = A" 1 and A is entrywise non-negative we have that D;; = ||A;.|l1 = |lA.il1.
Consequently, by Lemma 3.18 and union bound with probability at least 1— % it is the case that each

L is a directed Laplacian with the same in and out degrees as £, nnz(L£®) = O(s;e 2 log(sn/p)),
and

2 2
HSZ{ £O— ENsi| <3 (3.2)
Furthermore, since clearly ), s; = 2nnz(.A) we have that
nnz(M Z nnz( Z sie 2log(nsi/p) < O(nnz(A)e 2 log(n/p))

i1€[n]

and therefore the total running time for computing M is O(nnz(L)e 2 log(n/p). Using Theorem 3.16
to reason about the effect of SPARSIFYEULERIAN then completes our running time analysis and
union bounding yields that M has the desired degrees and sparsity. Consequently, A also has the
desired sparsity and since the degrees of the graph associated with M are at most the degrees of
the graph associated with £ we see that Ac RLG™.

All that remains is to verify that M is an e-approximation of M. By Lemma 3.5, (3.2) implies
that for all Z, i # 0 it is the case that

n

i €T, L 2 €, L i
(M M) y_z »C()) Z§ [xTSE(i)x_f‘yTSL(i)y} = 3 [mTUMQS-f-yTUMy
=1 i=1
where in the last identity we used that Y ;" ; S, = Uxq from the fact that Zie[n] L£O = M.

Applying Lemma 3.5 again on the above bound, we obtain that M is an €/3 approximation of M.
Since, Theorem 3.16 implies that M is an €/3-approximation of M, invoking the transitivity bound,
Lemma 3.8, yields that M is an (¢/3)(2 + ¢/3) < e-approximation of M as desired. O

4 Solving Directed Laplacian Systems

In this section, we show how to solve directed Laplacian systems in almost-linear time. Our main
result is as follows:

Theorem 4.1. Let M be an arbitrary nxn column-diagonally-dominant or row-diagonally-dominant
matriz with diagonal D and m non-zero entries. Let k(D) be the ratio between the maximum and
mintmum diagonal entries of D. Then for any be im(M) and 0 < € < 1, one can compute, with
high probability and in time

o <(m + O (VETTE)) Jogh (deM(M)»

€

a vector & satisfying |MZ — bl|s < €]|b]|.
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Note that column-diagonally-dominant matrices include Laplacians of directed graphs. This
bound follows from combining the reduction to solving linear systems in Eulerian Laplacians stated
in Theorem 42 of [12| with our main solver result. The condition number of the undirected Laplacians
that arise can be bounded by O(k(D) - K(M)) by the preceding Theorem 41 in [12]. This condition
number becomes a logarithmic overhead by the condition number reductions in Appendix F, which
allows us to focus on solving poly(n) conditioned Eulerian systems.

The result that we will focus on in this section is an algorithm that given an Eulerian Laplacian
L=D-— é—r € R™" with m non-zero entries computes an e-approximate solution to L£¥ =
b in time O((m 4 nexp(O(y/Iogrloglogx)))log(1/e)) where k = k(Up-1/2,p-1/2). Note that
exp(O(+y/log(r) loglog £)) is a term that is ()| i.e. it grows less than O(k¢) for any constant € > 0,
whereas iterative methods for solving such systems typically have a dependence of x/2 or higher in
their running time. An overview of the main components of this algorithm is in Section 2.3.3.

4.1 Preconditioned Richardson Iteration and Approximate Pseudoinverse

The key iterative method that we use to build our solver is the preconditioned Richardson iteration.
It can be thought of as a general-purpose tool that boosts the quality of a linear system solver
by iteratively applying the solver on the residual.® In this section we describe the preconditioned
Richardson iteration, and based on it, we derive a measure of quality of a linear system solver in
terms of how well it functions as an approximate pseudoinverse for the matrix involved in the system
we want to solve. In Section 4.4 we analyze our solver chain in terms of this notion.

The Richardson iteration refers to perhaps one of the simplest methods for solving a linear
system MZ = b: start with 7y = 0, then repeatedly move in the direction of the residual, i.e.
Tpy1 = Tk + n(g— MZ), for some step size 1. The preconditioned Richardson iteration refers to
applying the same method, with the aid of a matrix Z whose purpose is to improve the quality
of the iterations by producing better approximations to the matrix inverse applied to the residual:
Tr41 = T + 77Z(5 — MZ). Note that whenever Z = M™, preconditioned Richardson adds in every
step an 7 fraction of the true solution to our current iterate; therefore, in that case, we obtain the
exact solution in one iteration by setting n = 1. Intuitively, the quality of the preconditioner Z
dictates the size of the steps we are allowed to take, and therefore how long it takes to get close to
optimum. This motivates the notion of approximation we introduce in this section.

The preconditioned Richardson iteration is very well studied and fundamental to numerical
methods (see e.g. Section 13.2.1 of [34]). However, we are not aware of an operator-based analysis
involving asymmetric matrices in the different matrix norms required in our algorithm. Therefore,
we provide the algorithm (see Figure 4.1) and its short analysis in Lemma 4.2 below.

Lemma 4.2 (Preconditioned Richardson). Let b € R™ and M, Z, U € R™" such that U is sym-
metric positive semidefinite, ker(U) C ker(M) = ker(M ") = ker(Z) = ker(Z"), and b € im(M).
Then N > 0 iterations of preconditioned Richardson with step size n > 0, results in a vector
#n = PRECONRICHARDSON(M, Z, b, 1, N) such that

| =2 < ) — 2 M

Furthermore, preconditioned Richardson implements a linear operator, in the sense that Xy = ZNE,
for some matriz Zy only depending on Z, M, n and N.

80ne should note that being able to boost a solver using preconditioned Richardson relies on the fact that the
solver is a linear operator, which is precisely the case in our algorithm.
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Z = PRECONRICHARDSON(M, Z, 5, n, N)

Input: n x n matrix M,
preconditioning linear operator Z (in the unpreconditioned case, Z = 1),
right hand side vector be im (M), step size 7, iteration count N.

1. Initialize ¥y < 0.
2. Fork=0,...,N—1

(a) fk—i—l — T+ nZ (5— Mfk)

3. Return Zy.

Figure 4.1: Pseudocode for the (preconditioned) Richardson Iteration

w def

Proof. Let ©* = M*b. The iteration on Line 2a, together with the fact that b lives inside the image
of M, implies

Try1 — T = (Limevr) — nZM) Ty + nZb) — & = ((Limai) — NZM) T + nZMZT*) —
= (Limar) — NZM) (7 — %),
and therefore,
1Zk41 — |l = || Timevy = nZM)(@, — ) || < [ Timeany — 1ZM|| g 186 — &y -

By induction, this shows that
— —k N — —% N —>k
178 = @[y < [[Timea) — 1ZM || 170 = g = ||Timan) — 1ZM || 17y -

Now, by writing the iteration as Zx11 = (L) — nZM)T) + 77Z5, and expanding, we see by
induction that ¥y = Z]kvzl(Iim(M) — nZM)*1nZb, and therefore

N
Zy =1 (Liman —1ZM)*'Z.
=1

O

Lemma 4.2 shows that if nZM is sufficiently close to the identity, then preconditioned Richardson
converges quickly when solving a linear system. This highlights a precise way to quantify how good
a matrix is as a preconditioner for the Richardson iteration.

Definition 4.3 (Approximate Pseudoinverse). Matrix Z is an e-approzimate pseudoinverse of ma-
triz M with respect to a symmetric positive semidefinite matriz U, if ker(U) C ker(M) = ker(M ) =
ker(Z) = ker(Z"), and

HIim(M) - ZMHU_>U <e’

9Note that the ordering of Z and M is crucial: this definition is not equivalent to ILim vy — MZ||usu being
small.
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With this definition and Lemma 4.2, we see that our problem of solving a linear system can
be reduced to producing an approximate pseudoinverse that we can apply efficiently. This is the
approach we take in the rest of the paper. In the remainder of this section we give two tools
towards producing such pseudoinverses. We show how to use preconditioned Richardson to improve
the quality of an approximate pseudoinverse (Lemma 4.4), and how to produce one for a matrix
whose symmetrization is well conditioned (Lemma 4.5).

Lemma 4.4 (Pseudoinverse Improvement). If Z is an e-approximate pseudoinverse of M with
respect to U, for e € (0,1), b e im(M), and N > 0, then PRECONRICHARDSON(M,Z,E,1,N)
computes Ty = Zp, for some matriz Zy only depending on Z, M and N, such that Zy is an
eN -approzimate pseudoinverse of M with respect to U.

Proof. By Lemma 4.2 we know that £y = ZNI_;, for some Zy that only depends on Z, M, and N;
furthermore, we know that:

Lt — ZnM Mﬂ?H _
H( im (M) N ) UsU

L - N - z
e8], < o -2, = ],

and that this holds for any vector b € im (M) (since Zy does not depend on b). Equivalently, this
means that
Timv)y = Za M5y < €™

In order to complete the proof we need to show that ker(Z) = ker(Z ") = ker(Z).

As we saw in the proof of Lemma 4.2, over I, ), Zy is a polynomial in Z and M with no
constant term. Also, since all the kernels and cokernels of Z and M are identical by definition,
ker Z O ker Z, and similarly ker Z" DkerZ.

Now suppose the first inclusion is strict, i.e. there exists Z L ker(Z) such that ZyZ = 0. Then,
[M*Z||[y > 0 since MTZ L ker(U), as by definition, the kernel of U is a subset of that of Z. This
implies that

[(Tonisg) — ZaDMM* 2, = 7],

This shows that ||L, ) — ZNM|u—u > 1, which contradicts the fact that it is at most eV,
Similarly, if there exists # | ker(Z ") such that Z'Z = 0, then we obtain

I

| T~ ZEMTY (M) "7

- oy

U U

and thus HIim(M) - Z}MTHUHU > 1. Equivalently, this shows that || L, — ZvMlusu > 1,
which yields a contradiction. The fact that the norm is the same when taking transposes follows
from writing it in terms of the ¢3 norm, and using the fact that ker(U) is a subset of both the kernel
of the matrix and that of its transpose.

O

In addition, we show that preconditioned Richardson converges quickly whenever the matrix
M is well conditioned (as a matter of fact, for our purposes we only care about the case when the
ratio between ||M]|| and A\.(Uypp) is at most a constant). The lemma below gives precise bounds on
the number of iterations required to obtain a good approximate pseudoinverse with respect to L.
Such an approximate pseudoinverse is the standard object that can be used as a preconditioner in
order to obtain a small number of preconditioned Richardson iterations when measuring error with
respect to the £5 norm.
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Lemma 4.5 (Building a Pseudoinverse). Let M € R™™" such that Ung is positive semidefinite, and
ker(M) = ker(M ). Let the vector b € im(M), the step size n < A,(Un)/|M|2, and the number
of iterations N. Then PRECONRICHARDSON(M, nL;,, ), b, 1,N) computes Ty = ZNb for some
matriz Zy only depending on Z, M and N, such that Zy is an exp(—NnA.(Uwm)/2)-approzimate
pseudoinverse of M with respect to 1.

Proof. We begin by showing that nL;,,mr) is a (1 — 7\ (Un))Y/?-approximate pseudoinverse of M
with respect to I. First we notice that the kernel conditions for I, being an approximate
pseudoinverse for M are trivially satisfied. Second, we bound the matrix induced norm of I, ) —
M) - M = Ly — nM:

2 =T T -
[Timve) — nMl5 = e T (Tinevry —1M) - (Linay — nM) @

—  max (ngIm(M)x _ i (M + MT) 7+ 7729?TMTM£)
Feim(M), 7,1

<1-2n min Z'UMT + 12 max "M Mz,
Zeim(M),||Z||,=1 Zeim(M),||Z2||=1

<1 -2\ (Unm) +77[M[3 < 1 = A (Unm) -

Consequently, by Lemma 4.4 we have that Zy is a (1 —n\(Un))Y /2_approximate pseudoinverse of

M with respect to I. The conclusion follows by using (1—7A.(Unp))V? < exp(—=NnA,(Unm)/2). O

4.2 Construction of Square-Sparsification Chains

Here we define the square-sparsification chain we use in our algorithm and show how to compute
such a chain efficiently. In other words, we show how to create the sequence of matrices that through
careful application yield an almost linear time algorithm for solving an Eulerian Laplacian system.

Definition 4.6. [Square Sparsifier Chain] We call a sequence of matrices Ag, A1, ... Ay € R"*" a
square-sparsifier chain of length d with parameter 0 < a < % and error e < 1/2 (or a (d, €, a)-chain

for short) if under the definitions L; = IT— A, and .A\* = oI+ (1 —a).A; for all i the following hold
1. [[A;ll2 <1 for all 4,

2. I - A, is an e-approximation of I — (Agf)l)2 for all 4 > 1,
3. ker(L;) = ker(L; ) = ker(L;) = ker(LjT) = ker(Uy,) = ker(Uy,) for all 4, 5.

Pseudocode for the construction of the square-sparsifier chain is given in Figure 4.2. In the
remainder of this subsection we prove correctness of this construction. We first provide a helper
lemma, Lemma 4.7 and then analyze the algorithm in Lemma 4.8. In Section 4.3 we prove additional
properties regarding solver chains such as how the Uy, multiplicatively approximate each other and
how the smallest eigenvalue at the end of the chain must eventually rise to at least a constant.

Lemma 4.7. If for A € Rgé" and D = diag(A1l) the matric L =D — A is an Eulerian Laplacian

associated with a strongly connected graph then, |D~Y2ATD~1/2|y < 1 and ker(L) = ker(£L") =
ker(U) = span(D'/?1).

Proof. Since £ is Eulerian A1 = AT1 = D1 and therefore we have [D 1A T|,, = [ATD!|; = 1.
Consequently, by Lemma B.4 we have that |[D~'/2ATD~1/2|, < /|D'AT| - [ATD-1[; < 1.
The characterization of the kernels follows from Lemma 2.2 and that £1 = £71 = U,1 = 0. O
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(Ag, ..., Ag) = BUILDCHAIN(L =D — A" ,d, a, ¢,p)
Input: Eulerian Laplacian £, parameters «,€,p € (0, 1).

1. Lo + SPARSIFYEULERIAN(L, p/(d +1),1/20), and set Ay =1 — D~ 1/2£,D~1/2,
2. Fort=0,1...d—1do
(a) A oI+ (1-a)A,

(b) A;41 + SPARSIFYSQUARE (Dl/QA,EO‘)Dl/Q,p/(d +1), e),
and set A; 1 = D1/2A,,,D1/2,

3. Return Ay, ..., Aq.

Figure 4.2: Algorithm for Constructing the Square-Sparsification Chain.

Lemma 4.8 (Chain Construction). Let £L =D — AT be an Eulerian Laplacian that is associated
with a strongly connected graph, let o, e,p € (0,1), and let d > 1. Then in O(nnz(L) + ne=2d) time
the routine BUILDCHAIN(L, d, a, €, p) produces Ay, ..., Aq € R™™™ that with probability 1 — p

1. Ay, ..., Aq is a (d, o, €)-chain,
2. mz(A;) = O(ne~2) for all i, and
3. 1— A is a (1/20)-approzimation of D~Y/2LD~1/2,

Proof. By Theorem 3.16, the call to SPARSIFYEULERIAN computes in O(m + n) time Lo that
with probability 1 — p/(d + 1) is a (1/20)-sparsifier of £ with the same diagonal as £. Con-
sequently, for Ag = DY24,DY? we have £, = D — Ay. By Lemma 3.7 this implies that
I- A is a (1/20)-approximation of D-Y2£D~Y2, Furthermore, Lemma 4.7 then implies that
| Aoll2 = [|D~Y/2A0D /2|5 < 1, and ker(I — Ap) = ker((I—.Ap) ") = ker(Ur_4,) = span(D'/21).
Thus, Aj has all the desired properties.

Now suppose the desired properties hold for Ay, ..., Ay with probability 1 — p(k + 1)/(d + 1),
for some k € [0,d — 1], and that for all ¢ € [k] we have A; € RZ{" such that D — A; is an
Eulerian Laplacian associated with a strongly connected graph. Under this assumption, clearly
D24, D'/2 = aD + (1 — ) A}, has both row and column sums equal to D1. By Theorem 3.19,
the call to SPARSIFYSQUARE computes in O(m+ne~?2) time a matrix Ay € RZ5" such that, with

probability 1 — p(k + 2)/(d + 1), D — A4 is an e-sparsifier for D — A](ga)DflAgga), where Agga) =
oI+ (1—a)Ay. Again, using Lemma 3.7, we see that I — A1 is an e-approximation of I— (A’(Ca))z.
Furthermore, since D — A,(Ca)D_lA;a) contains D — Ay as a subgraph, this Eulerian Laplacian
is strongly connected and therefore so is D — Agyi. Consequently, by Lemma 4.7 we have that
[ A 1llz = D72 A D72y < 1, and ker(I — Agy1) = ker((I - A1) T) = ker(Ur_a,,,) =
span(Dl/ 21). Therefore, by induction all the desired properties hold. O

4.3 Properties of the Square-Sparsification Chain

Here we prove several properties of the square-sparsification chain which we use in the analysis of
our solver algorithm. The main result of this subsection is to prove the following:
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Lemma 4.9. [Chain Properties| For length d > 1, parameter o = 1/4, and error € € (0,1/2), and
(d, a, €)-chain Ay, Ay, ... Aq the following properties hold:

1. kI—=Uy,,I-Uyu, ,) <21, foralliec[d, and
2. M(I-Uy,) > min{1/4, A\, (I-Uy,) - ((1 —€)1.25)%}.

The first property shows that the matrix I — U 4, changes only within a constant factor for
a constant change in ¢, while the second implies that the smallest non-zero eigenvalue improves
geometrically with squaring, up to some fixed value that depends on «.

The proof of Lemma 4.9 relies on several components. First, we use a lemma which shows how
squaring changes the associated symmetric matrix (see Lemma B.7 in Appendix B). Combining
with the sparsification guarantees from Lemma 3.6, we derive the first property. Second, we use
a bound on how the smallest non-zero eigenvalue improves after squaring (see Lemma B.8 from
Appendix B), in order to show that this is also the case with the matrices in our chain.

Proof of Lemma 4.9. By definition, I — A; is an e-approximation of I — (Aﬁ)l)2, for all 7 > 1.
Therefore by Lemma 3.6 we know that

(1—6) <I_U(A£f>1)2> jI—UAi = (1—|—6) <I_U(A§(_¥)1)2> .

Applying Lemma B.7, we obtain

2 (I—UAS)I) jI—U<A£a)1)2 j (4—204) <I—UA55)1) .

Combining with the sparsification guarantee from above, we obtain:

(1—e)2a <I—UAEQ)1) <I-Uy, 2 (1+€)(4—-2a) (I_UAEQ)1> :
Finally, writing I — U 4 =1— (al+ (1-a)Ug, ,) = (1 —a)Ua,,_,, this gives:
1—1

(1-e)20(1—a) (I~ Ua_,) <I-Ua, < (1+0(4~20)(1—a) (1~ Ua,_,) .
which shows that

(14+¢€)(4—2a) <91,

I-Uy, I-Uy )<
K’( Az’ A'Lfl) — (1—6)20[ —

For the second part, we see that Lemma B.8 yields:
A(I— U(A(M)Z{I) > min{a, (1 4+ a)A(I—-Ua,_,)}.
Combining with the first inequality from the sparsification guarantee, this gives
MI—-Ugyk,) > (1 —¢€) min{a,(1+a)\I—-Ugyk, ,)}.

Applying this inequality d times yields the second part of the result.

35



4.4 Pseudoinverse Properties

Here we show that e-approximations in the square sparsifier chain imply useful properties for building
approximate pseudoinverses. We provide key lemmas to show that an approximate pseudoinverse
for I — A; can be transformed into one for I — A;, where ¢ < j. More precisely, this is based on
Equation 2.3, and can be seen by substituting the condition from Definition 4.6 that I — A; is an

e-approximation of I — (Ag-oi)l)z into the identity

(I-Aj)" =(1-a) (I = A§(i)1)+ =(1-a) <I - (Aﬁ‘i)l)2> ' (I + Ag‘ﬂ) :

This method of producing solvers accumulates error very quickly. However, as discussed in
Section 4.1, we can reduce the error accumulation using preconditioned Richardson iterations. Con-
sequently, the main goal of the remainder of this section is to formally bound this accumulated error
so that we can ensure Richardson will quickly produce a high quality approximate pseudoinverse.

We prove this result in several steps. First we provide several properties regarding approxi-
mate pseudoinverses, showing that they are well behaved under composition, and that they exhibit
desirable properties such as approximate triangle inequality, and being preserved under right mul-
tiplication. Then using these lemmas we prove the main result of this section, Lemma 4.13.

Given that ultimately we build our pseudoinverse recursively, in our presentation Z will often
take the role of a solver being used as a preconditioner. This is consistent with the way we use it,
since all solvers we produce are linear operators.

The following lemma bounds the quality of a preconditioner obtained via composition.

Lemma 4.10 (Triangle Inequality of Approximate Pseudoinverses). If matriz Z is an e-approximate
pseudoinverse of M with respect to U, and M is an 6’-appr0xz‘matA§ pseudoinverse of Z with respect
to U, and has the same left and right kernels as M and Z, then M7 is an (e + € + e€')-approzimate
pseudoinverse of M with respect to U.

Proof. Applying triangle inequality for the U — U norm, we see that, for all x € R,

| (iny = MDM) 2] < [ (i - M2 ) ]+ || (W02 - Mn) ]
The first term is upper bounded by €'[|Z|y by the condition given in the statement. The second
term can be rewritten as:

|(vrzt - M) & = M2 (L) - 2M) | <[ M2 T - 2M) 2

U-U
Next, we bound the two components of the product. For the first one, using triangle inequality
along with the condition given in the statement, we obtain

[z

< Mol +

Izm(M) *1/\\//I+Z+H <14¢€.

U—-U

The second term is by definition bounded by €||Z||yy. Combining these bounds, we obtain

[ (Tt = M) | <€ g + 1+ €)e [Ty = (e+ € + ) 7]y -
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The following lemma is used to show that e-approximations obtained via the sparsification
routines from Section 3 also yield matrices whose pseudoinverses are good preconditioners for the
original.

Lemma 4.11. Let M be any matriz with Uny positive semidefinite, such that ker(M) = ker(M ") =
ker(Un). Suppose that matriz M e- approzimates M, for some ¢ < 1/2. Then M* is an 2e-
approzimate pseudoinverse for M with respect to Unm. Furthermore, ker(Um) = ker(Ug;).

Proof. First, we prove that ker(ﬁ) = ker(MT) = ker(Ug;) and that these kernels are the same as
those of M, M T and Upy.

We already know that ker(M) = ker(M') = ker(Uyp) and it is not hard to prove that
ker( ), ker(MT) C ker(Ug;). Thus, it suffices to prove that ker(Unm) C ker(M ) ker(MT) and
ker(UM) C ker(Upnm).

To prove ker(Upg) C ker( ), ker(MT), consider any vector x in the kernel of M. Then x is
also in the kernel of Ung. However, by the definition of strong approximation, this means that
is in the kernel of M — M and M—r MT. Since z is in the left and d right kernels of M, we have
0= (M- M)x = Mz and similarly obtain 0 = (MT — MT)x = Mz. Thus, the left and right
kernels of M are supersets of ker(M).

For the reverse direction, note that Lemma 3.6 implies that Un and Ug; approximate each
other in the standard positive semidefinite sense for undirected matrices, and thus have the same
kernel. Thus, the kernels of M meet the requirements for being approximate pseudoinverses.

Now we can show the requisite inequality for M™ being an approximate pseudoinverse of M
with respect to Upp. First we show that M™ is an e-approximate pseudoinverse of M with respect
to Up. We can apply a lemma upper bounding matrix norms whose proof can be found in the
appendix (Lemma B.9) in order to obtain:

L, — MM < UM (1an - MM UL =[O (M-M) US| <e.
o~ MM| [0 M () = M) U317 = U (- ) w37

UM—>UM

Next we prove that this implies the desired conclusion by writing

> HMJFM — Limv H

L) — M+MH - H(Mﬂw - Iim(M))M+M”

UM%UM UMHUM

- ”(1\N/I+M — L (vp)) (MM — Iim<M>)H

UM%UM

Lo — 1\71ﬂ\/1” 1
1m (M) Unt—Unt <

For the first inequality we used triangle inequality, for the second one we used the fact that the
norm of a product is upper bounded by the product of norms, which follows immediately from
applying the definition of our matrix norm. By rearranging terms, and using the fact that MT is
an e-approximate pseudoinverse of M with respect to Upng we obtain:

UMHUM

2|

o
.

€

Tip(n) — 1’\71+MH <

< < 2e.
Um—Um 1—c¢

O

Next, recall that the goal of the square-sparsifier chain is to allow an approximate inverse for
I—- A, to be used as preconditioner for I —A;, with i < j. We show that our notion of approximate
pseudoinverse is (approximately) preserved under right-multiplications, and when changing the
reference matrix U.
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Lemma 4.12 (Composition of Approximate Pseudoinverses). Let Z, M, U € R™*" be matrices such
that U is symmetric positive semidefinite, and ker(Z) = ker(Z") = ker(M) = ker(M") D ker(U).
Then the following hold.

1. (Preserved under right multiplication) Let C € R™ ™ such that both C and C" are invariant
on ker(M), in the sense that x € ker(M) if and only if C € ker(M), and similarly for C*+.
Then Z is an e-approzimate pseudoinverse for CM with respect to U if and only if ZC is an
e-approrimate pseudoinverse for M with respect to U.

2. (Approximately preserved under norm change) If Z is an e- approximate pseudoinverse for M
with respect to U, then for any symmetric positive semidefinite matriz U, such that ker(U) =

ker(U), Z is an (e - R(U,U))—approxzmate pseudoinverse of M with respect to U.

Proof. For preservation under right multiplication (claim 1), we immediately see that by associa-
tivity:

[T — (ZC) MHU—)U = [Ty — Z(CM)HUHU '
What we have left is to verify that kernel conditions are satisfied. The assumptions on C, together
with the fact that all the left and right kernels of Z and M coincide, ensure that ker(ZC) = ker(M),
ker(CTZT) = ker(Z"), ker(CM) = ker(M), ker(MTCT) = ker(MT). Therefore the matrices
satisfy the kernel requirements for being approximate pseudoinverses.

For approximate preservation under change of norms (claim 2), the bound on /@(6, U) means
that there exist @ and 8 such that «U < U < U and f/a < k(U, U). Using this, we obtain:

[ ~ZM) &l B (o — ZM) 2]

I.M_ZM~~:maX = =
[Timan lo-o #UZA0 7] ZUZ#0 al|Zu

IN

7 (0, 0) - [[Tmwry — ZM]|gy_y < €1/ (T U).
0

The preservation under right-multiplications combined with Equation 2.3 suggests that if we
have a linear operator Z that is an approximate pseudoinverse for I — . A;, we can right-multiply

it by (1 —a)I+ Ag-oi)l) to form an operator that is an approximate pseudoinverse for I — A;_;.
This process can then be repeated down the chain, but will lead to an accumulation of error. The
following lemma bounds the amount of error accumulated after repeating this process A times.

Lemma 4.13. Let the sequence Ay, Aj,...Aq be a (d,e,a)-chain as specified in Definition 4.6,
with € < 1/2 and a = 1/4. Using the notation from Definition 4.6, consider the matrix

Ziiyn=(1— a)® (I—- Ajpa)* (I + A+A 1) : (I + Az(a)) ’

for any i,A > 0. Then Z; ;i is an (exp(5A) - €)-approzimate pseudoinverse of I — A; with respect
toI—Uy,.

Proof. We will prove this by induction on A. The base case A = 0 follows immediately, since
Z;; = (I— A;)", which is a 0-approximate pseudoinverse of I — A; with respect to I — U 4,.
For the 1nduct10n step, let us assume that the claim is true for A — 1. Therefore, the matrix

Zivrion = (1) (1- Aa) (T+ A%, ) (14 A9)

38



is an (exp(5(A — 1)) - €)-approximate pseudoinverse of I —.A; ;1 with respect to I -Ug,,_ ;.

From Lemma 4.9 we see that for our choice of o = 1/4, we have k(I-U4,,,,I-U4,) < 21. Since
the matrices I — U4, and I — U 4,,, have the same kernel, we can use the bound on their relative
condition number with Lemma 1, part 2 to obtain that Z;;1 ;4 is also a (v2Lexp(5(A — 1)) - €)-
approximate pseudoinverse of I — A; 1 with respect to I — U 4,.

By definition, we have that I — A;.1 is an e-approximation of I — (AZ(O‘))Q. Therefore, by
Lemma 4.11, we know that (I — A;;1)" is a 2e-approximate pseudoinverse of T — (./ﬁl(a))2 with

(2
respect to I — U . In order to change norms, we use Lemma B.7, which gives us that

(A{™)2

4-2
K (I_U<A§‘”)2’(1 — ) (I—UAi)> =K (I—U<A§a)>2,I—UA§a)) < zaa7

and therefore

4 — 2« 28
I- I- < — < — .
”( U(A§“>)2’ U“““) ~2a(l—a) = 3

Therefore, using Lemma 2, and since 1/28/3-2 < 7, we obtain that (I—.4;.1)" is a Te-approximate

pseudoinverse of I— (.Aga))2 with respect to I-U 4,. Combining these two results via the triangle in-
equality for approximate pseudoinverses (Lemma 4.10), we obtain that Z; 1 ;1A is an €’-approximate

pseudoinverse of T — (.AZ(-O‘))2 with respect to I — U 4,, where
€ =v21exp(5(A —1))e+ Te + V21 exp(5(A — 1))e - Te < 50exp(5(A — 1))e.

Equivalently, by writing T — (A2 = 1+ .41 - AY) = (1 - )T+ .4Y) . I - A)), and
applying the composition under multiplication property from Lemma 4.12 Part 1, we obtain that
Zit1in-(1 —a)(I—i—AZ(a)) is an €-approximate pseudoinverse of I—.A4; with respect to I—U 4,. Note
that in order to correctly apply the lemma, we require the kernel requirement for (1 — ) (I + Al(a))
to be satisfied, but this follows easily since all left and right kernels of the other matrices involved

are identical to ker(I — A(a)).

(2
Finally, since Z; ;4n = Zijt14n - (1 —a)(I + .Al(a)), this is equivalent to saying that Z; ;A is
an approximate pseudoinverse of I — A; with respect to I — U 4,, with error bounded by

50exp(5(A —1))e < exp(bA)e.
O

Note that the amount of error accumulated through this process is significantly greater than
the sum of €’s across the different levels of the chain. This is because we are measuring the quality
of the approximate inverse with respect to a matrix that may change by a constant factor at each
level, rather than with respect to a fixed one.

If we only invoke Lemma 4.13 for the first and last matrices of the chain (i = 0, 7 = d), it
would give an error of exp(O(d))e = poly(x(L))e, necessitating a sparsifier accuracy that is more or
less keeping everything dense. Instead, in our algorithms we will only invoke the above result for
j ~ i+ Vd. Between such steps, we will remove the accumulated error using the preconditioned
Richardson iteration, which was described in Section 4.1.
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4.5 The Recursive Solver

Here we combine the pseudoinverse properties of the solver chain proved in Lemma 4.13 with
the preconditioned Richardson iteration from Lemma 4.4 to obtain an almost-linear time solver
for Eulerian Laplacians. The resulting algorithm makes recursive calls on the square-sparsifier
chain. These recursive calls can be viewed as phases. For some moderate value of A which we
set to v/log k, where & is the condition number of Up-1/2,p-1/2, we utilize Lemma 4.13 to turn an
approximate pseudoinverse of L; A into an approximate pseudoinverse for L; with larger error. The
error accumulated in this process is then removed via preconditioned Richardson iteration. This
iteration leads to recursive calls to L.

The resulting algorithm is a linear operator: its output can be viewed as multiplying the input
by a fixed matrix. To analyze it, it is helpful to define the notion of implicit matrices, which is a
more succinct way of writing “linear operator™-style solver statements like those in [37] as well as
subsequent works. An implicit matriz is a routine that applies a linear operator to a vector. It’s
complexity is defined as the time it takes to run it when given a vector. Note that if we have a
matrix explicitly given, we can view it as an implicit matrix with complexity equal to one plus its
number of nonzero entries.

If A is an implicit matrix, then we will use the notation AZ to denote A(Z). In particular, this
notation choice means we can write A(B(-)) as AB and A(:) + B(:) as A + B. If we form a new
implicit matrix from two (or more) explicit matrices in either of these manners, the complexity of
the new explicit matrix is equal to the sum of the complexities of the matrices it was formed from.

Because an implicit matrix implements a linear operator, we are—for the purposes of analysis—
free to treat it as if it is an actual matrix and talk about things like its eigenvalues or whether it
approximates something—provided we do so with the understanding that whenever we say such
things, we are really talking about the linear operator that the implicit matrix implements. When
possible, we will use Z to denote implicit matrices that represent inverses of matrices, and M to
represent matrices related to linear systems that we are trying to solve.

In particular, preconditioned Richardson iteration from Lemma 4.4 can be viewed as an implicit
matrix PRECONRICHARDSON(I — A;, M, £, O(1/A)) built from I — A; and M, which might them-
selves be implicit matrices. With this in mind we can state the function that does most of the work
in our algorithm in Figure 4.3.

We now show that given a square-sparsifier chain and access to an implicit matrix that is an
approximate pseudoinverse of I — A, with respect to I—U 4,, we can efficiently compute an implicit
matrix Zo which is an approximate pseudoinverse of I — Ag with respect to I — U 4,.

This done by invoking the transformations of approximate pseudoinverses in Lemma 4.13, but
also swapping out the exact (I —.4;)" with an operator which is an approximate pseudoinverse for
it.

We first provide a helper lemma, which shows that error does not increase between recursive
calls to the SOLVE routine.

Lemma 4.14. Let Ay, Ay, ..., Aq be a (d,€,1/4)-chain. Let0 < i < d, and let A = min{+/dlogd, d—
i}. Suppose that € < exp(—5A)/30, and that for any en < exp(—5A)/30, calling the routine
SOWVE((Ai+A, - - ,Ad),/)\\, ea) returns an implicit matriz Z;1an which is an ea-approzimate pseu-
doinverse of I—A; A with respect to 1-U 4,, . Then, calling the routine SOLVE((A;, .. . ,.Aqg), }\\, €)
returns an implicit matriz Z; which is an e-approximate pseudoinverse of 1 — A; with respect to
I-Uy,,.

Proof. First we notice that by Lemma 4.9 part 1, x(I — Ug,,I — Ug. ) < 212, Therefore, by
the norm change property from Lemma 4.12 part 2, and our hypothesis, we obtain that Z;; A is an
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SOLVE((A; ... Ag), A, €)

Input: Matrices A; . ... Ay forming a subsequence of a (d, €, 1/4)-chain corresponding to an
Eulerian Laplacian £ =D — AT, a lower bound Xon A, (D~Y2LD~1/?), accuracy e.
Output: Implicit matrix that is an e-approximate pseudoinverse of I — A; with respect
to I - Uy,.

1. If i = d,
(a) < min{1/4,1.125¢-0.9 - A}.
(b) Return PRECONRICHARDSON(I — Ay, {1;,1-.4,), 1, & log(1/€)).
2. A < min{y/dlogd,d —i}.

3. Zi (1 — )™ - SOVE(Aisa ... Ag, A\, exp(—5A)/30) - (T+ ALY )@+ .AMY),

4. Return PRECONRICHARDSON (I — A;, Z;, 1, log(1/€)).

Figure 4.3: Algorithm that produces a matrix polynomial that produces an e-approximate pseudoin-
verse of I — A; with respect to I — U 4,, using the global solver chain constructed via BUILDCHAIN.

(V212 . €p)- and therefore also a (1/30)-approximate pseudoinverse of I — A; ;A with respect to
I-Uy,,.

On the other hand, the error propagation down the chain, bounded in Lemma 4.13 gives that
the matrix

Zi=(1-1/)20 - A a)t (I + A, i/ﬁ) 1> (I + AEM))

is an (exp(5A)€)- and by the bound on € also a (1/30)-approximate pseudoinverse of I — A; with
respect to I — U 4,.
Using these two facts, we can now show that the implicit matrix

Zi=(1—-1/49)*Zisn (I + Ai/ﬁ) 1) <1 + A§1/4)>

is an 1/2-approximate pseudoinverse of I — A; with respect to I — U 4,.

This can be easily seen by applying the properties of approximate pseudoinverses we proved in
Section 4.4. Letting M = (1 — 1/4)2(I + A}r/ﬁ DI+ A§1/4)), and applying Lemma 1 part 2
we obtain that (I — A;4A)" is a (1/30)-approximate pseudoinverse of M(I — A;) with respect to
I—Uy,,. Applying the triangle inequality from Lemma 4.10 we then obtain that Z; A is a (1/10)-
approximate pseudoinverse of M(I—.A;) with respect to I—U 4,. Finally, applying Lemma 1 part 2
again, we obtain that Z; = Z;1AM is a (1/10)-approximate pseudoinverse of I — A; with respect
toI-Uy,,.

Finally, the guarantee on the output matrix Z; = PRECONRICHARDSON(L;, Z;, 1,1og(1/€)) then
follows from Lemma 4.4. O

Given this, we can now analyze the quality of the implicit matrix produced by calling SOLVE on
the entire square sparsification chain.

Lemma 4.15. Given a (d,€,1/4)-square-sparsifier chain Ag, Ay, ... Aq constructed for a Laplacian
L =D AT, with € < exp(—5A)/30, calling the routine SOIVE((Ag . ...Aq), X, €), where € <
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exp(—bA)/30, returns an implicit matriz Z which is an e-approrimate pseudoinverse of I — Ay with
respect to I — U 4, .

Proof. The proof relies on Lemma 4.14, and follows from induction on the depth of the call to the
SOLVE routine.
The base case is ¢ = d, for which we prove that the operator

14 8
Z; = PRECONRICHARDSON (I — Ay, ZIim(I_Ad)’ 1, 72 log (1/e)>

is an e-approximate pseudoinverse of I — Ay with respect to I — U 4,. In order to do so, we show
that the input parameters fulfill the requirements for applying Lemma 4.5.

First we notice that by Lemma 4.9, we have A.(I-U 4,) > min{1/4, \.(I-U 4,)-1.125%}. Also,
from Lemma 4.8, we know that I — Ay is a (1/10)-approximation of D_ILQCD_I/Q. Therefore by
Lemma 3.6 we know that A\,(I—Ug,) > 9/10- \s(Up-1/2,p-1/2) > 9/10- . Hence \,(I-U4,) >
min{1/4,1.125¢- 0.9 - A} = ¢.

By Lemma 4.7 we have ||[I — Ay|l2 < 2, and therefore, applying Lemma 4.5, we obtain that
PRECONRICHARDSON(I — .Ad,g Lima-ay), 1, e% log(1/€)) returns an implicit matrix Z that is an
e-approximate pseudoinverse of I — Ay with respect to I — U 4,.

Now for the induction step, suppose that the induction hypothesis holds for ¢ + A. Then, by
Lemma 4.14, the matrix produced when calling the chain starting at ¢, Z;, is an e-approximate
pseudoinverse of I — A; with respect to I — U 4,. Therefore, this property also holds for the matrix
at the bottom of the call stack, which is what we wanted to prove. O

Having seen that the SOLVE routine controls the accumulation of error, as it produces an ap-
proximate pseudoinverse for the first matrix in the square sparsification chain, we can now use its
output as a preconditioner for the Richardson iteration, which yields our final algorithm, described
in Figure 4.4.

-,

SOLVEEULERIAN(L, €, b)
Input: Eulerian Laplacian £ =D — AT, accuracy e, vector b L 1.
Output: An approximate solution z to Lz = b in the sense that ||z — LTb|lu, < €||[LTb|u,.

1. Compute estimate X of the second eigenvalue of Up-1/2,p-1/2, such that
<

%Amin(UD—l/QﬁD—l/Q) /A\ § )\min(UD—l/2ED—1/2>- 10

2. Set the depth of the chain to d = 6log(1/X), and the chain solving accuracy € =
exp(—5+/dlog d)/30.

3. (Ap,....Aq) + BUILDCHAIN(L, d, §,€,1/n?).

4. Z + PRECONRICHARDSON(DY/2£D /2 Sove((Ay, .. ., A4), A, ©), 1, 101og(1/c)).

5. Return D~Y/2ZD~1/2p,

Figure 4.4: Full algorithm for solving Eulerian Laplacian systems.

10Since we know the nullspace of Uy, its minimum non-zero eigenvalue can be estimated in linear time to high
accuracy with high probability via inverse powering. See e.g. Section 7 of [37] or Chapter 8 of [41].
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What we have left is to bound the running time of our solver. We do so by analyzing the
recursion tree, as well as the outermost call to the preconditioned Richardson iteration. The final
bound is provided in the theorem below.

Theorem 4.16 (Eulerian Solver Guarantee). Given an Eulerian Laplacian £ =D — AT € R™*"
with m nonzero entries, and given an error parameter 0 < € < 1/2, the algorithm SOLVEEULERIAN(L, €, b)
returns, with probability at least 1 — 1/n, an approzimate solution & to LT = b in the sense that

Furthermore, the total running time is
9] ((m + nel(v log”'loglog”)> log (1/6)> 5

where k is the condition number of the normalized Laplacian D1/2£D~1/2,

Proof. By Lemma 4.8, it takes
O(m +ne%d) =0 (m +nd - OV dlogd))

time to build the square sparsification chain.

Next we analyze the cost of the recursive calls to SOLVE. As we can see in the description of
SOLVE, when invoked on I — A4, PRECONRICHARDSON requlreb (8/0%)1log(1/€) iterations, where
¢ = min{1/4,1.125? - 0.9A}. Therefore, whenever d = O(log A1), the base case of SOLVE requires

1 N\ kv dlogd
0 (o s/9) =0 ()

iterations. R
For the cost of invoking SOLVE(I — Ajg, A, €), note that at each recursive call, the branching

factor in the recursion is
O (log(1/€)) =0 (\/dlog d> ,

due to the iterations of preconditioned Richardson, each of them invoking the solver for a matrix
from further down the chain.

Furthermore, the depth of the call stack for SOLVE (or the number of layers of the recursion
tree) is bounded by d/+/dlogd = \/d/logd. Therefore the total number of recursive calls made
before the final solve on I — Ay is

O(m)o(m) _ O(VdTogd).

Now, note that each of the recursive call requires one multiplication by each of the matrices in the
chain. Therefore each such recursive call makes

O (nde?) = O (nd - O (VT2

work. Thus we see that the total amount of work it takes to construct and invoke the implicit
matrix given by SOLVE(I — Ay, A, €) is

o (nd_eoprlogd)) . OWdTogd) | <Hvd10gd> _d (Tm. ( d ) ‘

efA(d)
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Hence for our setting of d = ©(log k), this quantity becomes

O (neO(\/ilogmlog Tog n)) .

Finally, since by definition and Lemma 4.11 we know that (I—.4g)" is a 1/10-approximate pseu-
doinverse of D~1/2£D~1/2 with respect to Up-1/2,p-1/2, producing the implicit matrix Z requires
O(log(1/e)) iterations (by Lemma 4.4), each of them requiring one multiplication by D~/ 2£D:1/ 2
and one call to the recursive SOLVE. Thus the total running time to construct and apply Z in
SOLVEEULERIAN is

6 <<m + neO(\/lognloglogﬁ)> log 1) .
To analyze the solution quality, let
7<= ZD /%,

and let £ = D~Y2§ be the solution returned by the algorithm. Also, to simplify notation, let us
define L = D-Y2£D~1/2,

For any vector ¥, let I, denote orthogonal projection projection orthogonal to . By Lemma 4.4,
we have

oo, <,

UL UL

Since Ug, = D~/2U,D /2, we have that for every vector @, ||7]ju, = [|[D~"?¥||u,. Also, since
ker(U.) = span(1) we have that for every vector ¥, ||#]lu, = |[IL1D~Y2||u,. Using these, the

above inequality is equivalent to

€

IL1D71/2L+D71/25‘

Hf —1,,D PLtD /%)

e o ==l

where we have used I |17 = 2.
To finish the proof, it suffices to show that I,;D~Y2LT*D~Y/2p = £+b. We first make the
substitution I, ; = £7£ and then use £ = DY2LD'/2

I,D2LtD " Y2p = £t (D~ V2LtDY/?)p = £*D/2LL* D~ /2.

Since D/21 is the kernel of L, we have LLT = I, pi/2;. By the fact that bl 1, we have D™1/2p L
D'/21, and therefore ILDl/le_l/zb =D1/2p, Making these substitutions, we obtain

I, ;D V2LID V% = L.
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A Entrywise Sparsification

In this section we prove Theorem 3.9, our main result about entrywise sampling for sparsification.
Our main technical tool for this is a rectangular matrix concentration of Tropp that we restate
below:

Theorem A.1 (Matrix Bernstein (Theorem 1.6 of [40], restated)). Let Zi,...,Zy € R4 pe
independent random matrices such that EZ; = 0 and ||Z;||2 < R almost surely for all i. Then

—t2/2
P Zil| >t| <(di+dy)- s
g EZU;] 2t = (ditdy) eXp(a2+Rt/3>
¢ 2

where
o Emaxq || Y EZZ[|| | EZ/Z
i€[k] 9 i€[k] 9

First we simplify this theorem, tailoring it to the case where we are sampling a sequence of
matrices with the same expectation.

def

Theorem A.2. Let D be a distribution over R *%2  Let 33 = Ex pA and let Rp and U?D satisfy

maX{H]EANDAATHQ, ||IEANDATA||2} <o and max ||Als < Rp.
Aesupp(D)

Then for A4, ..., Ar sampled independently from D we have

—ke%/2 ) '

0’% + Rpe

1
Pr k;[k]Ai—z > e §(d1+d2)-exp<
v 2

2
and for k > 64 - (i—? + R?D) logg it is the case that Pr [H% Dicp Ai — X2 = e} < p.

def

Proof. Let Z; = A; — X. Clearly EZ; = 0, and by Jensen’s inequality,
1Zi[l2 < [[Aillz + [[Z]]2 < |Aill2 + Ea~nplAll2 <2 Rp.
Furthermore,
0<EZ/Z;=Fpap(A-—%) (A-—X)=FEapA'A - <Ex.pA'A

and
0=<EZ/Z;=FEap(A-)A-3)" =EprpAAT — X" <Ep pAAT.

Consequently,

max { || Y EZZ[|| , |Y EZ/Z:| » <k-op.
i€[k] 9 i€[k] 9
Therefore, by Theorem A.1 we have that for all ¢,

—t2/2
P Zi| >t| <(di+ds)-exp—5 L)
' g[];] 2t < (divdy) eXP(k'J%+2Rt/3>
! 2

Since } e Li =k ( > i) Ai — X) picking ¢ =k - € yields the result. O
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Using Theorem A.2 we can now prove Theorem 3.9, our main result of this section.

Proof of Theorem 3.9. First note that by the definition of s we have that

1 A A 1

Z Dij = — Z [ 4 Y ] = — [# non-zero rows + # non-zero columns] = 1
— S i T Cj S

and therefore D is a valid probability distribution. All that remains is to prove each of the claims

of Theorem 3.9 by carefully applying Theorem A.2.

’—‘l
iy

A

First apply Theorem A.2 for the distribution D which assigns probability p;; to matrix

3
kﬁl

For this application of Theorem A.2, using that z -y < 3 :E + y we have

1 (1 1)‘1 s
=maxs - ——— |-+ =) <.
1,] T;Cj j 2

AUT#T 1

\/Tz Cj Pij

Rp = max

Furthermore we have

11 L 1 1\!
HEMNDMMTH s Z?'T‘Aij'lil;‘r' <_’+_’> <s
2 — T Cj T3 Cj
7/7] 2
and
11 /1 1\t
HEMNDMTMH =S Zj‘?'Aij‘ljl;r <_,+_,> <s.
2 r Ty Cj T Cj

Consequently, op < s and since € € (0,1) and k is chosen appropriately, the first inequality follows
by Theorem A.2.
Next, we apply Theorem A.2 f or the distribution D which assigns probability p;; to matrix

— ..

1/}? . For this application of Theorem A.2 we have
1 /1 1\!
<s- 5| s+= <s.
r; r; Cj

1 -1
- (5rg) o =
J 2

A 1

Rp = max
Ti  Dij

17.]

Furthermore we have

i Cj

Since € € (0,1), with k appropriately chosen, the second inequality follows by Theorem A.2. By
symmetry the last inequality follows as well. Finally, by choosing p to be s times larger we can
make all conditions hold simultaneously by union bound. O

B Linear Algebra Facts

In this section we provide various general linear algebra facts we use throughout the paper.

Lemma B.1. Suppose that ||A — B||2 < € then for all ¢ > 0 we have

(1-¢)B"™ B¢ 'I<ATA < (1+ BB+ (1+c el
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Proof. Using the trivial expansion of A = B 4 (A — B) we have that
2" ATAz— 2z BBz =2:B"(A-B)z+z' (A—B)'(A-B)z
Now since zy < %:L’Q + in for all z,y and ¢ > 0 we have
20B" (A — B)z| < 2|Bz|2[|(A - B)z2 < ¢| B3 + ¢ '[|(A — B)a|f3 .
Combining this with the fact that
0<2"(A—B)T(A-B)z = |[(A-B)a|} < o} = 2L
we obtain the result. O

Lemma B.2. For all A € R™" and symmetric PSD M,N € R™*" such that ker(M) C ker(AT)
and ker(N) C ker(A) we have

TA rT Ay
M~2AN2|, = L =Y _2.
| 2= ma 2y 20 2T Mz + y ' Ny

2070 \/(zT Mz) (y | Ny)

where in each of the maximization problems we define 0/0 to be 0.
Proof. Let L < |[M~1/2AN~1/2||,. Since ||z, = max||y||,—1 y 'z we have that

L= max xTM_l/QAN_1/2y.
lzll2=llyll2=1

Now, performing the change of basis  := M~1/2z and y := M~/2y we have

rT Ay

L= max r Ay =max ———

lelm=lvlin=1 270 [|z|[mly (v
where in each of these maximization problems we restrict that € im(M) and y € im(IN). However,
for all x L im(M) or y L im(N), i.e. z € ker(M) or y € ker(N), we have that either ||z|m =0
or ||yl = 0 and 2" Ay = 0. Consequently, the above equalities hold without the z € im(M)
and y € im(IN) restriction by our definition of 0/0 = 0. The final equality we wish to prove
follows from the fact that ||z||mlly[ln < 5(/|2[31 + [|[|%) and that this inequality is tight when

[zllae = llylln = 1. O

Lemma B.3. For any M € R™*" and symmetric positive semidefinite matrices A, B € R™™™ such
that A < B we have that |AY/?M|)s < |BY2M]|| and |[MA?|y < |[MBY?||;.

Proof. The first claim follows from the fact that adopting the convention 0/0 = 0

Al/2M VzTMTAMz VzTMTBMz
JAY2M]y = may 1AMl Vo MAMe | Vo MCBMr g,
W el T Rk SR e
The second follows from this and the fact that HAI/QMHz = ”MTA1/2||2~ -

Lemma B.4. Let M € R™™ a € RY, and b € RY, be arbitrary. Let A = diag(a) and B = diag(b).
We have that for all a, 5 € [0, 1]

|JAMBI|; < /|| A22MB?||, - [[A20-)MB21-9)]|.
Consequently, for PSD diagonal matrices D1 € R™"™ and Dy € R™*™ we have

—1/2 —1/2 — _
|D7*MD; 2 l; < max { DT Mo , DM o } -
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Proof. Let x € R™ and y € R™ be arbitrary with [|z||2 = ||y|][2 = 1. We have
T AMBy = M, jabziy; < Myl - ai- by - || - |y;]
i, 0,J

Consequently, by Cauchy Schwarz we have that

2 _
(«7AMBy) < | DMyl -a2 57 a? | - Z\M,J Y A
i?j
< |AZ*MB% ||, - | A21-IMB21 )|,

The final conclusion follows from the fact that for any matrix C € R™**™

ICH = 1CT -
U
Lemma B.5. If M € R™" is a symmetric matriz with |[M|s < 1, then0 < I-M? <2.(I- M) .

Proof. Since M is symmetric we have that M? and M are mutually diagonalizable and the above
inequality reduces to showing that 0 <1 — 2% < 2-(1 — z) for € R with || < 1. The left hand
side of the inequality is true because 2> < 1 and the right hand side follows by noticing that it is
equivalent to 0 < 22 — 22 + 1 = (v — 1)? after rearranging terms. O

The following gives a similar statement involving the symmetrization of an arbitrary matrix.
While it is based on the above proof, it loses a factor of 2 over the previous lemma.

Lemma B.6. If M € R"™" is a possibly asymmetric matriz satisfying |[M||2 < 1 then
0=<T—Uppe <2(I-U3;) <4(I—Un).
Proof. Since the norm of M is at most 1, we immediately obtain [[(M?)T|lz = [[M?|s < 1,

IMTM]|[2 <1, [MMT||s < 1. Then, by triangle inequality,

[Unell = | 5007+ )T | < S+ M) ) <

Therefore Uppz = I, yielding the left hand side of the desired inequality.
Next, we note that these inequalities imply MM < I and MM T < I, yielding

M+MV2=M?+M M+MM' +M")2<M?+M")%+2I.
Consequently,
1 1
I-Upp=1I- 5(M2 +(MHT) <21 — 5 M+ M) =2(1-U3).

Finally, since Uy is symmetric with [|[Up|l2 < 1, by Lemma B.5 we have I-U3; < 2-(I-Uypyp). O

Lemma B.7. Let M € R"™ " be a matriz such that |[M|l2 < 1. Furthermore, for o € [0,1) let
N=al+ (1—-a)M and let L; =1 — Uni. Then,

201 < Lg < (4 20() L,
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Proof. Note that I — N = (1 — a)(I — M), and therefore L; = (1 — «)(I — Upg). The first identity
gives us that
N? = o’T + 20(1 — )M + (1 — a)’M?.

Consequently,

Ly =1—a’I —2a(1 — a)Upy — (1 — a)*Uppe
=(1-a’—(1-a)?)I-2a(l —a)Um + (1 — a®) (I — Uppe)
=2a(1 —a)(I—Upm) + (1 — a)*(I — Uppe)
=2aL; + (1 —a)*(I — Uppe) .

This yields the first part of the inequality, since the second term in the last line is positive semidef-
inite. Now by Lemma B.6 we know that

4

0<I-Upp <4(I-Un) = ;—

L17

Plugging this into our previous identity we obtain

4
Ly < 2aLq + (1 — )?- L= (4201,

-«
thus yielding the result. O

Lemma B.8 (Condition Number Improvement). Let a nonzero matric M € R™ ™ be such that
ker(M) = ker(M"), and |[Ml|]y < 1. For a € (0,1/4] let N & oI + (1 — a)M. Then, for

def

A = A(I = Upmp) we have
Ae(I = Upnz) > min{a, (1 4+ @)} . (B.1)

Proof. Note that we can write
1 2 T2 1 T ? 1 T, 1 T 2
Une :i(N +(NT)?) = S(NHNT)) = (J(N-NT). J(N-NT)T) 2 U%.
Therefore I — Upn2 = 1 — Ulz\T, so it is sufficient to lower bound the smallest nonzero eigenvalue of
the latter. By expanding, we obtain:
I-U4=1-(aI+(1-a)Uy)?=1-(T—-(1-a)I—-Upm))>

Since [[M[]z < 1, we also have [|[Upmll2 < 1 by triangle inequality, and thus AL,y < T— Um =
2L;,,v)- Therefore,

I-(1-a)2Lpony 2 I-(1-a)I-Um) 2I-(1 - a)AIinom
and equivalently
Liimovy + 20 = DIy 2T (1= a)I = Um) 2 Iiimany + (1= (1 — a)A) Lo -

Hence, after squaring, each eigenvalue of the middle term will become upper bounded by the
maximum of the squares of those in the lower and the upper bound. This can be seen as a matrix
version of the inequality b* < max{a?,c?}, if a < b < ¢. Hence,

(I (1~ a)I=Um))* = L +max{(2a = 1)% (1 = (1 = )A)Fimouy »
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so after subtracting both sides from I we obtain:
I-UR =1 —max{(2c — 1)% (1 = (1 = )A)* i ar) -
Therefore,

M(I—Upn2) > min{l — 20— 1)1 - (1 - (1 —a)\)?}
= min{l — (2o — 1)%,2(1 — &)\, — (1 — @)?N\?}.

Observe that if Ax < (1 —3a)(1 — a)~2, then the second part of the lower bound is at least
201 —a)h — (1 —a)?(1 = 3a)(1 — ) 72X = (1 + @)\,
Otherwise, it can be lower bounded simply by
21— ) — (1 —a)®A = (1 - P\ > 1 - 3a.
Finally, since for a < 1/4, both 1 — 3a > o and 1 — (1 — 2a)? > « are true, the result follows. [

Lemma B.9. If L is a matriz with ker(L) = ker(L") = ker(Uy,), and Uy, is positive semidefinite,
then
UL <L'U{L.

Furthermore, for any matriz A with the same left and right kernels as L, one has that
ALy, < [U1ATE]

Proof. We decompose L and LT as the sum/difference of a symmetric matrix U and a skew sym-
metric matrix V. Specifically, write L = U + V for

U:=Up=(L+L")/2and V:=(L-L")/2.
This gives
L'UL=U'U'U+ U UV +VIUTU+ VUV,
As UUTV =V and V'UTU = VT by our kernel assumptions, and V = —V ' this simplifies to
L'UTL=U+V'U'V > T,

where we used the assumption that U > 0 to guarantee that VUV = 0 for the final inequality.
The second part of the lemma follows by writing

1/2 +/2 1/2 +/2
41,0, = [UL*AUL"], = uLe (Lav?) |
then applying the equivalent form of the previous inequality LT TULLT < UE in order to obtain

e R

o3



C Decomposition

Here we discuss the proof of Theorem 3.15, our main result on decomposing directed graphs. The
theorem follows directly from standard results involving decomposing undirected graphs into ex-
panders [37, 36, 21].

Before stating the decomposition result, we first define the conductance of a graph:

Definition C.1. Given an undirected graph G(V, E, w), we define the conductance of a S C V by

(I)(S) def Z(U,U)EE:UGS,U¢S Wy
min{vol(S), vol(V '\ S)}’

where vol(S) £ Doues 2ovi(uw)e B Wav-
The conductance of G is then defined as

) = in ¢
(@)= 5080 )

Relating the conductance of an undirected graph to its smallest nontrivial eigenvalue is done via
Cheeger’s inequality:

Theorem C.2 (Cheeger’s inequality, rephrased). Given an undirected graph G(V, E,w), with a
symmetric Laplacian U =D — A, one has that U’s spectral gap satisfies:

d(G)?

)\2(D—1/2UD—1/2> > 1

We refer to the following lemma, which is implicit in [37, 36].

Lemma C.3 (Lemma 31 from [21]). For an unweighted graph G = (V,E), in O(m) time, we
can produce a partition Vi,..., Vi of V, and a collection of sets S1,..., S C V with the following
properties:

1. For alli, S; CV;.
2. For all i, there exists a set Ty with S; C T; C V;, such that ®(G(T;)) > Q(1/log? n).
3. At least half of the edges are found within the sets {S;}, i.e.

k

k
SIS = Y H(a.b) € Brabe S} > S |B].

i=1 i=1

We use this decomposition lemma in order to first prove the result for unweighted graphs. The
more general weighted version will then follow from a bucketing argument.

The decomposition can be produced by iteratively applying Lemma C.3 on the symmetrized
input graph U, choosing £® to be the directed Laplacian induced on vertices in S;, and U® be
the undirected Laplacian induced on vertices in T;. Since E[S;] C E[T;], clearly diag(S,u) =
diag(U(i)). "' The lower bound on the spectral gap for each Uj; is given by the second property
of Lemma C.3, combined with Cheeger’s inequality (Theorem C.2): the spectral gap of U® is at

"Note that the decomposition lemma gives us a much stronger property than what we are using, since our sparsi-
fication routine only requires degree dominance.
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least 1/O(1). Also, note that the sum of supports of these U is O(n), since the graphs T} are
vertex-disjoint subgraphs of G, we have Zle Ul < U.

Removing the graphs induced by S; (or, equivalently, E(i)), for all 7, reduces the number of
edges in G by half. Therefore, after [logn| iterations of applying Lemma C.3, the edges on G
will have been exhausted, and we are done. Since each iteration produces undirected Laplacians
whose sum is bounded by U, the sum of all the undirected Laplacians produced during the [logn|
iterations is at most [logn] - U. Also, the sum of support sizes O(nlogn). Hence we have a
(O(n),1/0(1),0(1))-decomposition of G.

In order to obtain a weighted version of the theorem, we initially decompose the graph G into b =
[log(Wmax/Wmin) | graphs Gi, ..., Gy , where wpax and wpiy represent the maximum, and minimum
arc weight in G, respectively, and G; = (V, E;) with Ej = {e € E : wpyin - 27! < we < wmin - 2}
For each of these graphs, the cover corresponding to the unweighted G, scaled by Wiy - 2¢, becomes
a (O(n),1/0(1),0(1))-decomposition of the weighted G. Therefore, taking the union of all the
decompositions from the b graphs, we obtain a (O(bn),1/0(1), O(b))-decomposition of G. Since all
weights are polynomially bounded, b = O(l), and we obtain the desired result.

In addition, it can be shown that the result from Lemma C.3 can be made parallel using [32].
Indeed, using their SDP-based balanced partitioning routine, one can in O(l) parallel time and
O(m) work find a balanced cut with with polylogarithmic (i.e. 1/O(1)) conductance, or certify
that none exists. Such a partitioning routine is then called recursively on the pieces of the input
graph that are not yet certified to be expanders, yielding a nearly-linear work, polylogarithmic time
algorithm which produces the partition from Lemma C.3. We also refer the reader to Section 6
of [33], for a discussion concerning the parallelization of the decomposition routine.

D The Complete Solver

In this section we provide some details of the full algorithm for computing stationary distributions
and solving directed Laplacians. Various applications of these routines are presented in [12] and
briefly enumerated in Section 1.2. We provide details on these two routines of computing stationary
and solving linear system because they are most important for completing the picture.

We start by stating the stationary computation algorithm given as Algorithm 1 in Section
3.2 of [12]. One difference in presentation is that the routine as shown in [12| relies on solving
matrices whose diagonal entries are strictly bigger than the total magnitude of off-diagonal entries
in the corresponding row/column. On the other hand, we have only presented a solver for Eulerian
Laplacians. The diagonal entries of these matrices are equal to the total magnitude of the off-
diagonal entries. As a result, we also need to incorporate the reduction from such matrices to
Eulerian Laplacians from Section 5 of [12]. Pseudocode of this routine is in Figure D.1.

This can then be turned into a solver for a strongly connected Laplacian by rescaling it by the
stationary, and solve the (approximately) Eulerian Laplacian that result from this. The pseudocode
in Figure D.2 is based on Sections 7.1. and 7.3. of [12].

E Approximating the Harmonic Symmetrization

To solve an Eulerian Laplacian system L& = I;, [12] instead solved the system ETUZ£ = ETUEE.
Since U, is a symmetric Laplacian, its pseudoinverse can be applied in nearly linear time via a
variety of methods 37, 23, 24, 22, 27, 33, 25|, and therefore given a linear system solver for LTUZE
one is achieved for £ with only a polylogarithmic running time overhead at worst.
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§ = COMPUTESTATIONARY (L, @)

Input: n x n directed Laplacian £, with diagonal D.
Restart parameter o € [0, %]

Output: approximate stationary distribution §.

1. Set 70+ D1, ¢ + poly (%)
2. Fort=0,...,k=3n(a™!)

(a) Set &) < max {0, £z®), diag(7®)L1}, and let E®) = diag(¢!)), X) = diag ()
be the corresponding diagonal matrices.

(b) Create £LIF1) ¢ ROHDX(+D) from (E® + £)X® by adding a row/column to make
all row/column sums 0.

(c) Create a length n + 1 vector b®) with sum 0 whose first n entries are given by the
1 -1
vector WD é(t)
(d) Let (1) be the first n entries of the vector returned by SOLVEEULERIAN(L®), ), €),
and F(HD) X O z(+1)

Df(k+1)

3. Return S = m

Figure D.1: Stationary Computational Algorithm. This routine combines the reduction from solving
strictly row/column dominant matrices to Eulerian Laplacians from Section 5 of [12] with the
stationary finding algorithm from Section 3.

The matrix £ U} £ was referred to in [12] as the harmonic symmetrization of £ and it was shown
that linear systems in this harmonic symmetrization can be solved in O((nm3/ 1 4n23m) 1og®M (nk))
time. Here we show that if A is a strong approximation for A, then ATU+A is a spectral approx-

imation for ATU+A. Consequently, by simply producing a sparsifier for L in nearly linear time
using the results of Section 3, solving the harmonic symmetrization using [12], and then using this
solver as a preconditioner in the standard symmetric sense [34], yields an O(m 4 n7/3 logO(l)(n/ﬁ))
time algorithm for solving directed Laplacian systems.

Lemma E.1. If A is an e-strong-approzimation of A for e € (0,1/2) and ker(Up) C ker(A), then
(1-2*ATULA < ATUTA < (1+¢)°ATUZA.
Proof. Let M = UX/ QKUX/ > and N = Uj;/ QAUX/ 2. The definition of strong approximation

implies that |[M — NJ|2 < e. Applying Lemma B.1, a general lemma regarding the difference of
matrices, yields that

(1-—eN'N-—e!T<M'M =< (1+¢)N'N+(1+e T,

Now let & € R™ be an arbitrary vector perpendicular to the kernel of Ua. For such a vector &, we

have
FINTNz =2 UPATULAULY 22 > 2T UPUaU 2 > 771,
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§= SOWEFULL(L, )
Input: n x n directed Laplacian £, with diagonal D, desired error €. vector b
Output: approximate solution to LZ = b.

1. Estimate the mixing time of £, T},;; by binary searching on the mixing times of £ + ol.

2. Add to L to get a strictly diagonally dominant matrix L.

€
TminpOIY(n)
3. Compute approximate stationary distribution of E, S.

4. Let & + SOWVEEULERIAN(LD 'S, b, ¢/poly(n)).

5. Return D~1SZ.

Figure D.2: Full solver algorithm for strongly connected Laplacians. It first perturbs £ to form a
matrix where a good stationary distribution is easy to compute, and uses the normalization given
by it to reduce the problem solving on an Eulerian Laplacian.

where we used that by Lemma B.9 the harmonic symmetrization spectrally dominates the symmetric
Laplacian, i.e., ATUXA > Ua. Consequently, for C = ATUXA and C = ATUXA we have

(1-207TUCUL 7 2 #TULPCUL % < (1 + 2¢+ )i U PeUy s,

One can easily see that when - € ker(U ) all of the terms are 0. Hence, we have that the above holds
for all z. Since ker(Uy) C ker(A) this in turn implies (1 — 2¢)C < C < (1 + €)2C. Furthermore,
since (1 —€)Up X Uz X (1 +¢)Ua by Lemma 3.6, we also have (1 — e)U}; <UL < (1+ e)U;{.
The result follows from combining and using (1 — 2¢) < (1 —¢). O

F Reducing the Condition Number

In this section, we present a reduction from the problem of (approximately) solving Eulerian Lapla-
cians to solving Eulerian Laplacians that are at most polynomially ill-conditioned, with a logarithmic
dependence on condition number. This reduces the overall dependency on x to logarithmic instead
of sub-polynomial. The main result of this section is:

Theorem F.1. There exists a procedure CRUDESOLVEILLCONDITIONED which, when given an nxn
Eulerian Laplacian £ with m non-zeros such that the condition number of L+ LT is bounded by k,
returns a crude approrimate solution x to Lx = b in the sense that

o L
|7~ £4Blu, < 167 B,

This procedure performs only O(log(nk)) calls to an approximate Eulerian Laplacian solver, each
on O(n) vertices with O(m) nonzero entries, with error parameter ﬁ and each with condition
number n°W) | plus O(mlog(nk)) additional work.

Furthermore, if the Eulerian solver is an implicit polynomial, the overall procedure is an implicit

polynomial as well.
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Combining this routine with iterative refinement / preconditioned Richardson iteration as stated
in Lemma 4.2 implies that one can obtain an e-approximate solution with O(log(nk)log(1/¢)) such
solver calls and O(mlog(nk)log(1l/e)) additional work. We note that this construction can also be
used to reduce the log k dependencies in [33] to logn.

We include this construction here because it removes the exp(y/log k) dependencies in our algo-
rithms and replaces them with similar terms in n. Since problems on directed graphs can be highly
ill-conditioned even when the edge weights are all small integers, this can potentially be a significant
improvement.

Remark. We believe that developing combinatorial techniques to mitigate the effects of ill-conditioning
is an important endeavor in both theory and practice, and that the scheme we include reflects only
partial progress. While the technique we describe is sufficient to improve our running time bounds,
we conjecture that far better reduction schemes are possible. Some ways in which an ideal such
result could improve on the one presented here include:

1. The overhead in work and depth could be as low as O(1): the different scales would only have
minimal overlap, and processing could occur in parallel.

2. The scheme could only need to manipulate numbers with double or quadruple the precision
of n/e, instead of involving words whose sizes are O(1) bigger. Treating these increases with
similar emphasis as constants in approximation algorithms may be a more realistic model of
the costs of floating point arithmetic.

3. As highly ill conditioned systems often arise under floating point arithmetic (due to the ex-
ponent) such reductions should ideally be robust to floating instead of fixed point arithmetic.

Systematically developing strong versions of such “condition number reducing reductions” is poten-
tially a challenging but important direction important direction for future work.

The main idea of our reduction is to collar the Laplacian to a fixed “scale” of edge weights,
contracting edges above the scale while adding a smaller multiple of a clique to bound the lower
eigenvalue. The algorithm then uses the Laplacian at a given scale to route demand between
vertices connected at about that scale. Our algorithm is defined around the following contraction
and projection operators:

Definition F.2. Given a partition of [n] into k sets Sy, Sa, ..., Sk,
1. the contraction operator C is the linear map R™ — R* mapping 1; to Tj if i € §5;.
2. let Proj be the orthogonal projection onto the kernel of C.

Pseudocode based on these operators is in Figure F.1.

Our proofs crucially rely on the following fact that relates the ordinary (arithmetic) and harmonic
symmetrizations of Eulerian Laplacians. It is immediate from Lemma 13 of [12], and one side of it
is also present as Lemma B.9.

Lemma F.3. Let L be an Fulerian Laplacian and Uy its symmetrization % Then
U, < ,CTU£+,C =< 2(n— 1)2U£.

We also need a simple technical lemma about the extreme values in solutions to Eulerian Lapla-
cian systems in terms of the support of the demand vector.
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CRUDESOLVEILLCONDITIONED(L, b)
Input: Eulerian Laplacian £L=D — AT, b L1
Output: A crude approximate solution Z to £ = b in the sense that ||Z—L7b||u, < 3/|£1b]u,.

1. Let r = 1000n'°.

2. Let w(© be the smallest edge weight in a maximal spanning tree of Up.
3. Let 70 =0, 50 = b, i = 0.

4. Loop:

(a) Let C@ and Proj(i) be the contraction and projection operators as given in Defi-
nition F.2 for the connected components in the graph of edges in U, with weight

i

. . . l 71 o\ =P/ .
(b) Let 29 = C! (cmch + “;(2)1) COp),

(A %—approximate solver may be substituted for the inverse).
) Let 20+1) = 70 4 20,
) Let 50D = Proj® (5 — £z(0).
e) Let w'® be the smallest edge weight in U, that is > w®. If none, stop looping.
)
)

Let w(+l) = 240,

5. Return 70+,

Figure F.1: Reduction to solving well-conditioned Eulerian systems

Lemma F.4. Let L be a connected Eulerian Laplacian and & and b be nonzero vectors such that
LZ = b. Then the maximum value of the entries of T, as well as the minimum value, must be
attained on sup b.

Proof. Consider the set S of all entries of b attaining the maximum value v. If this set contains
every vertex, it automatically overlaps sup b. Otherwise, we have:

Zl_);: Z wjl-:?j — Z wl]fz <v Z Wi; | — U Z Wij =0.

ic€S 1€S,jES i€S,5¢S 1€S,jES i€S,j¢S

Here the last equality is due to £ being Eulerian: the total weight entering and leaving S is equal.
The sum of the entries from S in b is strictly negative and thus nonzero, so S must overlap with
the support of b.

The case of the minimum value is analogous. O

Next, we show that if the demands for an Eulerian Laplacian system are supported on a well-
connected subset of the graph, perturbing the system by a small multiple of the identity matrix
cannot induce too much error.

29



Lemma F.5. Let L be a connected Eulerian Laplacian with corresponding undirected Laplacian Uy,
and let S be a subset of the vertices such that any two vertices in S are connected by a path in Up
containing only edges of weight at least 8. Let b be a vector in the image of L supported on S, and

let « > 0. Then
<nySlerl,,
U, B U

Proof. We define & = £*b and § = (£ + oI)~'b. Writing 7 as T+ (£ 4+ oI) (b — (£ + oI)Z) gives:

H(L Fal)lh - cﬂ?‘

7= (L+al)" (L7~ (L+aD)@) = —a(L+al) ' 7.

which when substituted into the s norm gives:
-1
17— #%, = %" (ﬂ v aI) Uz (L+al) 'z

Since Uz < Uz + oI, we can invoke Lemma F.3 with the matrix (£ + oI) to get:

S o2 o? ST = =112
17— 2|, < —7 &= na|Z|.

o
Now, by Lemma F.4, the full range of the entries of Z occurs within S. The existence of a path
with at most n vertices connecting the minimum and maximum of these entries implies that

I, > 2 a1,
Putting this together we get
|7 @, <% 11,
O

Next, we handle the case of simultaneous demands within multiple well-connected components.
We also switch the error bound to be in [|b[|y,+ to facilitate our later steps.

Lemma F.6. Let L be a connected Fulerian Laplacian with corresponding undirected Laplacian Ug,
and let S1,S3,...Sk be the connected components of the graph consisting of those edges in Up with

edges of weight at least 3. Let b be a vector such that Zz‘esj b; =0 for all j, and let « > 0. Then

e s, <o 5],

Proof. We decompose b as
b=> b
J

where b;- is supported on S;, and 0 everywhere else.

Now we aim to bound |[|b;[|yy,+. Note that there is an electrical flow § on Uz with energy
||I_)‘||%£Jr routing overall demands b. We define ¥ as the restriction of the flow to the internal edges
of Sj, and let is residuals be b_;. Since this flow is on a subset of the edges, its total energy is almost

most HI;H%C+ so this certifies that ||b_§-HUE+ < ||6||U£+. Then

- n
v, < —

J_b;H1 — VB
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since it is at most the €1 norm of the flows on the edges incident to but not contained in S; in y,
and each of these < n? edges has weight at most 3 by the assumption of S; being the connected

components on edges with weights > (. b’ — b is also supported on S;; since S; is connected by
edges of weight > 3, we have

v — ij1 <n32|p

Then by the triangle inequality

’JU+*

Lemma B.9 then implies that HEﬂ)}HU < ||b;-HU£+. Finally, we apply Lemma F.5 to each b;,

yleldlng that
< 2115/21 [ — HbH
L ﬁ U,

Summing over the up to n different b} and applying the triangle inequality over this sum gives

< 2n7/2\/>
B

as desired. O

5
v, +

Ut J

b7—b}’

< 2072 5]
Ut

H([,wLozI)_

H(ﬁ—i—aI)* b

U,*

We now have the tools to analyze CRUDESOILVEILLCONDITIONED. Our analyses rely on the
following key intermediate variables:

1.

where 219 is the ‘shifted’ solution obtained on Step 4b.

f_(’ ) & Proj® <£é'(i)> .

B S ),

J<i

We first show that the right hand side in the iterations can be expressed as a close form involving
the errors.

Lemma F.7. For all i,

50 _ (1 G Ec(z‘—nT)* C(i—l)) F(i)
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) . . + .
Proof. First we note two equations about the projection operator | I — ﬁC(Z_l)T (C(Z_l)LC(’_l)T) C(’_1)> .

Now we prove this by induction. The base case of i = 0 follows from the two sides being identical.
For the inductive case, substituting in the construction of b(t1) on Step 4d gives:

pltl) — Proj(i)(g(i) —LZ i))
— Proj® (gu) — e (¥ EC(N)* COF) _ Eg(zv)
. . . . + . . . .
_ Proj ((I e (ciec’) C(z)) b(z)) ~ Proj® (£&)

= (1 _rc®’ (C(i)ﬁc(i)T>+ C(Z’)) o — ),

. . . + . -
Here, the last line follows from the fact that (1 e 0N (C@[,C(Z)T) C@)) B is already in the
kernel of C®, as
c (1 _rc®’ (Ca) ﬁc(i)T>+ C(i)) 50 — cOpl) _ (Cu) m(iﬁ) (C@') ﬁc(i)T>+ c®p)

_ cOF0) _ chje)
=0

We similarly have
(I _rc®’ (C@) £C<i>T)+ C(i)) e — pc®T _ o (Cu‘) EC(M)* (C(w ECu)T)

—£c®’ —pc®’
=0

Since the image of C—D" is contained in the image of C(i)T, this also implies that

(I _rc®’ (C(i)cc(i)T>+ C(i)) rc-0' g
and hence that

<1 _re®T (c® £C<i>T>+ C(z‘)) <1 _ et T (6 £C<z‘—1>T>+ C(z‘—l))
_ <1 _re®T <C<i>£c(z'ﬁ)+ C(i)) ,

. . . + . . . . .
We also have <I el <C(Z)EC(’)T) C(l)> fO = f0 as O output by Proj®, is in the

kernel of C. Putting these together and substituting in the induction hypothesis on i gives
Fi+D) _ (1 @ (c EC@)T)* c@) (50 - )
_ (1 — e (¥ EC@T)* c@)) Pi(i+1)
which shows that the identity holds for i 4+ 1 as well. O
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Lemma F.8. For all i,
20 4 £Tp@ = Zé(j) + LT,
j<i

Proof. Again, we proceed by induction.

FOHD o4+ — 20 4 H0) 4 ot proj®) (gu') _ z‘))

@ 4 ¢ 4+ &9 4 £+ Proj@ (b —

8y

(I - £a - )
=70 4 ¢ + &9 4 £+ ProjC ( o) — £g¢ ) L* Proj” (Eﬁ(i)>
_ 20 4 ) 4 ) ) _ ) ot 0,

The last line here follows from the fact that () — £ is already inside the kernel of C). Cancelling
the ¢ terms and applying the induction hypothesis then gives

gD L p+patl) — g6) 4 p+p) 4 ) _ £+f"(i)
RO 1 Y ) 4 ) ot 0
7<i
— Hprtl) Z &)
j<i+l
O
These relations then allows us to bound the global error via the guarantees of the separate

approximate solves. As these solves produce solutions with relative error, we first need to bound
the norm of b(9);

Lemma F.9. For all i,

p®) < 3n (@)

Ut Ut

Proof. First, note that

H C i1 () (i

<C(i—l)Uﬁc(i71)T)+ = Ut

Lemma F.3 then gives

H (ct- EC(z‘—nT)* Cli-D ) 70

(C(i_l)ULC(i_l)T> B Ut

or equivalently

HC(H)T (ct- L;C(z'—N)* Cli-DF0)

.-
U Ue

Now applying Lemma F.3, we get

< 2n (@)

Ut

Ut '

H £ct-0T (ct-vect-nT) T Qli-Dzo)

The result then follows from the triangle inequality with b0, O
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For the next step we will use the following fact about matrices:

Fact F.10. For any symmetric positive semidefinite matriz M and arbitrary matriz C, and for any
vector U in the image of M,

IC]l + < 0]l -

(cMmcT)

Notably, this fact is equivalent to the standard result that the Schur complement of a positive
semidefinite matrix is spectrally dominated by the matrix.

Proof. We can prove this using duality of norms:

| C| + = max  (u, Cv)
(OMCT)™ | ooyt
= max <CTu, >
|lcTall,, <1

= [0l pg+ -

We begin to bound the error terms:

Lemma F.11. o/2
]| < 12n |5
U, r Ut
Proof. First, we note that by Fact F.10
HC“W” L < 5D ’ < Bn‘ b0
(c(i)Uﬁch) - Ut Ut

where the last inequality is by Lemma F.9. Now, define intermediate variables:

1.
70 (c® cc<i>T)+ COp)

. —1
(i) det <C<i> rc®’ L “’?1) CcOpl),
T

and 2/ ® analogously, but as the output of a %—approximate solver for the system (C(i)EC(i)T—f—
wl )i = O,

By rearranging and applying the triangle inequality, we have

- Z-;,(i) . q‘7(i)

< Iz 27,(2')

2
U,

(c<i>U£c<i>T) * ‘ (ca)ULc(z‘)T)

The first term captures the error induced by using the approximate rather than exact solver, while
the second captures the error induced from adding the multiple of the identity (the more serious
issue).
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For the first term, we have

ONIT0

z —Z

;,(i) B 27,(1')

(chugev™) = ‘ (c<i>Uac<i>T+%I)

< (@)

4 by definition of approximate solver

< Hcwgo

5 -1 (by Lemma F.3

cO0)

For the second term, we will apply Lemma F.6. We will use the fact that b is in the image of
Cl-1_or equivalently, that its entries on any connected component of the edges in U, with weight
> w(=Y sum to 0. By the definition of w(®, these are the same as the edges with weight > “’;Z).

<

(chCc(i)T)+

‘%J |l—= S|~ 3|

< p(@)

Ut

<

Furthermore, contracting can only increase the connectivity of a component, so COp satisfies
w®

the same property relative to (C(i)ULC(i)T>. Then we can apply Lemma F.6 with a« = %5 and

— w®.
B ="

. ) 7/2 9/2
0 _ g0 3n/ HC(Z.)Z_;(Z.) P onY/ () |
<C(i)U£C<i)T) -~ r (c<i>U£c<i>T) -~ r Ut
Summing these two bounds gives the desired result. O

It remains to bound the norms of the other error vectors f(i).

Lemma F.12. For all 7,
Hf_(i)

Proof. First, we apply Lemma F.3, showing that Hﬁé(i)HUKJr < 2n|e?||g,.

X < 6n5/2 He—(z‘)

Uz U .

Now we will show that the Proj® operator cannot increase the Uz norm by more than a factor
of 2n3/2.

The proof is similar to that of Lemma F.6: we consider the electrical low U, that meets the
demands £&". We denote this flow with 719, and define " as the restriction of 7 to the edges
of weight > w(®. We then let the residue of this flow be g(i)/, and write:

Proj® <£é(i)> = Proj® (5@)’) + Proj® <£é(i) — l;(i)/> .

Since 6@ is induced by a flow gj(i)/ wholly within the components with weights > w(®,
Proj(i)(g(i)’) — p@"
Furthermore, since gj(i)/ rounds the demand g(i)/, and is a restriction of ¢, we have

5|

)

2
Ut

<o () <. (79) <9

where £y, (7) denotes the electrical energy of the flow ¢ on yi..
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On the other hand, £é&(" — b is the residual of the flow g'(i) - gj(i),, which is supported on edges

with weight < w® and also has energy at most \|£é’<i)||%ﬁ+. Since each edge can contribute to the
residual of at most two vertices, we have
H,ce i) _ gy \ <2 \y i) _ ) \ <2n Hw Cg| <2 )aém .
1 1 2 7 V@ Ut

Finally, using the fact that Proj® can at most double the ¢; norm of its input and that the Ut
norm of demands connected by edges of weight at least w(® is at most Vnw® times the ¢, norm of
those demands, we have

Applying the triangle inequality to b@" and £&@ — @)’ then gives the desired result. O

Proj(? (£e® — 50) Hj}
L

< 4n3/? Hﬁe i)

Ut

Note that combining the previous two lemmas shows that
7

Ut T or
Putting these together with the breakdown of errors then gives the overall guarantees.

0

Ut

Proof of Theorem F.1. First, note that the number of rounds is bounded by min{n?, O(log(nx))}.
The former is from the number of edges, while the latter follows from the fact that the largest and
smallest eigenvalues of U, are within poly(n) factors of the smallest and largest weighted vertex
degrees.

This then implies by induction that Hg*(i)HU PR 2HEHU -+ for all i — since, assuming it held
for all previous 4, each of the at most n2 error terms f¥) had norm at most %Hl;*(’)HU o+ (by
Lemmas F.11 and F.12). By Lemma F.11 each &% had norm at most W.

Then applying Lemma F.8 on the final configuration (where 501 = 0) with these bounds (and
again using the fact that there are most n? iterations) implies that
UL>

N (o
(L)

1 -
e
4n U£+

1 -
e L*bH .
2 H U,

I

o

IN

IN

Here the second and last inequalities follow from Lemma F.3. This is the desired bound on the final
error of the solver.
Finally, we need to show that the procedure can be implemented in the desired runtime. We note

that the contracted matrices (C LC® ") are still Eulerian Laplacians, and the contractions cannot

increase the number of vertices or edges. The actual systems solved are in (C(i)[IC(i)T + “;(;)I),
or an Eulerian Laplacian plus positive diagonal. This matrix can be reduced, with the reduction
in Section 5 of [12], to solving an Eulerian Laplacian with asymptotically the same sparsity and
condition number. The symmetrized matrix for each system has min eigenvalue at least % and max
eigenvalue at most O(nw(i)), so all condition numbers of their symmetrizations are polynomially

bounded, as desired. O
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